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SUMMARY OF THE CONTENTS 

Polyploidy, the presence of more than two sets of chromosomes in an 

organism, plays major roles in plant evolution, development and function. 

Understanding the effects of polyploidization at the phenotypic and molecular levels 

has implications for both fundamental (evolutionary) and applied (crop science) 

perspectives. While the effects of hybridization and polyploidy in allopolyploid plants 

have been studied by the plant scientific community, the effects of polyploidy per 

se are still poorly understood. 

In this thesis, I have used genetically identical (isogenic) and hybrid 

Arabidopsis thaliana plants to study the effects of polyploidy in four different 

classes of plant: diploids, maternal excess triploids (containing two maternally-

derived genome copies and one paternally-derived genome), paternal excess 

triploids (containing two paternally-derived genome copies and one maternally-

derived genome), and tetraploids. The results show that despite being isogenic, 

these ploidy classes are strikingly different. Paternal excess triploids show greater 

growth rate and abiotic stress tolerance, together with transcriptomic differences, 

not only when compared with their diploid and tetraploid parents but also when 

compared to its genetically-identical maternal excess counterpart.  

Using this system, I demonstrate that heterosis (the ability of the offspring 

to display increased trait values compared with its parents) does not require 

genetic variation, but can instead be achieved epigenetically through unbalanced 

ploidy crosses. However, a genome-wide methylation analysis showed that CmCGG 

methylation is unlikely to be involved with these parent-of-origin effects. While 

investigating allele specific expression between reciprocal triploids, I also identified 

extensive imprinting-like effects in the triploids. Finally, using Arabidopsis mutants, 

I discovered that DNA demethylases are required for the triploid block (the post-

fertilization abortion phenotype of diploid X tetraploid crosses) to occur. Altogether, 

this thesis demonstrates how cross direction and plant ploidy interact to produce 

phenotypic change in F1 offspring in the absence of genetic variation.  
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INTRODUCTION 

 

Polyploidy in plants and animals, an overview 

The presence of more than two sets of chromosomes in a given organism is 

referred to as polyploidy. The different ploidy levels of a cell are denoted as haploid 

(1x), diploid (2x), triploid (3x), tetraploid (4x), …, where x represents the ploidy 

level (not to be mistaken with n, the number of chromosomes in the gametes). In 

plants, polyploidy can naturally occur after the formation of a gamete of the same 

ploidy as the sporophytic phase of the organism (Comai, 2005). Two distinct 

pathways lead to the formation of polyploidy in plants: (1) somatic doubling in the 

meristem tissue of the sporophyte will result in the formation of gametes of 

doubled ploidy; whereas (2) gametic non-reduction during meiosis will also 

generate gametes of doubled ploidy. The frequency of unreduced gamete formation 

has been estimated at 27.52% in hybrids, and 0.56% in non-hybrid plants (Ramsey 

and Schemske, 1998). Environmental stress, such as cold, drought, nutrient 

deficiency or wounding, notably increase the rate of production of unreduced 

gametes (Parisod et al., 2010b). In a rarer occurrence, the fertilization of an egg 

with more than one sperm (polyspermy), can also lead to the production of 

polyploid progeny (Otto and Whitton, 2000). However, in animals and plants (at 

least in the egg cell) there is a block to polyspermy (Scott et al., 2008). 

Polyploidy can be divided into two subclasses. Allopolyploids, first referred to 

by (Kihara and Ono, 1926), represent polyploids of hybrid origin, where a hybrid 

diploid plant subsequently undergoes genome duplication. The Brassica triangle of 

U (Nagaharu, 1935) is a good example of allopolyploid formation (Chen and 

Pikaard, 1997), where three distinct diploid brassica (Brassica nigra, Brassica rapa 

and Brassica oleracea) have hybridized and polyploidized, generating three new 

allopolyploid Brassica species, namely Brassica carinata, Brassica juncea and 

Brassica napus (Fig. 1). Autopolyploids, on the other hand, derive from the 

polyploidization of a non-hybrid organism; hence in autopolyploids all the 

chromosomes are of the same origin. Autopolyploid plants include potato (Stupar et 

al., 2007), sugarcane (Ming et al., 2001), or banana (Paterson et al., 2000). 
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Fig. 1. The Brassica triangle represents the genetic relationship between the 

Brassica species, and describes the formation of the allopolyploid Brassica carinata, 

Brassica juncea and Brassica napus, formed after hybridization and genome 

doubling. n represents the haploid number of chromosomes (Nagaharu, 1935). 

Detecting polyploidy can be less trivial than one might consider, particularly 

when dealing with ancient polyploidyzation events, due to the large occurrence of 

chromosome rearrangement and chromosome loss (Otto and Whitton, 2000). For 

example, several previous attempts to determine the extent of polyploidy across 

the plant kingdom used a haploid chromosome threshold, where any organism 

containing more than 14 chromosomes (n 14, (Grant, 1963)) was considered 

polyploid, while others used a threshold less conservative, with n  11 (Goldblatt, 

1980; Masterson, 1994).  

For the detection of more recent whole genome duplication 

(polyploidization), where the polyploid plant contains a strict multiple of the haploid 

chromosome number of the species, detection methods are simpler, and include 

chromosome spreads, karyotyping, or flow cytometry (Fig. 2A and B). Stomatal 

size also tends to positively correlate with increasing ploidy ((Masterson, 1994), 

Fig. 2C),  although causal relationships remains to be investigated (Hodgson et 

al., 2010).  
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Fig. 2. Ploidy determination. A) Flow cytometry of nuclei extracted from diploid 

and tetraploid leaves, and stained with DAPI (Fort, unpublished data). B) 

Chromosomes spread of diploid (2n = 10) and tetraploid (4n = 20) Arabidopsis Wa-

1 ecotype (adapted from (Ravi and Chan, 2010)). C) Increased stomatal size 

following polyploidyzation (Adapted from (Silva et al., 2000)). 

Based on existing estimates, 30 to 80% of plants are polyploid (Masterson, 

1994). Polyploidy is also found in animals such as salamander (Fankhauser, 1939), 

fish and shellfish (Piferrer et al., 2009). The only report of a polyploid mammal to 

date concerns an Argentinian rodent, the red vizcacha rat (Gallardo et al., 2006).  

The striking discrepancy in the extent of polyploidy between plants and 

animals was already discussed as early as the mid-1920s (Muller, 1925), under the 

assumption that in many animal species where the sex is determined 

chromosomally, changes in the sex chromosome number would likely disrupt the 

fitness and/or reproduction potential of the polyploid animal. Others have theorized 

that polyploidy is rare in animals due to the apparent higher complexity of an 

animal’s development (Stebbins Jr, 1950), or due to issues with sex chromosome 

dosage compensation (Orr, 1990). 

To summarize, polyploidy is a widespread phenomenon, present across 

plant, animals, fungi (Albertin and Marullo, 2012), as well as certain bacteria 

(Mendell et al., 2008) and hence likely represents a major evolutionary conserved 

force.  
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Evolutionary implications of polyploidy in plants 

In addition to the extant polyploid plant species, virtually all existing seed 

plants have undergone rounds of polyploidization (Whole Genome Duplication, 

WGD) during their evolution. Around 319 Million years ago (Mya), an ancestral seed 

plant WGD event occurred shortly before the diversification of seed plants. A 

second WGD event occurred 192 Million years ago, followed by the diversification of 

the angiosperms (Jiao et al., 2011). Several other additional WGD events have also 

occurred during the diversification of the eudicots and monocots (Fig. 3). Those 

rounds of whole genome duplications followed by species diversification and 

reversion to diploidy (diploidisation) suggest a significant role of polyploidy, and 

polyploidization, in plant evolutionary processes. 

Formation of new species through polyploidy 

Polyploidy represent a unique chance for new plant species to arise in 

response to new selective necessities (Monod, 1972). An estimated 15% of 

angiosperms and 31% of fern speciation events have been accompanied with a 

ploidy increase (Soltis and Soltis, 2000; Wood et al., 2009).  

Newly arisen polyploids tend to be reproductively isolated from their siblings 

due to the fact that crosses between plants of different ploidies can often lead to 

the production of sterile F1 offspring (Ramsey and Schemske, 2002). Polyploid 

plants can also exhibit ecological divergence with their diploid counterparts 

(Hancock Jr and Bringhurst, 1979), tend to self-fertilize (Rausch and Morgan, 

2005), disrupt self-incompatibility barriers (Miller, 2000), or reproduce asexually 

(Manning and Dickson, 1986). All these factors contribute to the large extent of 

reproductive isolation leading to speciation events due to polyploidyzation observed 

in the plant kingdom (Arrigo and Barker, 2012). 
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Fig. 3. Whole Genome Duplication (WGD) events in the evolution of seed 

plants, adapted from Jiao et al, 2011. 

One of the major steps towards emergence of new polyploid species is 

through a phenomenon called the “triploid bridge” (Fig. 4), whereby a newly 

formed tetraploid mates with a nearby diploid relative consexual, generating a 

triploid F1 progeny. F1 triploids can also be generated through the crossing 

between two diploids, where one of the diploid produced an unreduced gamete. 

Once the F1 triploid is established, it can either backcross with a diploid, forming 

either aneuploids, diploids or tetraploids, as seen in Populus tremula, where 1% of 

tetraploids were generated from the backcross between a triploid and a diploid 

(Bergström, 1940). The F1 triploid can also self-fertilize, generating an “aneuploid 

swarm”, containing a fraction of eutetraploids, as observed in Arabidopsis thaliana 

(Henry et al., 2005), apple (Bergström, 1938), and Chamerion angustifolium 

(Burton and Husband, 2001). However, in many plant species, the F1 triploid 

cannot be produced due to another process called the “triploid block”, where 

crosses between diploid and tetraploid plants cannot form viable triploid offspring 

(Köhler et al., 2010; Stoute et al., 2012). The triploid block will be discussed 

further in Chapter 5. 
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Fig. 4. Polyploid formation through a triploid bridge. F1 triploids are 

generated either by crosses between diploid and tetraploid, or from a diploid-

originating unreduced gamete. Triploids can self-fertilize or backcross with a diploid 

to produce tetraploids, with low frequency (red dashed lines). They can also 

reproduce asexually, generating stable triploid lines. Blue lines represent n 

gametes, green lines represent 2n gametes.  

 

Genome evolution following polyploidy 

 Polyploidy not only acts as a speciation mechanism, but it also impacts on 

the evolution of whole genomes. Indeed, the formation of polyploids generates a 

whole range of changes in genomic structure. Several studies over recent years 

have investigated the genomic changes following polyploidization in a number of 

plant species. It transpires that genomic structural changes occur rapidly in 

allopolyploids, whereas autopolyploid genomes tend to remain more stable (Parisod 

et al., 2010b). This is particularly prevalent in recently formed allopolyploids, where 

aberrant homeologous (partially homologous chromosomes derived from the 

parents of the allopolyploids) chromosome pairing during meiosis cause a high rate 

of aneuploid gamete formation, and/or chromosomal rearrangements at each 

generation (Song et al., 1995; Xiong et al., 2011). This “chromosomal shuffling” is 

due to the fact that the homeologous chromosomes in recently formed 
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allopolyploids are of different structure, as well as of potentially different numbers 

(Fig. 5), as observed in crosses between Arabidopsis thaliana (2n = 2x = 10) and 

Arabidopsis arenosa (2n = 4x = 32) (Chen et al., 1998).  

Correct pairing of homologous and homeologous chromosomes have been 

attributed to the Ph1 locus in wheat, a locus that appears to have arisen following 

polyploidyzation, by a structural change of one of the wheat chromosome (5B) 

(Griffiths et al., 2006). The presence of the Ph1 locus and its formation indicates 

that genomic rearrangements following polyploidyzation can act as a stabilization 

mechanism of the new polyploid line. 

 

Fig. 5. Genomic changes following polyploidization in Allopolyploids. 

Aberrant homeologous chromosomes pairing leads to the formation of aneuploid 

gametes, as well as chromosome rearrangements (Comai, 2000a). 

Together with gross chromosomal rearrangements following polyploidization, 

another important evolutionary aspect of polyploidy has been described by Madlung 

and colleagues (Madlung et al., 2005). Following allopolyploid formation between 

an autotetraploid Arabidopsis thaliana and an autotetraploid Arabidopsis arenosa, 

Madlung and colleagues discovered a large extent of transposable element 
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activation and/or movement within the allopolyploid lines. Following this discovery, 

several other studies have observed a large extent of transposon reorganization 

after polyploidization in other plant species, such as tobacco (Petit et al., 2007), 

spartina (Parisod et al., 2009), brassica (Alix et al., 2008) and wheat (Chantret et 

al., 2005). Clearly, transposons can affect genome evolution in many ways 

(Kazazian, 2004). Hence, transposon activation following polyploidization 

represents yet another aspect of polyploidy-induced genome evolution (Parisod et 

al., 2010a). 

 

Gene evolution following polyploidy 

Despite its role as a speciation mechanism, polyploidy also facilitates the 

evolution of the genes and genomes themselves. Despite several rounds of 

polyploidization, in many organisms polyploidization events are followed by a 

genome-wide loss of genetic material, including many (if not most) of the 

duplicated genes. For instance, following a Whole Genome Duplication event in the 

maize lineage 11 million years ago, roughly 50% of the duplicated genes were lost 

over a short evolutionary period (estimated at < 5 million years) (Lai et al., 2004). 

Studies of Brassica oleracea genome evolution after a polyploidization event also 

yielded a 35% loss of the duplicated genes (Town et al., 2006). 

Following polyploidization events, some of the duplicated genes are lost 

during the evolution of the organism. A study in Arabidopsis thaliana has shown 

that gene loss following polyploidization is not random, and that a certain class of 

genes tend to be retained, where other classes tend to be lost. Genes involved in 

signal transduction, have been shown to be found in more duplicated forms (i.e. 

preferentially retained), whereas the duplicated genes of other classes such as DNA 

replication and tRNAs tend to be lost (Blanc and Wolfe, 2004). One possible 

explanation is proposed by  the genome dosage hypothesis (Veitia, 2005), where a 

change in the protein stoichiometry of multiprotein complexes (such as the ones 

found in signal transduction) should be mainly deleterious. Hence, following whole 

genome duplication, all the members of the multiprotein complex have to either all 

remain, or all be lost, at the same time, to avoid a loss of fitness. For that reason 

those classes of genes are mainly retained as duplicates, as this likely represents 

the easier path to keep the multiprotein complex functional (Veitia et al., 2008). In 

the case of DNA replication and tRNA genes, in which the extra copy tends to be 

lost during evolution, the explanation may be that having more than one copy is 
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somewhat deleterious for the plant, hence these types of genes are preferentially 

lost. 

Although a high proportion of duplicated genes are lost following 

polyploidization, the fate of the remaining duplicated copies represents a major 

effect of polyploidy in genome evolution. Whole genome duplication creates genetic 

redundancy between the duplicated genes, allowing diversification of the duplicated 

genes coding function and/or regulatory functions. To support this hypothesis, 

evidences of positive selection between recently duplicated (<0.5 mya) genes have 

been found in Arabidopsis thaliana (Moore and Purugganan, 2003). Duplicated 

genes can either acquire new functions, through a process called 

neofunctionalization, or sub-divide/compartmentalize their function (sub-

functionalization) (Lynch and Conery, 2000), Fig. 6.  

Such neofunctionalization in Arabidopsis has been described for a channel 

protein, where the two copies of OEP16, OEP16-L and OEP16-S, diverged after 

duplication to be seed and pollen-specific and low-temperature stress responsive, 

respectively, following exon gain and promoter evolution (Drea et al., 2006). In the 

case of subfunctionalization, a classic example is the MADS-box gene family, where 

the ancestral AGAMOUS gene function in maize is shared between two duplicated 

genes, ZMM2 and ZAG1 (Mena et al., 1996). 

To summarize, polyploidization represent a major engine in plant evolution, 

shaping both genes and genomes, as well as being a strong speciation mechanism. 
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Fig. 6. Fate of duplicated genes through gene loss, neofunctionalization (gain of 

a new function), and subfunctionalization (overlapping complementary function). 

Adapted from (Moore and Purugganan, 2005) 

 

Is more the better? Applied potential of polyploid plants 

 

In addition to their prevalent role in evolution, polyploids have major 

relevance and potential in applied/agronomical fields. A large number of plants of 

agronomical interest are polyploid. Potato, wheat, cotton, banana, sugar cane, 

apple, … are all polyploid crops. Recent advances in our understanding of polyploidy 

have begun to shed light as to why such a large amount of the plants we need for 

food, feed, energy and health are derived from polyploid crops. 

In general, polyploid plants tend to display bigger organs/biomass/seed size, 

possibly due to increases in cell size following polyploidy. This effect has been 

observed in a broad range of flowering plants, such as Arabidopsis (Chao et al., 

2013a; Miller et al., 2012b), pome fruits (Sanford, 1983), banana (Hamill et al., 

1992), kiwi fruit (Wu et al., 2012), and grapevine (Yang et al., 2006). In a more 
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systematic approach, Beaulieu and colleagues identified a strong positive 

correlation between genome size and seed mass (Beaulieu et al., 2007), describing 

why in polyploid plants seed size tends to be higher than in their diploid 

counterparts (Duszynska et al., 2013b). However, for other traits such as plant 

height, increased ploidy doesn’t necessary lead to transgressive phenotype. In Zea 

mays for example, diploid and tetraploid plant height is similar (Riddle et al., 

2006). 

Nonetheless, polyploidy clearly contributes to phenotypical diversity across 

plant species (Chen, 2007), hence representing a major interest for improved crop 

breeding. Notably, recent studies in heterosis and polyploidy have demonstrated 

that genome dosage plays an important part in heterosis, since polyploids have the 

potential to display higher trait when compared with their diploid counterparts 

(Miller et al., 2012b; Ni et al., 2008; Yao et al., 2013b).  

Polyploids have also been shown to be able to generate more or different 

secondary metabolites, representing an important breeding strategy for 

pharmaceuticals and/or nutraceuticals production (Dhawan and Lavania, 1996). 

Polyploidy-induced variation in flower phenotypes is also widely used in horticulture 

for the production of novel traits (Majdi et al., 2010; Takamura and Miyajima, 

1996). 

Triploids also display unique advantages, since they are often sterile with 

seedless fruits. It is the case for banana, watermelon or grapevine (Andrus et al., 

1971; Ollitrault et al., 2008; Ortiz et al., 1995; Shengjian and Zijuan, 2004), where 

triploids have been specifically bred for their inability to produce seeds, hence being 

more attractive to consumers.  

Overall, polyploidy dramatically increase the potential for new phenotypes to 

arise, making induced polyploidy a major tool for plant breeders to generate new 

varieties. 
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Polyploidy in the “omics” era 

Our current knowledge at the molecular level (DNA, RNA, protein, 

metabolites, cell biology) of what changes occur within a polyploid cell / organism is 

limited. Recent efforts have focused on understanding genomic, transcriptomic, 

epigenetic, metabolomic and proteomic changes following polyploidyzation.  

In 1996, Guo and colleagues investigated the expression of 18 genes in 

maize across four different ploidies. Out of those 18 genes, 13 displayed gene 

expression differences between the diploid and at least one of the plants of 

different ploidy (Guo et al., 1996a). This result directly indicated that ploidy levels 

can modify gene expression. Several other studies have since demonstrated this 

phenomenon, especially based on work done in neopolyploids of Arabidopsis, in 

both autopolyploid and allopolyploid series (Tiwari et al., 2010; Wang et al., 2005; 

Yu et al., 2010b).  

Notably, transcriptome changes have been found to be more pronounced in 

allopolyploids (> 15% genes differentially expressed between the allopolyploid and 

the progenitors) (Wang et al., 2005), against 476 (1.7% of the genome) genes in 

diploid vs autotetraploid Col-0 (Yu et al., 2010b), indicating that allopolyploidy have 

a more profound effect on gene expression than autopolyploidy.  

Such discrepancy could be explained by the larger polymorphism between 

homologous genes in allopolyploids, as well as small RNA expression divergence 

leading to target gene misregulation in allopolyploids (Ha et al., 2009). Extensive 

methylation changes following allopolyploidization have also been demonstrated, 

together with alteration of gene expression (Chen et al., 2008; Lukens et al., 2006; 

Xu et al., 2009). To a larger extent, the differential epigenome of the allopolyploid’s 

parents could lead to the more extensive gene expression misregulation in 

allopolyploids (Osborn, 2003). All these traits can be associated with a “genomic 

shock” (McClintock, 1983) encountered by allopolyploids during their formation, 

due to both hybridization and polyploidy (Doyle et al., 2008; Hegarty et al., 2006; 

Ozkan et al., 2001).  

In contrast, little is known about the effects of polyploidy per se (i.e. in the 

complete absence of hybridity) on gene expression and epigenetic changes. 

Although of lower magnitude than in allopolyploids, transcriptome and epigenome 

profiling have demonstrated than polyploidy per se can induce genome wide 

changes. For example, (Yu et al., 2010b) (Stupar et al., 2007) (Martelotto et al., 
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2005; Yao et al., 2011) identified subtle but evident effects of autopolyploidization 

on gene expression changes in various plant species.  

Both allo- and autopolyploidy have been found to have a profound effect on 

sexual reproduction. Crosses of plants of different ploidies produce strong parent of 

origin effects, on phenotypic (seed size, abortion rate) (Scott et al., 1998a), 

transcriptomic and epigenetic levels (Jullien and Berger, 2010; Kradolfer et al., 

2013a; McKeown et al., 2011). Lu and colleagues (Lu et al., 2012a) have 

demonstrated that interploidy crosses results in differential small RNA (21 and 24 

nt) accumulation in 2x X 4x (diploid mother crossed with a tetraploid father) and 4x 

X 2x (tetraploid mother crossed with a diploid father) developing seeds, together 

with differential gene expression, such as with the growth factor AGL62, previously 

described as a potential causal gene in the seed size differences in interploidy 

crosses (Schatlowski and Köhler, 2012).  

However, such parent-of-origin effects in autopolyploids have not been 

thoroughly investigated in reciprocal isogenic triploids (2x X 4x and 4x X 2x), and 

represent the main target of study for this Ph.D thesis. 



 CHAPTER 1 – 

 

24 | P a g e  

 

CHAPTER 1 –  

 

PHENOTYPIC AND TRANSCRIPTOMIC 

DIFFERENCES IN ISOGENIC POLYPLOIDS OF 
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INTRODUCTION 

Polyploidy refers to the presence of multiple sets of chromosomes within a 

cell, and plays an important role in the evolution, speciation and adaptation of 

plants (Wood et al., 2009).  Many plant species include populations with different 

ploidy levels, with differences in fitness frequently observed as genome dosage 

changes between diploid and polyploid accessions (Arrigo and Barker, 2012; Comai, 

2005). Such fitness differences are particularly prevalent in studies of allopolyploids 

(polyploids formed through the hybridization of two different species) in cotton (Liu 

et al., 2001), wheat (Feldman and Levy, 2009) and in the Arabidopsis genus (Chen, 

2010; Chen and Ni, 2006; Wang et al., 2005). However, all allopolyploids are also 

hybrids making the separation of genome dosage effects from hybridity effects 

challenging.  

In contrast, isogenic autopolyploids (in which all chromosome sets are 

identical) provide a system where genome dosage effects can be investigated in the 

absence of hybridity effects. Currently, little is known regarding whether altered 

genome dosage per se in isogenic autopolyploids can lead to differential fitness and 

transcriptome effects, in the absence of effects due to hybridity or heterozygosity. 

Previous studies have screened for transcriptome changes between diploid (2x) and 

tetraploid (4x) accessions of Arabidopsis thaliana (Pignatta et al., 2010; Yu et al., 

2010b). Changes to gene expression levels in autotetraploids were found to be less 

severe than those described in allopolyploids, and were sensitive to both the 

genetic background and developmental stage (Yu et al., 2010a). 

Here, we investigate whether there are parent-of-origin effects on the 

fitness and transcript levels of isogenic (genetically identical) reciprocal F1 triploid 

plants produced by crossing diploid and autotetraploid A. thaliana. We demonstrate 

that in F1 isogenic triploid (3x) plants (differing only according to whether the 

additional set of chromosomes was paternally inherited (paternal excess 3x(p)) or 

maternally inherited (maternal excess 3x(m)), both biomass and abiotic stress 

responses are different. Notably, paternal excess F1 triploids display best parent 

heterosis for abiotic stress tolerance (i.e. in F1 plants the trait tested has a value 

equal to or greater than that of the best-performing parent). Furthermore, we find 

that the paternal excess F1 triploids show transgressive variation for biomass 

accumulation, with greater biomass generated than the parent of either ploidy. 

These differences are also reflecteded at the transcript level. Taken together, our 

results indicate that performing inter-ploidy crosses in opposite directions leads to 
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fundamental differences in both fitness and associated gene expression between 

genetically identical F1 triploid offspring. This indicates that there is a significant 

epigenetic contribution to heterosis in autopolyploid plants. 
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RESULTS 

Seed size differences in Arabidopsis C24 ploidy series. 

 Over the past decades, parent-of-origin effects and genome dosage effects 

on seed size have been extensively described in Arabidopsis (Adams et al., 2000a; 

Scott et al., 1998a; Tiwari et al., 2010). We confirmed these previous findings in 

the Arabidopsis thaliana accession C24 by analyzing seed size across an isogenic 

ploidy series consisting of diploid (2x), reciprocal F1 triploids (maternal excess 

3x(m) and paternal excess 3x(p)), and tetraploid plants of the same accession 

(genetic background). As shown in Fig. 7, the four different ploidy lines show 

statistically significant differences in mean seed area, with the paternal excess 

triploids (produced from the 2x X 4x crosses) producing the biggest F1 seeds. In 

contrast, maternal excess triploids (produced by the reciprocal 4x X 2x cross), 

represent the smallest F1 seeds of the four lines. In our hands, 4x tetraploids were 

also found to produce larger F1 seed than 2x diploids under controlled conditions, 

which is consistent with previous findings in auto- or allopolyploids(Bushell et al., 

2003; Scott et al., 1998a). This variation in seed size indicates that two different 

factors can affect F1 seed size in polyploid series of Arabidopsis thaliana, one being 

a strict genome dosage effect where increasing ploidy leads to bigger seeds (diploid 

vs tetraploid comparison) and the other a parent-of-origin effect (maternal excess 

F1 triploid vs paternal excess F1 triploid comparison). Since the paternal excess F1 

triploid seed is larger than either of its parents, it can be considered to display 

heterosis for this trait, as has previously been reported, albeit not from a heterosis 

perspective (Duszynska et al., 2013b). Since the plants in our autopolyploid series 

are isogenic (genetically identical), we conclude that seed size heterosis can occur 

in the absence of genetic variation. 
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Fig. 7: Seed size differences between ploidy levels in Arabidopsis thaliana 

accession C24. Data represent the mean ± s.e Letters indicate statistically 

different groups (1 way ANOVA with Tukey’s test, p < 0.05) 

 

Paternal excess F1 triploids displays increased biomass 

 Next, we determined whether the genome dosage and parent-of-origin 

effects on seed size could lead to enhanced accumulation of biomass after the 

triploid embryos in these F1 seeds had germinated. Seeds of the C24 autopolyploid 

series were either sown on 1x MS medium or soil, and their biomass measured 12 

or 20 days after germination respectively. In neither case was any difference in 

plant fresh weight observed between diploid and maternal excess triploid lines. A 

slight but statistically significant (One Way ANOVA, p = 0.002) increase in the fresh 

weight of the tetraploid line was observed following growth on MS medium for 12 

days, but  could not be detected in soil-grown plants at the 20 day time-point. In 

contrast the paternal excess F1 triploid line displayed a significant (One Way 

ANOVA, p < 0.001) increase of biomass in both experiments when compared with 

the diploid parent, or indeed with any of the other lines (Fig. 8). 
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Fig. 8 Paternal excess triploids display increased fresh weight. Errors bars 

represent the means ± s.d , n = 6, (1 way ANOVA with Tukey’s test, p < 0.05) 

 The trend for fresh weight heterosis among young seedlings grown on MS 

media was thus similar to that obtained for seed size. Older, soil-grown F1 

seedlings displayed contrasting results, albeit with paternal excess F1 triploids still 

accumulating greater biomass, which indicates that an increase in ploidy and seed 

size are not themselves sufficient to trigger improved biomass accumulation under 

such growth conditions. 

In order to determine the extent by which heterosis for fresh weight is dependent 

upon enhanced plant growth following germination, we determined the Relative 

Growth Rate (RGR) of each isogenic line in our ploidy series. When we considered 

RGR between the ages of 10 and 17 days, we found that it was significantly greater 

in the paternal excess F1 triploids (RGR = 0.315) than in the other lines (0.271-

0.287, One Way ANOVA, p < 0.05) (Fig. 9). This suggests that the increased 

biomass in paternal excess F1 triploids is likely due to an increased growth rate. We 

conclude that heterosis for biomass accumulation in paternal excess F1 triploids in 
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the absence of genetic variation is likely to be due to improved plant growth 

properties rather than improved provisioning from the seed. 

 

Fig. 9. Paternal excess triploid show a higher growth rate compared with 

the other ploidy levels. Data represent the mean relative growth rate between 

the rosette area of 10 and 17 days-old seedlings. Errors bars represent s.e (n = 

24), letters represent statistical groups (One Way ANOVA with a Tukey’s test, p < 

0.05) 

Circadian clock-associated genes show differential amplitude between 

reciprocal triploids. 

In previous studies, it was shown that genes associated with the Arabidopsis 

circadian clock such as CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and TIMING OF 

CAB EXPRESSION 1 (TOC1) display differential levels (i.e absolute transcript levels) 

between diploid and tetraploid plants, in both auto- and allo-polyploid systems (Ni 

et al., 2008). We investigated whether the parent-of-origin effect on biomass 

heterosis between the reciprocal F1 triploids could be associated with variation in 

the amplitude in the expression of core circadian genes, by harvesting reciprocal 

triploid seedlings at 4 hour intervals over the course of a diurnal cycle. CCA1 and 

TOC1 show an antagonistic expression pattern during the 24 hour period, as 

expected from previous reports, where CCA1 expression peaks at the end of the 
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night, while TOC1 expression is highest in the middle of the day (Mizoguchi et al., 

2002), (Fig. 10). We found that the timing of CCA1 and TOC1 expression seemed 

to remain similar between maternal and paternal excess F1 triploids, although we 

cannot exclude slight temporal shifts in their expression pattern i.e. at less than 4 

hours (Fig. 10). However, the amplitude of their expression levels was 

significantly higher in the paternal excess triploids for both genes at their peak of 

expression. As the expression patterns of both genes expression have been 

proposed to play important roles in hybrid vigour in Arabidopsis allotetraploids (Ni 

et al., 2008), it is possible that the higher amplitude of their expression observed in 

paternal excess F1 triploids leads in turn to the higher biomass phenotype.  

To determine whether this amplitude effect could be responsible for 

increased paternal excess triploid growth, we tested the expression profiles of two 

related genes known to control seedling growth under the regulation of the clock, 

PHYTOCHROME INTERACTING FACTOR 4 and 5 (PIF4 and PIF5) which act via 

altered regulation of auxin signaling (Hornitschek et al., 2012; Nusinow et al., 

2011), by INDOLE-3-ACETIC ACID INDUCIBLE 29 (IAA29) (Kunihiro et al., 2011). 

Strikingly, PIF4, PIF5 and their target IAA29 all showed higher amplitudes of 

expression in the paternal excess F1 triploids at diurnal timepoints (4, 8 and 12 

hours after dawn, respectively) as compared with the maternal excess F1 triploids 

(Fig. 11). Taken together, our results suggest that the amplitude of core 

circadian genes and the growth regulators they control are specifically increased in 

paternal excess F1 triploids with enhanced growth rates. 
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Fig. 10. Core genes of the Circadian Clock oscillator show differential 

amplitude between isogenic reciprocal triploids. Data represent the means ± 

s.d of three biological replicates. Asterisks represent statistically different 

expression at the data point (Student’s t-test, p < 0.05) 
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Fig. 11: Increased amplitude of expression of PIF4, PIF5 and their target 

IAA29 in paternal excess triploids. Data represent the means ± s.d of three 

biological replicates. Asterisks represent statistically different expression at the data 

point (Student’s t-test, p < 0.05) 

 

Differential tolerance to abiotic stress in isogenic F1 triploids 

Heterosis is not restricted to biomass, but also affects other plant traits such as 

their response to various stresses. A recent study has demonstrated that 

Arabidopsis thaliana tetraploids tend to have higher tolerance to salt stress 

compared with their diploid counterparts (Chao et al., 2013a). Prior to this recent 

report we have been investigating whether the different levels of heterosis we have 

described in isogenic pairs of C24 reciprocal F1 triploids also affect their response to 

this abiotic stress. Firstly, we investigated the effect of salt on the germination rate 

of seeds from our C24 ploidy series, as well as the effects of mannitol, which causes 

osmotic stress. The presence of either molecule in the growth medium has been 

shown to drastically reduce germination in diploid Arabidopsis thaliana plants 

(Galpaz and Reymond, 2010; Saleki et al., 1993). When sown on normal MS media, 

seeds from diploids, maternal excess F1 triploids and tetraploids showed ~100% 
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germination after 7 days, while germination of the paternal excess F1 triploids was 

slightly but significantly reduced, to 81% (Fig.12a). However, when the media 

was supplemented with either 200 mM NaCl or 300 mM mannitol, 2x, 3x(m) and 4x 

seeds were almost completely unable to germinate (Fig.12b) while 3x(p) seeds 

still germinated with a rate of 30% - 45% relative to controls. 

Furthermore, in all lines primary root growth under controlled conditions was 

similar with circa 17 mm in 7 days, (Fig.13a, Fig.13b). However, on media 

supplemented with 150 mM NaCl or 300 mM mannitol, root elongation was 

significantly improved in the paternal excess triploid. In this case, an improvement 

was also observed in the root elongation of the tetraploid (Fig.13c and d). Taken 

together, our results show that best parent heterosis for seed germination and 

early root growth are only observed in one of the two reciprocal triploids (the 

paternal excess F1 triploid) and are absent from the genetically identical maternal 

excess F1 triploid. 

 

Fig.12. Salt and osmotic tolerance of triploid paternal excess seed 

germination. (A) Germination ratio under normal conditions (1x Murashige and 

Skoog media). (B) Germination ratios relative to the control values on 1x MS 

supplemented with either 200 mM NaCl or 300 mM Mannitol. Letters represent 

statistical significance groups between lines for a given treatment (1 way ANOVA 

with a Tukey’s test, p< 0.05) 
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Parent of origin effects on stress response persist in mature Arabidopsis 

reciprocal F1 triploids 

To determine whether the best parent heterosis for abiotic stress tolerance 

observed in seedlings persisted throughout the plant’s life-cycle, we challenged four 

week-old Arabidopsis thaliana (representing the unbolted adult plant stage) with 

increasing concentrations of NaCl. Plants were inoculated with 200 – 350 mM NaCl 

every 3 days for 12 days in place of their usual water regime. We compared their 

levels of stress symptoms by calculating the photosystem II photochemical 

efficiency (Fv/Fm) ratio, a known indicator of plant health (Huang et al., 2005; 

Stepien and Johnson, 2009) which is decreased by salt stress in Arabidopsis(Huang 

et al., 2005; Stepien and Johnson, 2009). Under control conditions, all lines of our 

C24 ploidy series had similar Fv/Fm ratios (Fig.14a). 

 

Fig.13 Salt and osmotic tolerance of triploids paternal excess and 

tetraploids on seedling growth.(A) Root elongation of the polyploid lines in 0.5x 

MS, 150 mM NaCl and 300 mM Mannitol media, seven days after the transfer on 

the different media. (B) Root elongation on 0.5x MS (control media) (C) Root 

elongation on 150 mM NaCl media and (D) Root elongation on 300 mM Mannitol 

media. Values are the mean ± S.D (n=15). Letters indicate statistical significance 

groups (1 way ANOVA with a Tukey’s test, p < 0.05). 
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Under salt stress conditions, this ratio was significantly reduced in diploid 

plants and was also reduced in the maternal excess F1 triploids maternal excess 

triploids. In comparison, paternal excess F1 triploids and tetraploids plants were 

unaffected, indicating that they are more tolerant to the effects of salt stress under 

these conditions. This was confirmed by determination of total chlorophyll 

concentration (Chl a+Chl b;(Shi et al., 2002; Yamaguchi et al., 2006)) which 

reduced by 75% and 47% in 2x plants and 3x(m) plants respectively, following 12 

days of NaCl treatment, but only by 9 and 18% in 3x(p) and 4x plants (Fig.14b). 

Since we used mannitol at the seedling stage to mimic drought stresses 

because of its hyperosmotic but nonionic potential (Knight et al., 1998), we looked 

further at the effect of drought stress on mature plants. We halted the watering of 

4 week-old plants for 14 days, and measured the Relative Water Content (RWC) of 

their leaves at regular intervals (Fig.15). 

 

Fig.14. Salt tolerance of triploids paternal excess and tetraploid plants. (A) 

Fv/Fm values of individual leaves taken at day 0 and day 12. Values are the mean 

± S.E (n = 30). (B) Chlorophyll content of leaves taken at day 0 and day 12. Values 

are the mean ± S.D (n = 5) Letters represent statistical groups between ploidy (1 

way ANOVA with Tukey’s test, p < 0.05) 

The RWC was initially 87% in all lines, but decreased throughout the 

duration of the water deprivation, indicating a progressive loss of water from 

leaves. Interestingly, the loss of water content in diploids and maternal excess F1 

triploids leaves was greater than those of 3x(p) and 4x: after 14 days RWC was 
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only 24% in diploid and maternal excess F1 triploid leaves, but remained 

significantly higher (50% and 55%, p < 0.005) for paternal excess F1 triploids and 

tetraploid leaves, respectively. These results indicate an enhanced drought 

tolerance in both paternal excess F1 triploids and tetraploid plants compared to the 

diploid and maternal excess F1 triploid plants, potentially through a higher capacity 

for water retention.  

Taken together, the tolerance to both salt and osmotic/drought stress of seedlings 

and mature plants was significantly and consistently higher in the paternal excess 

F1 triploid and tetraploid plant lines, indicating that the best parent heterosis on 

abiotic stresses in seedlings persists in mature plants of the paternal excess F1 

triploids. 

Fig.15. Drought tolerance of F1 triploid paternal excess and tetraploid 

plants. Relative water content (RWC) of individual leaves taken at regular intervals 

following water removal. Values are the mean ± S.E (n = 20). Data points with the 

same letter represent statistically similar groups at the end of the experiment (1 

way ANOVA with Tukey’s test, P < 0.01).  
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Alteration of autopolyploid gene expression in response to abiotic stress 

To elucidate the potential mechanisms underlying the stress tolerance 

observed in 3x(p) and 4x Arabidopsis, we used qRT-PCR to investigate the 

expression of genes associated with salt stress tolerance in plants of different ploidy 

levels (CBF1, CBF3, COR15a, KIN1, RD29a, HAI (Baker et al., 1994; Huang et al., 

2007; Kasuga et al., 2004; Yamaguchi-Shinozaki and Shinozaki, 1994, 2006). 

Analyses were performed on young seedlings subjected to salt stress (250 mM 

NaCl) for 3 or 6 hours. After 3 hours of salt stress, four genes (COR15a, KIN1, 

RD29a and HAI1) were found to be over-expressed in 3x(p) and 4x samples 

(Fig.16). Furthermore, after 6 hours of salt stress all six genes tested were more 

highly expressed in the 3x(p) line compared with the other autopolyploid lines. Five 

out of the six genes were also over-expressed in the 4x line, although one gene 

(CBF3) unexpectedly showed reduced expression at this time-point These results 

suggest that abiotic stress signaling pathways are preferentially enhanced in the 

3x(p) and 4x lines under salt stress, and may therefore explain the increased salt 

stress tolerance we had previously observed. 
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Fig.16. Increased induction of stress response genes during salt treatment 

in F1 triploid paternal excess and tetraploid seedlings. qRT-PCR results of the 

expression of COR15a, CBF1, CBF3, HAI1, KIN1 and RD29a after 0, 1, 3 and 6 

hours treatment with 250 mM of NaCl .  

 



 PHENOTYPIC AND TRANSCRIPTOMIC DIFFERENCES IN 

ISOGENIC POLYPLOIDS OF ARABIDOPSIS THALIANA 

 

41 | P a g e  

 

The transcriptional response to triploidy is strongly affected by cross direction 

(i.e. a parental effect).  

Given the changes to growth rate, stress response and yield heterosis in the 

paternal excess triploid line, and the absence of these phenotypes in a genetically 

identical reciprocal 3x(m) triploid, we conducted ATH1 microarray transcriptome 

profiling on 12 day-old seedlings to determine whether these changes are indicative 

of general transcriptome changes. We also tested the 2x and 4x parents as 

controls.  

We found 242 genes to be significantly dysregulated between the 2x and at 

least one other ploidy class, 188 of which were up-regulated and 54 down-

regulated (p < 0.05, signal log ratio (SLR) > 1.5, (Fig.17). However, only eight 

genes were dysregulated across all polyploid genotypes, indicating that only a very 

small fraction of genes are strictly sensitive to increased genome dosage. Most of 

the dysregulated genes (the remaining 234, or 96.7%) had altered expression in 

the 3x(p) triploid and/or 4x but showed no significant change in 3x(m) triploids. Of 

genes with altered expression in 4x plants compared with the 2x control, 107 were 

upregulated and 39 were downregulated. A direct comparison of genes 

dysregulated between paternal and maternal excess triploids (both with reference 

to the 2x control) revealed a pronounced non-Mendelian parent-of-origin effect on 

gene expression regulation with 162 genes showing dysregulated transcript levels 

(138 increased and 24 reduced) in the 3x(p) but not in the 3x(m) lines. We 

conclude that the transcriptome of Arabidopsis thaliana seedlings responds to 

altered ploidy level, but make the discovery that many of these changes are 

affected by the direction of the cross by which they were generated (i.e. are subject 

to parent-of-origin effects).  
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Fig.17. Transcriptome profiling of C24 ploidy series. First leaf stage seedlings 

transcriptome differences in C24 polyploid lines relative to the diploid profile 

identified by ATH1 microarrays. 

 

Genes dysregulated by ploidy and parent-of-origin effects in F1 triploids are 

enriched for stress-response genes 

To determine the biological processes most affected by transcriptional 

differences between isogenic C24 plants with different ploidy levels, we analysed 

the dysregulated genes using conditional hypergeometric tests performed on their 

respective GO terms (p < 0.001). For each pairwise comparison (i.e. diploid vs 

maternal excess triploid, diploid vs paternal excess triploid and diploid vs 

tetraploid), enrichment was tested separately for the genes up- or down-regulated. 

Strikingly, genes up-regulated in either the 3x(p) or the 4x were strongly enriched 

for GO-BP terms linked to stress responses  Such  gene expression changes could 

lead to either increased tolerance or increased sensitivity, depending on whether 

they are due to hypersensitivity or to prior induction of resistance pathways.  

To further explore this enrichment for stress response genes, we queried the 

results of our ATH1 microarray analyses against the AtGenExpress abiotic stress, 

pathogen infection, growth conditions, hormone and chemical treatment datasets. 

All differentially regulated genes were identified for each treatment/tissue/time-

point combination and each set of differentially expressed stress-related genes 

compared to each set of ploidy-sensitive genes using Fisher’s exact tests. 

Strikingly, we observed significant overlaps between our ploidy sensitive genes for 

all abiotic stresses tested (cold, salt, heat, osmotic, genotoxic, wounding, oxidative, 
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drought, and UV stress) with a particularly strong overlap for genes up-regulated in 

response to abiotic stress. This was consistent for genes dysregulated in either 4x 

and 3x(p) plants, and regardless of whether they were up- or down-regulated 

 We conclude that the heterosis and stress resistance phenotypes observed 

in paternal excess F1 triploid and tetraploid Arabidopsis thaliana plants may be 

associated with altered expression of stress-responsive genes. Given that these 

genes are not altered in maternal excess F1 triploid plants in which these 

phenotypes are absent, it seems likely that these changes may be causal. Further 

investigation of the precise role of stress responsive genes dysregulated by altered 

genome dosage and parent-of-origin effects will test the possibility that they 

function as master regulator(s) of increased biomass and/or stress tolerance in 

polyploid plants. 
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DISCUSSION 

Triploids display heterotic traits without genetic variation 

Triploid F1 seeds arising from reciprocal inter-ploidy crosses display 

differential size and viability (Dilkes et al., 2008; Scott et al., 1998a). Variation is 

also observed at the gene expression level in the developing seeds of reciprocal F1 

triploids (Tiwari et al., 2010). Such parent-of-origin effects on F1 triploid seed size 

could potentially be associated with endosperm-expressed imprinted genes or 

genome dosage effects in the endosperm (Spillane et al., 2002) or seed coat. As 

the seed endosperm is a terminal tissue wherein genes are not transmitted to the 

next generation, we considered to what extent parent-of-origin effects on 

phenotypes and/or gene expression may be manifest in later stages of sporophytic 

development of reciprocal F1 isogenic triploid seedlings.  

Heterosis represents the capacity of F1 offspring to display transgressive 

traits compared to their parents (McKeown et al., 2013). However, it is commonly 

assumed that heterosis requires genetic variation to be triggered, despite recent 

suggestions that heterosis may also have an epigenetic component (Chen, 2013). 

The data presented here demonstrate that heterosis can indeed be achieved 

without any genetic variation, by a combination of increased genome dosage with a 

striking differential effect depending on whether the additional genome is 

maternally or paternally inherited. While genome dosage effects on heterosis in 

maize have recently been demonstrated (Yao et al., 2013b) the authors could not 

rule out the need for genetic variation between the parental lines. This was because 

they used a triploid system involving hybrid (heterozygous) plants rather than 

isogenic lines, to demonstrate the potential for triploid heterosis.   

In contrast, our system, focuses on reciprocal triploids which are isogenic to 

allow a sensu strictu analysis of genome dosage effects in the absence of hybridity. 

This approach has allowed us to demonstrate that higher biomass and stress 

tolerance heterosis can be achieved without the need for any hard-wired genetic 

variation.  

In previous studies of Arabidopsis autotetraploids there was no evidence of 

any loss of DNA following autopolyploidyzation (Ozkan et al., 2006). Furthermore, 

our study of autopolyploid Arabidopsis has confirmed the absence of indels and 

chromosomal rearrangements between diploids, reciprocal triploids and tetraploids 
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in the Col-0 accession using tiling arrays (Donoghue et al, 2013), precluding the 

likelihood of genomic rearrangements occurring in recently synthesised Arabidopsis 

autopolyploids. Moreover, since the diploid and tetraploid plants used to generate 

the reciprocal F1 triploid offspring in this study were identical in each cross, the 

reciprocal triploids are in fact siblings, allowing direct comparison of parent-of-

origin effects in the absence of genetic variation between them. We conclude that 

our F1 reciprocal triploids are highly likely to be truly isogenic, and that our data 

therefore demonstrates that heterosis in plants occurs solely as a result of 

epigenetic parental genome dosage effects. 

The mechanistic bases of these effects will represent a fertile area for future 

study, although theoretically it could be due to differential inheritance of DNA 

methylation, histone modifications or cytoplasmic effects, or some combination of 

these. A particularly intriguing possibility is that differences between genetically 

identical F1 triploids might be mediated by small RNAs, which are known to act as 

epigenetic regulators and are essential for both male (Calarco et al., 2012) and 

female (Olmedo-Monfil et al., 2010) gamete development in Arabidopsis thaliana. If 

certain small RNAs were differentially expressed between haploid and diploid 

gametes it could potentially lead to altered epigenetic states in maternal-excess 

and paternal-excess F1 triploids following fertilization. In addition, parent-of-origin 

dependent heterosis for biomass is linked to genome dosage effects leading to 

increased amplitude in the diurnal expression cycles of circadian clock-associated 

growth regulators (Ni et al., 2008), suggesting that any such parent-of-origin effect 

is likely to alter biomass via alterations to the function of the clock. 

Significant parent-of-origin effects on gene expression between reciprocal F1 

triploids that are isogenic. 

Systematic genome-wide screens for parent-of-origin specific genome 

dosage effects on gene expression in reciprocal isogenic F1 triploids have not 

previously been conducted, although differences in gene expression of 15 genes (of 

30 tested) between triploid maize F1 hybrids were observed by Northern blotting 

(Auger et al., 2005b). The results of our transcriptome analysis indicate that there 

are significant parent-of-origin genome dosage effects on gene expression in 

sporophytic tissues, with 162 genes differentially expressed between 2x and 3x(p) 

plants and only eight genes differentially expressed between 2x and 3x(m) plants. 

Each of these eight genes was also found to be dysregulated in 3x(p) and the 4x 

lines, indicating that they represent a small group of parent-of-origin independent 



 PHENOTYPIC AND TRANSCRIPTOMIC DIFFERENCES IN 

ISOGENIC POLYPLOIDS OF ARABIDOPSIS THALIANA 

 

46 | P a g e  

 

genome dosage-sensitive genes. Hence, the transmission of an additional set of 

chromosomes via the male gamete has a much more significant effect on gene 

expression in the F1 offspring than the transmission of an additional yet genetically 

identical chromosome set via the female gamete. Indeed, the 3x(m) transcriptome 

is largely unaffected by a maternally-inherited increase in chromosome set, and has 

a transcriptome profile quite similar to the diploid.  

Genetic background effects in response to polyploidization of different 

Arabidopsis thaliana accessions have been identified previously, with accession Col-

0 being defined as a “responder” genome with 470 dysregulated genes between 2x 

and 4x, compared to accession Ler-0 which was classified as a “non-responder” 

genome with only eight genes dysregulated (Yu et al., 2010a). By comparison, the 

C24 accession used in this study has 146 genes dysregulated between 2x and 4x 

and thus can also be described as a responder genome, although its response 

appears less extreme than that of Col-0 (under the experimental conditions used by 

that authors of Yu et al. Interestingly, while we have observed minimal overlap 

between the genes dysregulated in our analysis and those observed by Yu et al. in 

the Col-0 genetic background (only 12 genes being dysregulated in both datasets), 

the Gene Ontology enrichments are strikingly similar. This indicates that the ploidy 

response of different Arabidopsis accessions may respond via similar pathways or 

processes, even if the individual genes involved tend to vary. Our finding that 

tetraploids and paternal excess F1 triploid plants display similar responder 

phenotypes strongly suggests that the response to polyploidization is manifested 

predominantly from the additional set of chromosomes inherited via the male 

gamete.  

In conclusion, our study demonstrates that heterosis does not necessarily 

require genetical differences between the parents, but can be mediated by parent-

of-origin specific ploidy (genome dosage) effects. In our system, we have 

demonstrated that ploidy differences between isogenic parents leads to striking 

differences in the growth and stress responses of the F1 reciprocal triploids, with 

paternal excess triploids displaying best parent heterosis for both traits. 

Comprehensive analysis of smallRNAs/methylome linked to the observed gene 

dysregulation within the isogenic polyploid series are necessary to more precisely 

understand the parent-of-origin effects revealed in this study.   

Our data also indicate that generating vegetatively propagated paternal 

excess triploids in the course of crop breeding could open new avenues for the 
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production of varieties displaying enhanced growth performance and stress 

tolerance. This path could be particularly relevant for clonal crops such as bananas  

or cassava, where the directions of the crosses used to generate triploid varieties 

has not previously been considered as a potential source of variation on the F1 

offspring. Our lab is currently seeking funding to test such hypotheses.  
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MATERIALS AND METHODS 

 

Plant growth and culture 

C24 diploid and tetraploid maintained for two generations after colchicine 

treatment were the kind gift of Brian Dilkes. Triploids were manually generated by 

crossing emasculated diploid or tetraploid flowers with diploid and tetraploid pollen 

under a Leica MZ dissecting scope, with no. 5 forceps. For sterile germination, 

seeds were surface-sterilized in 16% bleach, and 0.1%Triton X-100, and washed 5 

times in sterile water. The seeds were stratified at 4 ⁰C in the dark for 3 days prior 

sowing on the plates containing 1x Murashige and Skoog (MS) medium (Sigma, 

M9274) and grown in a Percival growth chamber (16 hr Light, 8 hr Dark). Individual 

first leaf stage seedlings were flash-frozen in liquid nitrogen and stored at -80⁰C 

prior to RNA extraction. 

For seedling fresh weight experiments, seeds were sterilized and stratified 

for 3 days, and then transferred on either 1x MS media, or directly on soil. Whole 

rosette (minus roots) were harvested after 12 days on plate, and 20 days on soil, 

and immediately weighted.  

Relative Growth Rate (RGR) was measured by comparing seedling area at t0 

(10 days after sowing on soil), and the seedling area after 7 days (t7) for each 

seedling according to (Hoffmann and Poorter, 2002), with the following formula: 

    
  (      )    (       ) 

 
 

 

Abiotic stresses 

Germination ratios on the different media were scored seven days after 

sowing on the MS plates. The emergence of the radicle was taken to indicate 

germination. For measurement of root length, 5 day-old seedlings grown vertically 

on 0.5x MS plates were transferred to the relevant stress media and again grown 

vertically. Root length was measured directly after transfer to the stress medium, 

and again after seven days. The effect of salt treatment on mature plants was 
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determined using four week-old plants grown on soil (5 parts compost:1 part 

perlite: 1 part vermiculite) watered with with increments from 200 mM to 350 mM 

NaCl every 3 days for 12 days. Photochemical activity of PSII was scored using a 

PAM-2000 device (Walz). Fv/Fm ratios were measured on at least 20 plants using 3 

leaves per plant after dark acclimation of 30 minutes. Chlorophyll a and b were 

extracted twice using 80% acetone (v/v) and the chlorophyll content estimated by 

measuring the absorbance at 645 and 663 nm (Arnon, 1949), using an Implem 

Nanophotometer™. 

For the drought experiment, we stopped watering four weeks-old plants 

grown on soil, and measured the Relative Water Content (RWC) of leaves at regular 

intervals for 14 days. The RWC in expressed in % and calculated as follows: 

     [
(     )

(     )
]      

Where FW represents the Fresh Weight, measured directly after cutting the leaf, 

TW is the Turgid Weight, obtained after immersing the leaves in water at 4 ⁰C in 

the dark for 6 hours, and DW, the Dry Weight after drying the leaves for 24 hr at 

60 ⁰C.  

Microarray analysis 

RNA was extracted with Trizol (Invitrogen) used according to manufacturer’s 

instructions with the following modifications: after Trizol lysis and chloroform 

separation, the aqueous phase was used as the starting material for RNA extraction 

using the Masherey-Nagel NucleoSpin RNA II™ kit following manufacturer’s 

instructions.. PCR was used to confirm the absence of gDNA. RNA quality was 

assayed using Bioanalyzer RNA Nano Chips™ (Agilent Technologies), and based on 

RNA quality (RIN     ≤ 8.5), five samples per ploidy level were used for 

microarray analysis. Affymetrix 3’IVT Express kits™ were used to generate the 

hybridization samples for the ATH1 microarrays runs, following manufacturer’s 

instructions. 

All arrays were normalized using the RMA method in the Affy package in 

Bioconductor. Probesets matching either none or several loci in the A. thaliana 

reference genome were filtered out. Differentially expressed genes were identified 

using moderated t-tests as implemented by LIMMA (Smyth, 2005) and the 
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following contrasts performed; 2x vs. 3x(m), 2x vs. 3x(p) and 2x vs. 4x. Adjusted 

p-values were calculated using an FDR. Confidence thresholds of adjusted p-value 

< 0.05 and SLR > 1.5 were used. 

 

qRT-PCR expression analysis 

For qRT-PCR analysis, RNA was extracted in a similar method. cDNA 

synthesis was performed on 25ng to 1ug of RNA with the RevertAid First Strand 

cDNA Synthesis Kit™ (Fermentas). qRT-PCR reactions were performed in triplicate 

using a Bio-Rad CFX™ thermocycler and Sybr Green Jumpstart Ready mix™ 

(Sigma). The PCR profile was 94 °C for 10 minutes followed by 40 cycles of 60 °C 

for 60 seconds. Melting curves were analysed for every gene tested to confirm 

amplification quality and absence of gDNA contamination. Primers were designed 

with QuantPrime: http://www.quantprime.de/main.php?page=home. ACTIN2 

(At3g18780) was used as reference genes for normalization. Quantification was 

performed using Bio-Rad CFX manager software (Ct method).  

  

http://www.quantprime.de/main.php?page=home
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CHAPTER 2 –  

 

TRANSCRIPTOME AND METHYLOME 

PROFILING OF ISOGENIC POLYPLOID LINES 

OF Col-0 ARABIDOPSIS THALIANA 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has now been published, and presented as the final published version: 

Donoghue MTA, Fort A, Clifton R, Xhang X, McKeown PC, Borevitz JO and Spillane 

C (2013). CmCGG-methylation independent parent-of-origin effects on 

genome-wide transcript levels in isogenic reciprocal F1 triploid plants. DNA 

Research (in press)   



 TRANSCRIPTOME AND METHYLOME PROFILING OF ISOGENIC 

POLYPLOID LINES OF Col-0 ARABIDOPSIS THALIANA 

 

52 | P a g e  

 

Abstract  

Triploid F1 hybrids generated via reciprocal inter-ploidy crosses between genetically 

distinct parental plants can display parent-of-origin effects on gene expression or 

phenotypes. Reciprocal triploid F1 isogenic plants generated from inter-ploidy 

crosses in the same genetic background allow investigation of parent-of-origin 

specific (parental) genome-dosage effects without confounding effects of hybridity 

involving heterozygous mutations. Whole-genome transcriptome profiling was 

conducted on reciprocal F1 isogenic triploid (3x) seedlings of Arabidopsis thaliana. 

The genetically identical reciprocal 3x genotypes had either an excess of maternally 

inherited 3x(m) or paternally inherited 3x(p) genomes. We identify a major parent-

of-origin dependent genome dosage effect on transcript levels, whereby 602 genes 

exhibit differential expression between the reciprocal F1 triploids. In addition, using 

methylation-sensitive DNA tiling arrays, constitutive and polymorphic CG DNA 

methylation patterns at CCGG sites were analysed which revealed that paternal 

excess F1 triploids seedlings CmCGG sites are overall hypermethylated. However, 

no correlation exists between CmCGG methylation polymorphisms and 

transcriptome dysregulation between the isogenic reciprocal F1 triploids. Overall, 

our study indicates that parental genome dosage effects on the transciptome levels 

occur in paternal excess triploids, which are independent of CmCGG methylation 

polymorphisms. Such findings have implications for understanding parental effects 

and genome dosage effects on gene expression and phenotypes in polyploid plants.  

Keywords (3-5): F1 hybrid, triploid, CCGG methylation, parent-of-origin effect, 

polyploidy, epigenetic 

 

1. Introduction 

Changes in gene dosage at the whole genome, chromosomal or segmental levels 

can elicit phenotypic and gene expression effects associated with dosage sensitive 

genes(Birchler and Veitia, 2012). Polyploidisation events increase the dosage of all 

loci, including structural and regulatory loci controlling traits that may be genome 

dosage sensitive. Due to the importance of polyploidy to plant evolution and crop 

breeding, many aspects of gene regulation in polyploids require elucidation (Chen, 

2010; Jiao et al., 2011), including how dosage effects and other epigenetic changes 
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are triggered and maintained in both allo- and auto-polyploids (Madlung et al., 

2005; Verhoeven et al., 2010).  

A range of studies in allo-polyploid plant genomes have revealed rapid epigenetic 

changes, including alteration in cytosine methylation patterns, rapid silencing of 

ribosomal RNA and protein-coding genes, and de-repression of dormant 

transposable elements (Liu and Wendel, 2003),(Buggs et al., 2012). However, allo-

polyploid genomes are genetic hybrids where both ploidy (genome dosage) and 

hybridity (mutational differences) occur in concert, making it difficult to disentangle 

genetic effects from genome (and gene) dosage effects. 

In contrast, the generation of auto-polyploids in the same genetic background 

provides a model system for the analysis of genome dosage effects (sensu strictu) 

in the absence of mutational differences between lines of different ploidy. In auto-

polyploids, there have been a range of studies on genome dosage effects on 

phenotypes in maize(Riddle et al., 2010; Yao et al., 2013a) and Arabidopsis 

thaliana (Adams et al., 2000b; Miller et al., 2012a; Scott et al., 1998b). Changes in 

genome dosage in autopolyploids, and also in individual gene dosage, have been 

shown to modify epigenetic silencing in plants(Mittelsten Scheid et al., 2003; Yao et 

al., 2013a). The majority of studies on gene expression changes in autopolyploids 

conducted to date have either focused on a limited number of genes(Auger et al., 

2005a; Guo et al., 1996b; Miller et al., 2012a) or found few gene (transcript) 

expression level changes at the whole genome level between diploids and 

tetraploids of Arabidopsis thaliana(Pignatta et al., 2010; Yu et al., 2010a).  

In addition, little is known regarding the extent of DNA methylation changes 

associated with autopolyploidy in Arabidopsis thaliana or the functional effects of 

DNA methylation polymorphisms on gene expression or phenotypic changes. In 

diploids, it has been previously shown in Arabidopsis thaliana methyltransferase 

mutants (drm1, drm2, cmt3 and met1) that loss of methylation can lead to up-

regulation of genes(Kurihara et al., 2008; Shen et al., 2012; Zhang et al., 2006) 

and conversely that increased methylation can lead to down-regulation in 

Arabidopsis hybrids(Shen et al., 2012). 

In inter-ploidy 2x X 4x crosses, genome dosage effects can occur in a parent-of-

origin dependent or independent manner, depending on whether the two different 

types of reciprocal F1 triploids (i.e. 2m:1p vs 1m:2p) display different phenotypes. 

While parent-of-origin dependent genome dosage effects have been observed on 
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phenoypes in maize and Arabidopsis thaliana, little is known regarding parent-of-

origin dependent genome dosage effects on gene expression in reciprocal F1 

triploids. The generation of reciprocal F1 triploids in the same genetic background 

provides a system for the identification and analysis of genome dosage and other 

epigenetic parental effects on phenotypes and gene-expression, that are not due to 

mutational differences between the reciprocal F1 triploids.  

In this study, we have used isogenic reciprocal F1 triploids to demonstrate a major 

parent-of-origin dependent (i.e. parental) genome dosage dependent effect on 

transcript levels in paternal genome excess F1 triploids. We also demonstrate that 

this novel parental genome dosage effect in the F1 triploids is CmCGG-methylation 

independent at the whole genome level. This suggests that the paternally and 

maternally inherited chromosome sets in autopolyploid plants may be epigenetically 

different, due to parental genome dosage effects that can affect transcript levels in 

a CmCGG methylation independent manner.  

 

2. Materials and Methods 

2.1 Plant materials 

Col-0 diploid (2x) and tetraploid (4x) seeds, selfed for at least two generations after 

colchicine treatment, were the kind gift of Luca Comai (University of Washington). 

Maternal excess triploids (3x(m)) and Paternal excess triploids (3x(p)) were 

generated by manually crossing emasculated diploid or tetraploid flowers with 

diploid or tetraploid pollen under a Leica MZ6 dissection microscope using Dumostar 

No. 5 tweezers. Sterilized seeds were sown on 0.5X MS (Murashige and Skoog) 

media and grown in a Percival growth chamber (16 hours light, 8 hours darkness). 

Seedlings were harvested at the two true leaf stage (Boyes standard 1.02(Boyes et 

al., 2001)) for subsequent analysis. The ploidy of the resulting crosses was verified 

by flow cytometry using a Partec Ploidy Analyzer, with CyStain UV Precise P 

(Partec) reagents, following manufacturer’s instructions..   

 

2.2  Sample preparation and microarray hybridization 
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RNA from four biological replicates per ploidy level, with 20 seedlings per replicate, 

was extracted using QIAGEN RNeasy Plant Mini Kit (#74903). mRNA was purified 

with QIAGEN Oligotex mRNA Mini Kits (#70022) using 25 µg of initial RNA, and 

used for double-stranded cDNA synthesis (SuperScript Double Stranded cDNA 

synthesis #11917-010). After RNAse treatment (Epicentre RNAseH) and dscDNA 

purification (QIAGEN Qiaquick PCR purification kit), samples were labeled using 

Invitrogen BioPrime DNA labeling, and processed. For methylation analysis, DNA 

was extracted using the QIAGEN DNeasy Plant Mini Kit (#69104), and 300 ng of 

DNA digested by 20 units of Mse1 and 10 units of either HpaII or MspI (New 

England Biolabs) at 37 °C for 16 hours. After ethanol-precipitation of digested DNA, 

the samples were labeled with Invitrogen BioPrime DNA labeling. All kits were used 

according to manufacturer’s instructions. Transcriptome and methylome analyses 

were performed using a custom whole genome SNP-tiling array (AtSNPtile1)(Zhang 

and Borevitz, 2009b).  

 

2.3  Tiling array and small RNA data analysis 

The tiling array used was the AtSNPtile1 tiling array contains 1.4 million unique 

probes tiled along both strands of the entire Arabidopsis genome at 35 bp 

resolution. The tiling probes include all unique features with good hybridization 

quality on the Arabidopsis tiling array 1.0 (Affymetrix). The analysis of the tiling 

array data for detection of indels, gene expression and DNA methylation 

differences, including the validation of gene expression difference (by qRT-PCR) and 

correlation between DNA methylation, small RNA and gene expression is described 

in Supplementary Data.  

S2.1  Microarray data analysis 

The probes of the AtSNPtile1 array were mapped to annotated mRNAs as introns, 

transcription units (exon, alternative exons), intergenic regions, or flanking probes 

that span an annotated boundary, using the TAIR9 annotation 

(www.arabidopsis.org). Analysis of the data from the AtSNPtiles was restricted to 

those genes with at least three probes interrogating exonic sequences. Importantly, 

as overall gene expression level was estimated as the average across common 

exons, exon probes were defined as probes interrogating gene sequences that are 

present in 50% expressed sequence clones, as previously described(Zhang et al., 

2008a).  
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S2.2 Gene expression 

For each chip from cDNA hybridization, the probe intensities were background-

corrected as previously described(Schmittgen and Livak, 2008). Selecting only 

those probes mapped to exons, the probe intensities of all eight arrays (3x(m) = 4, 

3x(p) = 4) were quantile-normalized using the Affy package in Bioconductor 

(http://bioconductor.org). For each gene the probe effect was removed by 

subtracting the mean log intensity across all samples. Genes with ≥3 exon probes 

were analyzed for differential expression by fitting a linear model: gene expression 

level ~ triploid type + error.  False Discovery Rates (FDRs) were calculated using 

1000 permutations, according to the following procedure: 1) permute the samples; 

2) fit the model; 3) calculate the d score (see below); 4) repeat previous steps 

1000 times. The d score is a modified t statistic that is calculated by adding a small 

constant to the denominator, i.e. Coefficient/(Standard deviation + s0), where s0 is 

the median of standard deviations across all genes and all permutations(Tusher et 

al., 2001). Adding a constant to the small denominator prevents genes with small 

errors from being called as significant. The d scores were then ranked for each of 

the 1000 permutations and a null distribution obtained by taking the average d 

score across all permutations for each rank. Using an adjustable threshold (), the 

FDR was calculated as the average number of permutation d scores exceeding the 

threshold divided by the number of real d scores exceeding that threshold(Tusher 

et al., 2001). As previously described, FDRs calculated in this manner can exceed 

100% indicating no significant enrichment over the background(Tusher et al., 

2001; Zhang and Borevitz, 2009b). 

  

S2.3 DNA methylation 

For each chip from genomic hybridization, the probe intensities were background 

corrected as described above and probe intensities for all 16 CELs (HpaII 3x(m) = 

4, MspI 3x(m) = 4, HpaII 3x(p) = 4 and MspI 3x(p) = 4) quantile-normalized. 

Probes containing CCGG sequences were extracted (n = 75943). A mixed linear 

effects model was applied to each CCGG probe so that the correlation between two 

enzyme treatments for each plant was controlled: probe intensity ~ triploid type + 

enzyme + triploid type*enzyme + random effect (plant) + error. Enzyme main 

effect detected constitutive methylation across triploid types, and triploid type x 
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enzyme interaction effect detected polymorphic methylation between triploid types. 

d scores were calculated as above, with s0 set as a 5% quantile of standard 

deviations across all probes and permutations (see below) and a pooled variance 

used to calculated the standard deviation. FDRs were calculated first by permuting 

d scores using the following previously described procedure(Zhang et al., 2008a): 

1) fit a partial model missing the effect being tested; 2) permutate residuals; 3) 

add permutated residuals to the predicted values; 4) fit data with a full model; 5) 

calculating a d score; 6) repeat steps two to five 1000 times. FDRs were calculated 

as described above for each term using the permuted d scores from that term to 

calculate the null distribution. 

 

S2.4 Identification of indels 

Using the background-corrected, normalized genomic arrays, single feature 

polymorphisms (SFPs)(Borevitz et al., 2003) across the whole array were searched 

for with the SAM algorithm(Tusher et al., 2001). Both enzyme treatments were 

used as pseudo-replicates for the 3x(m) and 3x(p) ploidy levels. To attempt to 

detect larger indels, a segmentation algorithm was used(Zhang et al., 2008a).  

 

S2.5 Correlation between DNA methylation and gene expression 

Correlations between constitutive methylation and absolute gene expression levels 

were calculated using the mean exon probe intensity across the gene and across 

both genotypes (i.e. 3x(m) and 3x(p)). For correlations between polymorphic sites, 

the differential methylation was averaged across the genomic feature tested. 

 

S2.6 Gene expression quantification  

For qRT-PCR analysis, total RNA was extracted using the Bioline Isolate Plant RNA 

Mini Kit and DNAseI treatment performed (Sigma #AMPD1-1KT). 1µg of RNA was 

used for first strand cDNA synthesis (Fermentas RevertAid First Strand cDNA 

Synthesis Kit), qRT-PCR reactions performed in technical duplicates using the 

Bioline SensiMix No-ROX One-Step kit (#QT235-05), and run in a CFX96 

thermocyler (Bio-Rad). For each reaction, the melt-curve was analyzed to ensure 
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correct amplification and primer specificity. Primers were designed using 

QuantPrime: http://www.quantprime.de/main.php?page=home (see 

Supplementary Table S2). ACTIN2 (At3g18780) was used as a reference for 

normalization based on its expression stability amongst different ploidy samples. 

ΔΔCt method(Schmittgen and Livak, 2008) was used to quantify relative gene 

expression. Primers listed in Supplementary table 4. 

 

S2.7 Small RNA mapping 

Small RNA libraries from 3x(m) and 3x(p) leaf tissue were downloaded from NCBI 

(accession no. GSE25280). Firstly the reads, were clipped using fastx_clipper and 

filtered for quality using fastq_quality_filter (Q=20 p=90). Those reads passing 

quality filter were mapped to the Arabidopsis thaliana genome (TAIR9) using 

Bowtie. Multiple mappers were assigned randomly to loci. Mapped reads were then 

filtered, removing reads that mapped to rRNAs, tRNAs, snoRNAs and sRNAs. The 

remaining reads were size selected (20-24nt) and normalized to reads-per-one-

hundred-thousand.  

 

3.Results and discussion 

3.1 Generation of isogenic F1 triploid plants 

Reciprocal crosses of tetraploid (4x) and diploid (2x) parental lines in the same 

accession background can generate viable reciprocal F1 triploids in Arabidopsis 

thaliana that are genetically identical, i.e. they are isogenic (Fig. 18). Such 

reciprocal F1 triploids provide an ideal model system to investigate parent-of-origin 

specific (parental) effects on gene expression and other phenotypes(Duszynska et 

al., 2013a). To identify any parent-of-origin specific genome dosage effects on gene 

expression between isogenic reciprocal F1 triploids of Arabidopsis thaliana 

(accession Col-0), microarray profiling was performed on Arabidopsis seedlings. The 

reciprocal F1 triploids were generated from neo-tetraploid (F2) plants (in the Col-0 

accession background) that were reciprocally crossed in both parental directions (as 

either pollen or ovule donor) to the diploid progenitor line. Paternal excess F1 

triploids (3x(p)), each containing two copies of the paternal genome and one copy 

of the maternal genome, were generated by fertilizing emasculated diploid flowers 
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with pollen from the tetraploid (i.e. a 2x X 4x cross). In contrast, emasculated 

tetraploid flowers were fertilized with pollen from the diploids (i.e. a 4x X 2x cross) 

to generate the reciprocal maternal excess F1 triploids (3x(m)). The comparison of 

these genetically-identical 3x(p) and 3x(m) plants formed the basis of our analysis 

of parent-of-origin genome dosage effects on the transcriptome. 

 

Fig. 18: Generation of isogenic F1 reciprocal triploid plants. A) Generation of 

tetraploid Arabidopsis thaliana Col-0 using colchicine treatment. B and C) 

Generation of maternal and paternal excess reciprocal F1 triploids by crossing 

diploid and tetraploid Arabidopsis thaliana plants.  

 

3.2 High-density tiling array analysis confirms that isogenic reciprocal F1 

triploids generated from inter-ploidy crosses in Arabidopsis thaliana are 

genetically identical 

In a selfing species such as Arabidopsis thaliana, the crossing of diploid and tetraploid plants 

that are in the same genetic background should result in the generation of F1 triploid plants 
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that contain the same DNA sequence (i.e. are isogenic in terms of DNA sequence) as 

the parental lines. Such isogenic ploidy series systems allow us to test for strict 

genome dosage effects on gene expression and other phenotypes. In addition the 

generation of isogenic F1 triploids provides a model system for detecting parent-of-

origin specific genome dosage effects. To confirm that reciprocal F1 triploids 

generated from inter-ploidy crosses are indeed isogenic, we hybridized genomic 

DNA to the tiling arrays and screened for any evidence of single feature 

polymorphisms (SFPs) (Borevitz et al., 2003) by comparing individual probe 

intensities across the reciprocal F1 triploids. No SFPs were detected in the isogenic 

F1 triploids.  

As this approach may not have detected longer indels spanning several tiling array 

probes we also compared the two triploid datasets using a segmentation 

algorithm(Zhang et al., 2008a). Only one potential indel (Chr2:13390565 – 

13391067) was predicted using this approach. When we subsequently tested this 

by PCR using primers designed to span the location of the putative indel, no such 

indel could be detected (Fig. 19), indicating that this was a false positive from the 

segmentation algorithm. Overall this analysis confirmed that the reciprocal F1 

triploid plants are genetically isogenic and hence provide a robust platform for the 

investigation of parent-of-origin specific genome dosage effects in plants.  

 

Fig. 19 Confirmation of the isogenic nature of the Col-0 ploidy series. 

Absence of the only putative indel detected (Chr2:13390565 – 13391067), using 

primers spanning the indel. 1: DNA ladder; 2-5: diploid; 6-9: maternal excess 

triploid;10-13: paternal excess triploid;14-17: tetraploid;18 negative control. 

 

3.3 Isogenic reciprocal F1 triploid plants display epigenetic parent-of-origin 

specific genome dosage effects on transcript levels 
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Having confirmed that the reciprocal F1 triploids generated from reciprocal inter-

ploidy crosses were truly isogenic, the tiling arrays were used to interrogate the 

expression levels of 25703 genes in seedlings. Despite the fact that the reciprocal 

F1 triploids are genetically identical at the DNA sequence level, 602 genes were 

found to be differentially expressed between the reciprocal F1 triploids, (using a 

false discovery rate (FDR) of 4.74*10e-3). All of the 602 differentially expressed 

genes were identified as having fold changes greater than 2.5. All of these 602 

genes were up-regulated in the paternal excess 3x(p) F1 triploid compared to the 

maternal excess 3x(m) F1 triploid. The up-regulation of gene expression levels in 

3x(p) vs. 3x(m) F1 triploids was validated by qRT-PCR for 15 out of 20 genes 

tested (75%)(Fig. 20).  

 

Overall, our results using isogenic F1 triploids provide the first evidence of 

widespread parent-of-origin specific genome dosage effects on gene expression in 

triploid vegetative plant tissues. While parent-of-origin specific expression (e.g. due 

to genomic imprinting(Garnier et al., 2008)) has been detected in triploid 

endosperm tissues(Hsieh et al., 2011; McKeown et al., 2011; Wolff et al., 2011), 

previous studies have found no evidence for parent-of-origin effects on gene 

expression in diploid vegetative tissues(Zhang and Borevitz, 2009b).  
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Fig. 20: qRT-PCR validation of the up-regulation of 15 out of 20 genes in 

the paternal excess triploids (3x(p)) compared with maternal excess 

triploids (3x(m)) (Student’s t.test, p < 0.05, Fold change > 1.5). ACT2 

(At3g18780) was used for normalization; data are the means of three biological 

replicates ± s.d. 

3.4 The 602 genes subject to parent-of-origin specific genome dosage effects 

are enriched for stress response genes 

To investigate the biological processes associated with the altered transcriptome of 

the 3x(p) triploid F1 seedlings, we screened for Gene Ontology (GO) terms enriched 

amongst the 602 up-regulated genes by conditional hypergeometric tests(Falcon 

and Gentleman, 2007). In total, 872 biological processes (BP), 546 molecular 

functions (MF) and 230 cellular components (CC) were tested for this analysis. The 

biological process analysis discovered a significant parent-of-origin specific genome 

dosage effect on stress response genes, with several stress response terms 

significantly overrepresented in the genes up-regulated in the 3x(p) F1 triploid, 

including both biotic and abiotic stress responses. 

To further investigate the enrichment for both abiotic and biotic stress response 

genes in the 3x(p) triploid, the AtGenExpress abiotic stress, pathogen infection, 

growth conditions, hormone and chemical treatment datasets were also 

interrogated. For this analysis, a list of all differentially expressed genes was 

identified for each treatment-tissue-timepoint combination in the AtGenExpress 

datasets, and these AtGenExpress lists were then compared to the 602 upregulated 

genes in the 3x(p) triploid to identify significant overlaps.  Using this approach, for 

each abiotic stress tested (cold, salt, heat, osmotic, genotoxic, wounding, oxidative, 

drought, and UV) significant overlaps were detected with the 602 genes identified 

in the 3x(p) triploid. In addition, significant overlaps were also detected between 

the 602 3x(p) genes and biotic stress response gene sets. These included genes 

responsive to several pathogens, including pseudomonas, potato blight, virulent, 

avirulent, type III-secretion system deficient and nonhost bacterial pathogens, 

bacterial derived elicitors (LPS, HrpZ, Flg22 and oomycete (NPP1)) and mildew 

infection. While genome dosage effects on transcript levels has been observed 

between diploid and tetraploid Arabidopsis thaliana (Kim and Chen, 2011; Pignatta 

et al., 2010; Wang et al., 2005; Yu et al., 2010a), and tetraploid lines observed to 

have increased salinity tolerance(Chao et al., 2013b), to our knowledge, this is the 

first time that a parent-of-origin specific genome dosage effect on transcript levels 

of biotic and abiotic stress response genes has been demonstrated.  
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3.5 Paternal excess isogenic F1 triploids display elevated mCG methylation 

at CCGG sites 

It is commonly considered that genome-wide transcript expression is correlated 

with gene cytosine methylation(Vaughn et al., 2007a; Zhang et al., 2006; 

Zilberman et al., 2007), which in plants most commonly occurs in the CG 

context(Cokus et al., 2008). To determine whether the genome-wide distribution of 

CG DNA methylation differed between the reciprocal isogenic F1 triploids, tiling 

array analysis of CG methylation in a CCGG context was performed. This analysis 

was performed using the same tiling array platform that was used for the 

transcriptome analysis, allowing for direct locus-by-locus comparisons to be made.  

Briefly, DNA was extracted from matched samples (i.e. the four biological replicates 

used in the gene expression study) and the DNA digested with either of the DNA 

methylation sensitive restriction enzymes MspI or HpaII, both of which recognize 

CCGG restriction enzyme sites. MspI is insensitive to methylation at the internal 

cytosine (i.e. CmCGG) and will cut the CCGG site whether the internal C sequence is 

methylated or not. In contrast, HpaII will only cut CCGG when the internal cytosine 

is unmethylated (i.e. CCGG). Therefore increased signal intensity at probes 

containing CCGG sequences in the HpaII-digested samples indicates methylation at 

the internal C site (i.e. CmCGG).  

To scan the genome for CG methylation polymorphisms between the reciprocal F1 

triploids, a total of 75,943 CCGG sites interrogated on the array were each tested 

for MspI vs. HpaII intensity differences, and a linear mixed effects model was 

implemented to detect both constitutive and polymorphic methylation (see 

Materials and Methods, and reference(Zhang et al., 2008b)). In this experiment, 

constitutive methylated CCGG sites are those in which internal cytosine methylation 

is observed in both of the isogenic reciprocal F1 triploids. In contrast, polymorphic 

methylated CCGG sites are those in which internal cytosine methylation is observed 

in only one of the isogenic reciprocal F1 triploids. Using this approach, 8008 CCGG 

sites were identified as methylated at the internal cytosine (i.e. CmCGG) in both of 

the reciprocal F1 triploids (FDR = 5.64 x10-3). In contrast, a further 5644 sites 

(7.4% of the total 75943 sites scanned) displayed polymorphic internal cytosine 

methylation, indicating that these internal cytosine sites were differentially 

methylated between the genetically identical F1 triploids. Of these, 3587 (63.6%) 
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were methylated in the 3x(p) but not the 3x(m) (FDR = 3.54 x10-3) while the 

remaining 2057 (36.4%) showed the opposite pattern and were methylated in the 

3x(m) (FDR = 5.77 x10-3) but not the 3x(p). Of the 13,652 CmCGG sites detected 

across the genome 41.3% were polymorphic between the reciprocal F1 triploids. 

The extensive differential CmCGG methylation between the isogenic reciprocal F1 

triploids can be due to parental genome dosage effects on mCG establishment or 

maintenance. Indeed, it is likely that there are parental genome dosage effects on 

both of these DNA methylation mechanisms as the 3587 could be neomethylated in 

the paternal excess 3x while the 2057 could be demethylated in the paternal excess 

(or vice versa). Our results suggested that RdDM (via AGO4 and DRM2) at some 

loci could be subject to parent-of-origin specific genome dosage effects on CG 

methylation establishment(Dinh et al., 2013). However, the transcript levels of 

AGO4 and DRM2 do not differ between the reciprocal F1 triploids, indicating that 

the parent-of-origin specific genome dosage effects on mCG methylation 

polymorphism are not due to AGO4 / DRM2 transcript levels affecting mCG 

methylation establishment.  

Our results could also indicate that maintenance of mCG methylation at some sites 

via MET1, DDM1 and/or VIM1-3 can be subject to parental genome dosage 

effects(Dinh et al., 2013). However, the transcript levels of MET1, DDM1 and/or 

VIM1-3 do not differ between the reciprocal F1 triploids indicating that the parent-

of-origin specific genome dosage effects on mCG methylation polymorphism are not 

due to different transcript levels of MET1, DDM1 and/or VIM1-3 affecting mCG 

methylation maintenance. Alternately, the mCG methylation polymorphism observed 

could be due to parental genome dosage effects on establishment or maintenance 

pathways that are operating at a post-transcriptional level. It is important to 

consider that the assay used does not interrogate all of the CG sites in the genome, 

i.e. the assay is restricted to those CG sites in a CCGG context. Any conclusions 

made from our results hence relate to CCGG sites, and not to all CG sites in the 

genome. However, it is possible that the CCGG data subset may be representative 

of overall CG methylation (see Results and Discussion 3.8).  

3.6  Parental genome dosage effect polymorphic CmCGG methylation is 

uniformly distributed across chromosomal regions in reciprocal F1 triploids 

To determine whether the polymorphic mCG methylation at CCGG sites was 

clustered on any chromosomes or chromosomal regions, the genome wide 
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distribution of constitutive CmCGG methylation was analysed across the five 

Arabidopsis chromosomes. This determined that the constitutively methylated 

CmCGG sites are concentrated in pericentromeric regions, while depleted in the 

middle of the chromosome arms (Fig. 21A). This pattern for constitutive CmCGG 

methylation is similar to the distribution previously reported in diploids(Zhang et 

al., 2008b; Zilberman et al., 2007) including assays evaluating mC in all contexts. 

In contrast, the polymorphic CmCGG methylation sites that are subject to parental 

genome dosage effects (i.e. those which differ between 3x(m) and 3x(p) triploids) 

are much more uniformly distributed across the chromosomes (Fig. 21A). 

As DNA methylation changes could have either site-specific or broader effects on 

local chromatin structure(Stroud et al., 2013), we further investigated whether the 

DNA methylation polymorphisms were clustered across large tracts of sequence 

rather than at individual sites (as our method identifies). Hence, LOWESS 

smoothing was performed on the d scores using 200 kb discrete windows for both 

constitutive and polymorphic CmCGG methylated sites. LOWESS smoothing 

performs locally-weighted regression on neighboring d scores within the window 

such that each d score is adjusted to reflect the overall pattern displayed by its 

neighbors. This allows identification of regional methylation patterns along 

chromosomes as compared to a null distribution. After applying LOWESS 

smoothing, constitutive CmCGG methylation continued to be preferentially located 

around the pericentromeres, indicating that constitutively methylated sites are 

clustered in these regions (Fig. 21B). In contrast, the LOWESS-smoothed d 

scores for polymorphic CmCGG methylation sites are largely indistinguishable from 

those of the null distribution (Fig. 21C). This indicates that in chromosome 

regions distal from the centromeres, polymorphic and constitutive CmCGG 

methylation sites do not show any patterns specific to large chromosomal tracts 

(i.e. at 200 kb windows or multiples thereof), and that the CCGG sites which are 

differentially methylated between F1 triploids are therefore likely to be discretely 

located at a resolution less than 200 kb. 
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Fig. 21: A) Percentage methylation of constitutive (orange) and polymorphic (blue) 

methylation in a CmCGG context across the five chromosomes of Arabidopsis 

thaliana. B) LOWESS smoothing of constitutive methylation d scores using 200 kb 

discrete windows. LOWESS smoothing of constitutive methylation (orange), or a 

null distribution (black) obtained by shuffling by one kb blocks then LOWESS-

smoothing. C) LOWESS smoothing of polymorphic methylation d scores using 200 

kb discrete windows. LOWESS smoothing of polymorphic methylation (blue), or a 

null distribution (black) obtained by shuffling by one kb blocks then LOWESS-

smoothing. X-axis represents the position across the chromosomes. 

 

3.7  Polymorphic CmCGG methylation is not associated with any particular 

genomic feature in the reciprocal F1 triploids.  

It has been previously shown that ~20% of genes are methylated in Arabidopsis 

thaliana diploids(Vaughn et al., 2007b; Zhang et al., 2008b; Zilberman et al., 

2007). We found that ~20% of genes contained either constitutive or polymorphic 

CmCGG methylation in the isogenic F1 triploids. To test whether the constitutive and 

polymorphic CmCGG sites differed in their associations with other genomic features, 

we compared their distributions across coding sequences (CDS), introns, 5’ UTRs, 3’ 

UTRs, areas 1 kb upstream or downstream of genes, and in intergenic regions (Fig. 

3). The constitutive CmCGG methylation was found in all of the genomic features 

analysed, with some relative elevation in CDS and introns, and possible reduction in 

5’UTR and 3’UTR (Fig. 22). The polymorphic CmCGG methylation was found to a 

similar extent across all genomic features (~6-7%). 

 

 

Fig. 22: Percentage of methylated sites (CmCGG) across genomic features 

for constitutive (orange) and polymorphic (blue) methylation. CDS: Coding 
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Sequence, 5’ and 3’ UTRs : Untranslated Regions, Up 1kb: 1kilobase region 

upstream of the genes, Down 1kb : 1kilobase region downstream of the genes 

3.8  Constitutive (but not polymorphic) CmCGG gene body methylation in F1 

triploids displays similar patterns to diploids 

While the role of gene body methylation has yet to be fully elucidated in plants, 

roles in transcriptional accuracy and splicing efficiency have been suggested 

(Regulski et al., 2013; Zilberman et al., 2007) and it appears that body methylated 

genes are functionally important and display slower evolutionary rates in 

Arabidopsis thaliana(Takuno and Gaut, 2012). It has previously been shown in 

Arabidopsis thaliana diploids that genes containing body methylation tend to be less 

methylated towards their 5’ and 3’ ends(Vaughn et al., 2007b; Zhang et al., 2008b; 

Zilberman et al., 2007). To determine whether this gene body methylation pattern 

was conserved in reciprocal F1 triploids, the distribution of both constitutive and 

polymorphic CmCGG sites across the gene body (CDS and introns) was plotted 

(UTRs were omitted as they are not annotated for all genes). Genes were further 

divided by gene length (i.e. < 1 kb, 1-2 kb, 2-3 kb and > 3 kb) (Fig. 23A and B). 

Genes containing CCGG sites were divided into ten percentiles and the proportion of 

CmCGG methylation was calculated for each percentile.  

The pattern of constitutive methylation observed in both reciprocal F1 triploids was 

similar to that observed in diploids(Vaughn et al., 2007b; Zhang et al., 2008b; 

Zilberman et al., 2007), with the 5’ and 3’ ends of body-methylated genes 

comparatively depleted in CmCGG methylation. This pattern is particularly 

pronounced for longer genes (Fig. 23A), again confirming a pattern observed in 

diploids(Zhang et al., 2008b). Furthermore, this pattern is observed when mC (i.e. 

methylation in all contexts) is plotted across gene bodies. Given that gene body 

methylation in Arabidopsis is primarily in a CG context (Tran et al., 2005) this 

suggests that the CCGG sites tested in this study are broadly representative of 

gene body CG methylation in Arabidopsis. 
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Fig. 23: Percentage methylation (CmCGG) across genic regions. A) 

Constitutive methylation between reciprocal triploids, B) polymorphic methylation 

between reciprocal triploids. Gene regions split into percentiles from 5’ to 3’ end of 

genes. Genes were further split into sizes ranges from < 1 kb, 1 kb - 2 kb, 2 - kb 

and > 3 kb. 

However, the distribution of polymorphic CmCGG methylation across the gene body 

was rather different, and was much more uniformly distributed across the gene 

body (Fig. 23B). There was also very little difference in the distribution of 

polymorphic CmCGG methylated sites across genes of different lengths. In 

summary, total constitutive gene body methylation of gene body regions is higher 

than that of polymorphic methylation overall (Fig. 22), and is particularly higher 

in the middle of the gene body, and the 3’ end. In contrast, more CmCGG 

polymorphisms are found at the 5’ end of genes as compared to constitutive 

methylation (Fig. 23A and B). We conclude that CmCGG methylation patterns are 

largely unchanged in isogenic reciprocal F1 triploids generated in either cross 

direction (as compared with diploids). 

A non-linear relationship between gene expression (absolute transcript levels) 

expression and gene body methylation has been observed in Arabidopsis thaliana 

(Zhang et al., 2008b; Zilberman et al., 2007). The least expressed genes and the 

most highly expressed genes are found to contain the lowest levels of gene body 

methylation, while genes expressed at intermediate levels contain the highest 

levels of gene body methylation33,36. To test whether this pattern of gene body 

methylation is maintained in Arabidopsis thaliana F1 triploids, we investigated the 

correlation between constitutive CmCGG methylation and absolute gene expression 

levels. All genes were divided into 20-percentile categories according to their 
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absolute expression levels (see methods). Within each expression level percentile 

and for a range of gene annotation categories (i.e. CDS, intron, 5’UTR, 3’UTR, 

upstream and downstream 500 bp regions), the number of genes containing 

constitutive CmCGG methylation site(s) was divided by the number of genes 

containing CCGG feature(s). For coding sequences and introns, the pattern of 

lowest and highest expressed genes having the lowest levels of constitutive CmCGG 

methylation was observed (Fig. 24). In contrast, CmCGG methylation within 

upstream and downstream sequences, and in both UTRs, was generally low 

regardless of transcript expression levels (Fig. 24). As this pattern between gene 

expression and methylation is evident when mC methylation is measured (Vaughn 

et al., 2007b; Zilberman et al., 2007) it is a further indication that the CCGG sites 

measured in this study provide a good representation of the broader mCG 

methylation distribution. Although there remains the possibility that other 

important CG sites might be missed in analysis for particular loci. 
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Fig. 24: Association between constitutive methylation (CmCGG) across 

genomic features (y-axis) and the absolute gene expression of associated 

genes x-axis). Gene expression levels from all arrays (3x(m) and 3x(p)) were 

used and genes were split in to percentiles. 

 

3.9 Gene expression differences between reciprocal F1 isogenic triploids is not 

correlated with differential CmCGG methylation 

To examine the relationship between CmCGG methylation polymorphisms and gene 

expression, gene expression d scores were linearly regressed against d scores for 

polymorphic methylation. Probes were mapped to genomic features CDS, introns, 

5’UTRs and 3’UTRs, 1000 bp up- and downstream regions (up- and downstream 

regions were tested in 100 bp intervals). No significant correlation was observed 
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between gene expression levels and polymorphic CmCGG methylation at CDS, 

introns or downstream regions (p < 0.05). In contrast, a weak but significant 

negative correlation (r = 0.13, p = 0.0039) was identified between gene expression 

and regions 900-1000 bp upstream of genes.  

Next, as most genes did not display any level of polymorphic methylation we 

considered only those features found to have significant polymorphic methylation 

(either hypo or hyper methylation), and compared their gene expression d scores 

to their polymorphic methylation d scores. Genomic regions hypo-methylated in the 

3x(p) were considered separately from those regions hyper-methylated in the 

3x(p). A moderate positive correlation between hypo-methylated regions 800-900 

bp upstream of genes 3x(p) and gene expression was identified, (r = 0.31, p = 

0.0459).  Overall, our results indicate that polymorphic CmCGG methylation does 

not have a strong effect on gene expression in the reciprocal F1 triploids, and that 

the changes in gene regulation between paternal and maternal excess triploids is 

not controlled by CmCGG methylation. 

 

3.10 24nt small RNAs differentially accumulate in up and downstream regions 

Several species of small non-coding RNAs play a role in gene and transposable 

element regulation either by post-transcriptional gene silencing (PTGS) (miRNAs 

and tasi-RNAs) or via RNA directed DNA methylation (RdDM) (24 nt RNAs)(Chen, 

2009). In the case of RdDM the accumulation of 24nt RNAs at a locus can be 

considered an indication of asymmetric CHH methylation at that locus (were H = C, 

A or T), as CHH methylation is reliant upon RdDM. Using existing data of 3x(m) and 

3x(p) small RNA sequencing from Arabidopsis thaliana leaf tissue(Lu et al., 2012b) 

we investigated whether the differentially expressed genes between 3x(m) and 

3x(p) displayed differential accumulation of either 21 nt or 24 nt RNAs across their 

genomic features (CDS, introns, 3’UTRs, 5’UTRs, upstream and downstream 

regions). 

For the genes we have as differentially expressed between reciprocal F1 triploids, 

the number of accumulated 24 nt small RNAs was fewer in the upstream regions of 

dysregulated genes in the 3x(p) (median: 2.59, IQR: 1.29 - 61.10) compared to 

3x(m) plants (median: 15.10, IQR: 1.89 - 91.52) (Fig. 6A), although the inter 

quartile ranges are comparable, indicating that at least some upstream regions in 
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the 3x(p) accumulate similar numbers of 24 nt RNAs compared to the upstream 

regions in the 3x(m) (Fig. 25A). Similarly, downstream regions of dysregulated 

genes were found to accumulate less 24nt RNAs in the 3x(p) (median: 2.59, IQR: 

1.29 - 78.23) compared to 3x(m) (median: 16.98, IQR: 1.89 - 111.80). In 

contrast, the other genic features tested displayed much smaller variations in 24 nt 

RNA accumulation (Fig. 25A). Furthermore, the accumulation of 21 nt RNA 

remained consistent across 3x(m) and 3x(p) for each feature tested (Fig. 25B).  

 

A 
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Fig. 25: Boxplots of the distribution of small RNA accumulation across 

genomic features associated with genes differentially expressed between 

3x(m) and 3x(p). n = the number of genes differentially expressed represented in 

each boxplot. A) Boxplots of 24 nt small RNA accumulation. B) Boxplots of 21 nt 

small RNA accumulation. 

  

B 
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To test whether these patterns of small RNA accumulation were specific for the 

differentially expressed genes or whether they were consistent across all genes in 

the genome, the distribution of accumulation of 21 nt and 24 nt small RNAs for 

non-differentially expressed genes were identified (Fig. 26A and B). The 

accumulation of both 21 nt and 24 nt RNAs was found to be comparable between 

3x(m) and 3x(p) for all features tested, which is consistent with the original 

analysis of the small RNA data(Lu et al., 2012b). These results indicate that the 

loss of 24 nt RNAs in leaves in the upstream and downstream regions is associated 

with differentially expressed genes upregulated in the paternal excess triploid. 

Indeed, differences in 24 nt accumulation in up- and downstream regions of genes 

have previously been shown to contribute to divergence in gene expression 

between two Arabidopsis species(Hollister et al., 2011). Notably, 24 nt RNAs are 

known to be involved in de novo methylation, in particular asymmetric CHH 

methylation (via the RdDM pathway)(Feng et al., 2010). Hence, loss of 24 nt RNAs 

leading to loss of CHH methylation could be mechanistically involved in the 

upregulation of loci gene expression in the paternal excess F1 triploids. However, 

the small RNA dataset used here represents small RNA sequencing data from leaf 

tissues which has comparative limitations. Further investigation of the distribution 

of small RNA in seedlings of reciprocal triploids will shed further light on the 

relationship between gene expression and small RNA distribution in triploids.   
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Fig. 26: A) Boxplots of the distribution of 24nt RNA accumulation across genomic 

features associated with genes not differentially expressed between 3x(m) and 

3x(p). n = the number of genes represented in each boxplot. B) Boxplots of the 

distribution of 21 nt RNA accumulation across genomic features associated with 

genes not differentially expressed between 3x(m) and 3x(p). n = the number of 

genes represented in each boxplot. 
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3.11 Conclusions 

Overall, this study demonstrates that the transcriptomes of reciprocal F1 triploids 

are non-equivalent, despite the genetically identical nature of maternal genome 

excess versus paternal genome excess F1 triploids. This indicates that there are 

parent-of-origin specific genome dosage effects on the transcriptome of paternal-

excess F1 triploids that could have an epigenetic basis. Even though DNA 

methylation is one form of epigenetic mark that has been widely associated with 

gene expression changes our findings indicate that the parental genome-dosage 

dependent effects on gene expression in paternal excess F1 triploids are not 

associated with CmCGG methylation, and may instead be associated with RdDM 

pathways involving 24nt small RNAs that are associated with de novo CHH 

methylation. Overall our study suggests that the paternally and maternally 

inherited chromosome sets in autopolyploid plants may be epigenetically different, 

due to parental genome dosage effects that can affect transcript levels in a CmCGG 

methylation independent manner. Such epigenetic differences between reciprocal 

F1 triploids that are genetically identical have implications for our understanding of 

triploidy and polyploidy in plants (and animals(Bogart and Bi, 2013)), including for 

fundamental and applied genetics of triploid and other autopolyploid crops.  
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CHAPTER 3 –  

 

ALLELE-SPECIFIC GENE EXPRESSION IN 

TRIPLOID F1 HYBRIDS OF ARABIDOPSIS 

THALIANA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The bioinformatic analysis in this chapter has been performed by Reetu Tuteja and 

Martin Braud. 
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INTRODUCTION  

The triploid endosperm is formed during fertilization by a sperm nucleus of 

the homodiploid central cell in the embryo sac. In angiosperms such as Arabidopsis 

thaliana the triploid endosperm is considered a nourishing tissue for the embryo in 

the seed. Endosperm is to date the only tissue in Arabidopsis which exhibits allele-

specific expression patterns where the expression level of each allele is different 

depending on whether the allele is maternally or paternally inherited. This 

phenomenon is known as genomic imprinting (Köhler et al., 2012), where only 

either the maternal or paternal alleles are expressed in the endosperm tissue 

during seed development. Genomic imprinting could be attributable to a parental 

conflict theory, which describes a scenario of antagonistic resource allocation to the 

offspring, which is controlled by the maternal and paternal genomes (Grossniklaus 

et al., 1998; Haig and Westoby, 1991; Kinoshita et al., 1999). 

While interploidy crosses (2x X 4x and 4x X 2x) have been shown to disturb 

imprinting status and imprinted gene expression in Arabidopsis thaliana developing 

seeds (Jullien and Berger, 2010), together with differential expression of 21 and 

24nt small RNAs (Lu et al., 2012a), such analysis of parental bias in F1 triploids has 

so far been limited to whole Arabidopsis seeds. Such seeds comprise maternal seed 

coat, triploid endosperm and diploid embryo, which leads to a difficult interpretation 

of the contribution of the different tissues to the variations observed. Since 

interploidy crosses between diploid and tetraploid Arabidopsis thaliana lead to the 

formation of triploid F1 progeny, it is possible in a reciprocal F1 triploid system to 

investigate parental allele contributions in vegetative tissues, to question whether 

genomic imprinting is restricted to the Arabidopsis endosperm (potentially in 

response to the parental conflict theory), or to test if genomic imprinting could 

merely be an effect of genome dosage effects due to triploidy itself. 

Based on our previous studies, we demonstrated that strong parent-of-origin 

effects on the transcriptome of isogenic reciprocal triploids lead to the dysregulation 

of several hundred genes in both C24 and Col-0 isogenic ploidy series. While it is 

possible using isogenic lines to study genome wide mRNA levels, in the hybrid F1 

context it is further possible to distinguish between paternal and maternal allele 

expression (i.e. allele specific expression) wherever a SNP (Single Nucleotide 

Polymorphism) is present in the transcribed genes between the two accessions.  



 ALLELE-SPECIFIC GENE EXPRESSION IN TRIPLOID F1 HYBRIDS 

OF ARABIDOPSIS THALIANA 

 

81 | P a g e  

 

In a diploid context, allele specific expression (the expression of one allele 

over the other, totally or partially) has been previously found in Col x Van crosses 

for 13% of the tested genes, mainly due to cis (accession) effects that are parent-

of-origin independent (Zhang and Borevitz, 2009a). Thus, using triploid F1 hybrids 

we could analyse whether the gene expression dysregulation observed in our 

isogenic C24 and Col-0 triploid lines could be a result of differential parental 

allele(s) expression, as well as allowing for the potential detection of genomic 

imprinting in triploid vegetative tissues. We also considered the possibility that 

synthetic effects due to triploidy could reveal novel imprinted genes that are not 

evident at the diploid level.  

To investigate these research questions, we generated triploid F1 hybrid 

seedlings by crossing Col-0 and C24 diploids and tetraploids, and determined the 

parental allele contribution to the mRNA levels of 11 genes, both overexpressed 

and non-dysregulated in reciprocal hybrid triploids. Based on this preliminary data, 

we designed an experiment to conduct whole genome RNA profiling on reciprocal F1 

hybrid triploid embryos, to investigate genomic imprinting and genome dosage 

effects on gene expression levels in the earliest stages of the plant life cycle. 

Previous studies have shown that interploidy crosses lead to extensive gene 

dysregulation in whole developing seeds (Jullien and Berger, 2010; Tiwari et al., 

2010), but is it also known that endosperm development is strongly affected by 

interploidy crosses (Adams et al., 2000a; Dilkes et al., 2008; Hehenberger et al., 

2012; Schatlowski and Köhler, 2012; Scott et al., 1998a). Since the endosperm is a 

terminal tissue, degenerating towards the end of seed development, it is important 

to investigate parent-of-origin effects on the transcriptome of the only non-terminal 

Arabidopsis seed tissue, the embryo. Gene dysregulation in triploid embryos could 

be transmitted/or still present, in the vegetative tissues of the triploid plants, and 

could give researchers leads to investigate the observed parent-of-origin effects on 

the phenotypes, fitness and stress responses between reciprocal triploids (as seen 

in Chapter 1 and 2). The RNA-sequencing dataset also allowed us to investigate 

allele specific expression on triploid embryos, to question whether imprinting can be 

artificially (synthetically) created in triploid vegetative tissues, where genes that are 

not imprinted at the diplod level become imprinted at the triploid level (Hsieh et al., 

2011; Nodine and Bartel, 2012). 
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RESULTS 

Gene dysregulation in isogenic reciprocal F1 triploids persists in triploid F1 

hybrid context 

We generated a range of C24 x Col-0 triploid hybrids, using either C24 or 

Col-0 as tetraploid parents. We could create two different maternal excess F1 

triploids (4xC24 x 2xCol and 4xCol x 2xC24), as well as their reciprocal paternal 

excess F1 triploids (2xCol x 4xC24 and 2xC24 x 4x Col). First, we questioned 

whether the genes that we identified as dysregulated in isogenic reciprocal F1 

triploids in Chapter 1 and Chapter 2 remained dysregulated in a triploid F1 hybrid 

context. 

We performed qRT-PCR on hybrid triploid seedlings, and tested the 

expression of genes identified as dysregulated in Col-0 paternal excess triploid in 

hybrid triploids (4xCol X 2xC24 and 2xC24 X 4xCol). We tested the expression of 

11 genes, of which seven were up-regulated in Col-0 3x(p) compared with 3x(m), 

the other 4 being down-regulated. Using this technique, we were able to confirm 

the gene expression dysregulation in 7 out of these 11 genes in the triploid hybrids 

(Fig. 27). These results indicate that the gene dysregulation observed in isogenic 

reciprocal F1 triploids generated using Col-0 accession is at least partially retained 

in triploid F1 hybrids generated using Col-0 tetraploids, and that it is possible to 

investigate correlations between parental allelic contribution and overall gene 

expression in hybrid triploids. 

 

Identification of parental contributions to the overall gene expression in 

reciprocal triploid F1 hybrids by Sanger sequencing. 

All of the 11 genes whose expression has been determined by qRT-PCR 

contained SNPs between Col-0 and C24 accessions. By designing primers spanning 

those SNPs, we were able to distinguish the proportion of transcripts arising from 

the maternal or paternal alleles for each of these 11 genes mRNAs. Since the 

samples used in this study originate from triploids containing two copies of Col-0 

genome and one copy of C24 genome, the expected SNP ratios from the parental 

alleles should be present at a biallelic state in the proportions of 66% for Col-0, and 

33% for C24. Such biallelic expression states have been recently demonstrated for 



 ALLELE-SPECIFIC GENE EXPRESSION IN TRIPLOID F1 HYBRIDS 

OF ARABIDOPSIS THALIANA 

 

83 | P a g e  

 

the expression of non-imprinted genes in Arabidopsis thaliana triploid endosperm 

(Gehring et al., 2011)  

 

Fig. 27. Expression of genes identified in isogenic Col-0 reciprocal F1 

triploids as dysregulated, in reciprocal triploid hybrids. Asterisk indicates 

statistically significant differences between the reciprocal triploids. n = 3, errors 

bars represent the mean ±s.d. Student’s t-test, p < 0.05. 

We first tested the seven genes showing an increased expression in the 

paternal excess triploid F1 hybrids for allele specific expression. In the maternal 

excess F1 triploid samples (4xCol X 2xC24), all of the 7 genes tested showed an 

allelic expression originating from the expected 66% of the diploid Col-0 maternal 

alleles, and 33% from the haploid C24 paternal allele, indicating that the three 

alleles present in maternal excess F1 triploids each account for 33% of the overall 

gene expression, representing a completely biallelic expression. Interestingly, in the 

paternal excess F1 triploid hybrids, we observed a deviation from the 66/33% 

expected ratio (Fig. 28), where in all seven genes tested, the contribution of the 

haploid C24 maternal allele is higher or equivalent to the contribution of the two 

Col-0 paternal alleles. These results indicate that the increased gene expression 

observed in paternal excess triploids is associated with an increased expression of 

the haploid maternal alleles. 
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We then tested the genes showing no expression differences between the 

reciprocal triploid F1 hybrids for allele specific expression. Out of those 4 tested 

genes, we detected an increased maternal allele expression in the paternal excess 

triploids for two of the four genes tested, BT2 and GDSL (Fig. 29), in a lower 

magnitude than the deviation observed in up-regulated genes (Fig. 28). GMC 

showed a higher Col-0 allelic expression in both triploids, indicating some degree of 

cis accession-specific allelic dominance. The last tested gene, COR15a, showed 

more paternal allele expression in the maternal excess F1 triploids.  

This first set of results indicates that the parental allele bias and absolute 

gene expression are unlikely to be correlated, but that parental allele bias is 

present, potentially in high proportions, between reciprocal F1 triploids, since over 

the 11 genes tested by Sanger sequencing, only one (GMC, Fig. 29), is showing 

the same allelic ratio in both maternal and paternal excess hybrid triploids. 
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Fig. 29. Allelic ratios of non-dysregulated genes between reciprocal F1 

triploids. 

 While the allelic contribution of the triploids seems variable in a parental 

genome-dosage dependent manner, we questioned whether this could be due to 

polyploidy per se. We tested whether any bias could be found in the mRNAs of 

reciprocal tetraploid F1 hybrids (reciprocal crosses between tetraploid C24 and Col-

0 accessions). We tested 4 genes that showed allelic bias in the reciprocal triploids, 

(ADH1, BT2, HAI1 and PR2) and could not detect a parent-of-origin effect 

(differences from the 50/50% expected allelic ratios, in one or the other cross 

direction), except in the case of BT2 (Fig. 30).  

Fig. 28. Allelic ratios between Col and C24 alleles in reciprocal F1 hybrid 

triploids. The respective contributions of Col-0 and C24 alleles have been 

determined by Sanger sequencing. The line represents the expected 66/-33% 

ratio in case of equal contributions (biallelic) of the diploid Col-0 and haploid C24 

genomes in the reciprocal triploids 
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Fig. 30. Allelic ratio of reciprocal tetraploid hybrid  

 The reciprocal tetraploid F1 hybrids allelic contributions to the expression of 

those 3 genes then seem to be much more stable and biallelic, as opposed to what 

we detect in the reciprocal triploid F1 hybrid system. It indicates that parent-of-

origin effects on the allelic contribution of the gene expression of most of the genes 

tested is parental genome-dosage dependent and arises due to an imbalance 

between the dosage of maternal and paternal alleles which occurs in reciprocal F1 

triploids, but not in F1 tetraploids. 

Validation of the maternal allele expression bias by QUASEP 

While Sanger analysis can indicate semi-quantitative trends, is does not 

represent an absolute quantitative method for quantitative changes in allelic 

contributions to mRNA levels. To validate the Sanger sequencing results, we used a 

more quantitative technique for allelic contribution, the Quantitation of Allele-

Specific Gene Expression by Pyrosequencing© (QUASEP, described in (McKeown et 

al., 2013)). Pyrosequencing is based on fluorescence intensity following the release 

of a pyrophosphate during synthesis by sequencing, and allows precise quantitation 

of the proportion of a given SNP in gDNA or cDNA samples.  

We tested three of the genes (DOX, HAI1 and BT2) showing maternal bias 

in the paternal excess triploids using the QUASEP method, between 4xCol X 2xC24 

and 2xC24 X 4xCol reciprocal hybrid triploids. All three genes showed a significant 
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increase of the haploid maternal C24 contribution in paternal excess triploids 

compared with the haploid paternal C24 proportion in maternal excess triploids 

(Fig. 31), confirming the preliminary Sanger sequencing results. 

 

Fig. 31.QUASEP validation of the increased haploid C24 allele contribution 

to the expression of three genes. The values represent the mean ± s.d of three 

biological replicates, n = 3, asterisks indicate statistically significant differences, 

Student’s t-test, p < 0.05.  

We then tested the presence of the maternal overexpression bias in the 

paternal excess F1 triploids using C24 as a tetraploid parent, to investigate whether 

the maternal bias seen using Col-0 as tetraploid parent is indeed representing a 

true parent-of-origin effect, or is a cis artefact due to the use of this particular 

accession as the tetraploid parent. We produced reciprocal triploid hybrids 

containing two copies of C24 genome, and one copy of Col-0 genome (4xC24 X 

2xCol and 2xCol X 4xC24), and tested the allelic contributions of the three previous 

genes (DOX, HAI1 and BT2). The results using C24 as tetraploid parent showed 

the same maternal allele overexpression bias as previously described in Fig. 31, 

with an increased proportion of maternal allele contribution in the paternal excess 

F1 triploid compared with the paternal allele of the maternal excess F1 triploids 

(Fig. 32). 
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Fig. 32 QUASEP results on the allelic contributions in three genes in 

reciprocal triploid hybrids using C24 as tetraploid parent.  

Those results indicate that regardless of the accession of the diploid or 

tetraploid parents, only the paternal excess F1 triploid seedlings display an 

increased maternal allele expression compared with the two paternal alleles. We 

conclude that reciprocal triploid seedlings display a true parent-of-origin specific 

effect on the maternal(s) and paternal(s) allele expression, which can be defined as 

a genomic imprinting effect.  

Whole genome investigation of gene expression and parental contributions of 

the transcriptome of reciprocal F1 hybrid triploid embryos. 

 To investigate further the parental allele bias identified in triploid F1 hybrid 

seedlings, we generated a transcriptome profiling of reciprocal F1 hybrid triploid 

torpedo stage embryos. Since the embryo is the youngest tissue in the plant life 

cycle, and since genomic imprinting has so far been uniquely described in seeds, we 

tested whether the imprinting like effect observed in paternal excess triploids is 

present during early embryo development. We manually dissected embryos from 8-

9 Days After Pollination (DAP) developing seeds from crosses between 4xC24 X 

2xCol and 2xCol X 4xC24, and performed mRNA-sequencing, using three biological 

replicates per reciprocal triploids. We chose to use C24 as tetraploid parent, since 

Col-0 used a paternal tetraploid donor triggers the triploid block, i.e high F1 seed 

abortion and developmental abnormalities during seed production.  
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We first confirmed the purity of the embryo fractions by comparing the 

Fragments Per Kilobase of transcript per. Million fragments mapped (FPKM) of 

genes known to be either seed coat or endosperm specific. While the average FPKM 

of the expressed genes found in the RNA sequencing dataset was 33 for 2xCol X 

4xC24 and 32.8 for 4xC24 X 2xCol, the FPKM of the seed coat and/or endosperm 

specific genes was either not present, or not exceeding 1.5 (Fig. 33). We conclude 

that seed coat and/or endosperm contaminations in our two datasets are, if not 

completely absent, negligible. 

 

Fig. 33: Purity of the embryo RNA-sequencing datasets. FPKM values of 

known genes whose expression is at least preferentially in the seed coat, 

endosperm, or embryo. (Average FPKM for both datasets: ~33) 

780 genes are dysregulated between maternal and paternal excess F1 triploid 

embryos. 

 Using a RNA-sequencing approach we investigated gene expression 

differences between maternal and paternal excess F1 hybrid triploid embryos. Out 

of the 33,602 annotated genes in Arabidopsis (TAIR10 release), we detected reads 

for 17 798 genes in the embryos of both reciprocal F1 triploids (Fig. 34).  
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Out of those 17 798 expressed genes, we identified 780 (4.4%) genes as 

significantly differentially expressed between maternal and paternal excess F1 

triploid embryos (Fold change > 1.5, FDR < 0.05). Out of those 780 genes, 406 

genes were found to be up-regulated and 374 genes down-regulated in the triploid 

embryo generated from the 2x Col X 4x C24 cross (i.e. the paternal excess triploid) 

compared with 4x C24 X 2x Col (maternal excess triploid) embryos (Fig. 34). A 

Gene Ontology (GO) and pathway enrichment analysis was performed on those 780 

differentially expressed genes, which found 7 significant clusters of genes enriched 

in our dataset, namely: “Defence response”, “lipid transport and storage”, “heat 

shock protein”, “light and oxidative stress”, “response to hormones”, “signal 

peptide” and “cell wall”. 

We detected 61 transcripts which are uniquely expressed in the paternal 

excess triploid embryos (with a Fragments Per Kilobase of transcript per. Million 

fragments mapped (FPKM) superior to 1.5), indicating that a strong parent-of-origin 

effect on transcript levels exists in developing triploid F1 embryos, where some 

genes are expressed only in one interploidy cross direction. Conversely, we did not 

detect unique transcripts in the maternal excess triploid compared with the paternal 

excess triploid embryos.  

The 61 genes that are specifically expressed in paternal excess embryos are 

strongly associated with extracellular region, as evidenced using a GO enrichment 

(64.7% of the 61 genes, against 9.2% in the entire Arabidopsis genome, p = 

9.14e-27). An important question regarding the basal expression state of these 

genes is whether those 61 genes are uniquely expressed (activated) in paternal 

excess triploids, or if they are uniquely not expressed (repressed) in maternal 

excess triploids. To address this question, we used the publicly available Harada-

Goldberg LCM seed expression dataset (http://seedgenenetwork.net/), to 

investigate the presence or absence of expression of those 61 genes in diploid 

embryos. None of these 61 genes was detected as present (expressed) in embryos 

at linear cotyledon stage, indicating that those 61 genes are likely uniquely 

expressed in paternal excess triploid embryos.  

Taken together, the expression dataset results indicate that parent-of-origin 

effects on transcripts levels are present in the embryo of reciprocal triploids, and 

that the gene dysregulation between the triploids is enriched for hormone response, 

defence response and stress-related genes. Moreover, paternal excess triploids 

http://seedgenenetwork.net/
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have uniquely expressed genes when compared with maternal excess triploids or 

diploids.   

 

Fig. 34. Genes dysregulated between reciprocal F1 triploid embryos. 

Numbers represents the number of genes in each category (up in 2xCol X 4xC24, 

no difference, up in 4xC24 X 2xCol, outside the circles: non-expressed genes). 

Parental allele contributions to the entire transcriptome of reciprocal triploid 

Fq hybrid embryos. 

 Since the triploid F1 embryos are hybrids between Col and C24, it was also 

possible to investigate the parental allelic contribution of the expression of the 

17,798 expressed genes. For each gene having more than 20 reads mapping a SNP 

between Col and C24, we generated a ratio between maternal(s) and paternal(s) 

allele expression. The biallelic state of a triploid plant is 33% contribution from the 

haploid component and 66% contribution of the diploid component. Since we used 

C24 as tetraploid parent in these crosses, the expected biallelic outcome of a given 

gene is 33% Col-0 and 66% C24. Based on our cut-offs, we obtained allelic ratio 

data for 8,385 genes, which are displayed in Fig. 35.  

 Using a binomial test to detect significant variations from the expected 

biallelic 33/66% allelic contribution ratio, we could interrogate whole-genome 

parental bias for all of the 8,385 genes of our dataset. Strikingly, in both paternal 

and maternal excess triploid embryos, a significant proportion of genes (33% and 

35% in maternal excess and paternal excess triploids, respectively) showed 

significant deviations from biallelic expression (Fig. 36).  
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However, many such deviation can be attributed to cis (dominant allele) 

effects associated with either the Col or C24 alleles, whereby regardless of the 

parent-of-origin, the Col or C24 allele is expressed to a higher level than its 

counterpart. Such cis-mediated dominant allele effects have already been 

demonstrated in maize embryos (Meyer et al., 2007) and Arabidopsis hybrids 

(Zhang and Borevitz, 2009a). However, independent of whether the bias is due to 

dominant allele effects or genomic imprinting like effects, it is notable that the 

number of genes whose expression is parentally biased in the reciprocal F1 triploids 

(roughly 34% of the analysed genes) represents a proportion far higher than 

observed in diploid hybrid contexts (3.3% biased, i.e either dominant allele or 

parent-specific enriched in diploid embryos (Nodine and Bartel, 2012), indicating 

that the regulation of biallelic expression in triploids is likely to be impaired 

compared with a diploid system.  

To distinguish between parent-of-origin and cis-mediated dominant allele 

effects, we filtered our data to remove any dominant allele effects. Dominant allele 

effects are displayed in our dataset by a Col or C24 bias regardless of the cross 

direction (which is a test that rules out genomic imprinting effects for these alleles 

and loci). Out of the 8,385 genes analysed in our dataset, 1,655 (19%) showed a 

higher Col or C24 allelic contribution in both of the reciprocal F1 triploids (Fig. 

37). Of those 1,655 dominant effect alleles, the dominant allele came from Col 

alleles for 1,163 (70%) genes, while C24 allele dominance was only represented 

492 genes (30%), indicating an overall higher extent of dominant effects on gene 

expression from Col versus C24 alleles.  
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Fig. 35. Whole genome parental allele contributions between maternal and 

paternal excess F1 hybrid triploid embryos. Each dot represents a gene, X 

axis: Col paternal allele contribution in maternal excess triploid hybrid (4xC24 X 

2xCol), Y axis: Col maternal allele contribution in paternal excess triploid hybrid 

(2xCol X 4xC24). Values are expressed in % of Col reads on total number of reads 

mapping a Col/C24 SNP for a given gene.  

Those results indicate that the large number of genes displaying a biased 

expression in reciprocal F1 hybrid triploids cannot solely be explained by cis-

mediated dominant allele effects of either Col or C24 accession origin. Hence, we 

then investigated the proportion of biased genes minus the detected dominant 

allele ones (8,385 minus 1,655: 6,730 genes total) between the reciprocal F1 

hybrid triploids.  
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Fig. 36: Parental bias analysis of 8,385 genes tested between reciprocal 

hybrid triploid embryos. Paternal and maternal bias between reciprocal F1 hybrd 

triploids detected using a binomial test against a biallelic (unbiased) 33/66% allelic 

ratio. 

 

 

Fig. 37: Proportion of genes showing either C24 or Col allelic dominance in 

both reciprocal F1 hybrid triploid embryos. n = 8,385 genes analysed. 

 After dominant allele filtering, we identified 1,064 (15.8%) and 1,253 
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triploid embryos, respectively. Interestingly, while the maternal excess F1 triploid 

embryos showed an equivalent number of maternally (559 genes, 8.3%) and 

paternally (505 genes, 7.5%) biased genes, the paternal excess triploid embryos 

showed a higher number of maternally (824 genes, 12.2%) biased genes, 

compared with 429 (6.3%) paternally biased genes (Fig. 38). 

 

Fig. 38. Proportion of maternally and paternally biased genes between 

reciprocal F1 triploids. n = 6.730 genes tested for parental bias.  

Those results indicate that a large proportion of the genes expressed in triploid F1 

embryos are subject to parent-of-origin specific expression bias in either maternal 

or paternal excess triploids, with the paternal excess triploid exhibiting a higher 

extent of maternally biased gene expression effects compared to the maternal 

excess triploids (18.8% vs 12%).Allele-specific genomic imprinting refers to 

situations where a specific allele is subject to genomic imprinting while other alleles 

are not, such as DZR1 locus in maize (Chaudhuri and Messing, 1995). Our results 

make the remarkable finding that allele-specific imprinting occurs for 27.6% of the 

expressed transcripts in reciprocal F1 triploid embryos.  

 In contrast to allele-specfic imprinting, gene-specific imprinting refers to 
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imprinting (Baroux et al, 2002). Hence, we also tested for detection of gene-specific 

genomic imprinting in our RNA-seq embryo dataset, by filtering for genes that are 

either maternally or paternally biased in a consistent manner (i.e. for both Col & 

C24 alleles) in both reciprocal F1 hybrid triploids. Using  this approach, we were 

able to identify 49 genes displaying a gene-specific imprinted expression pattern, 

with 36 showing maternally expressed imprinting (iMEG) effects, and 13 showing 

paternally expressed imprinting (iPEG) effects. No significant GO enrichment was 

detected for either the maternally expressed imprinted genes (iMEGs) or the 

paternally expressed imprinted genes (iPEGs) which were detected in the reciprocal 

F1 hybrid triploid system. 

 Fig. 39 shows the overall classes of allelic contributions in the RNA-

sequencing dataset, including unbiased genes, dominant genes, allele-specific 

genomic imprinted genes where only one allele (Col or C24) is differentially 

expressed depending on whether the allele is transmitted maternally or paternally 

to the reciprocal F1 triploids, as well as gene-specific imprinted genes where 

imprinting is observed in both cross directions for each allele (i.e. Col & C24).  

 The previous seedling results validated by Pyrosequencing were compared 

with the RNA-sequencing database we generated, to investigate whether the genes, 

which displayed an increased expression level from the haploid maternal allele in 

the paternal excess hybrid triploid seedlings, showed the same trend in embryos. 

This comparison included genes tested by Sanger sequencing (Fig. 28), and the 

three genes we validated by QUASEP (Fig. 31 and Fig. 32). Out of the 8 genes 

maternally overexpressed in seedling tissues, only 2 (ADH and HAI1) were found to 

be expressed in both F1 triploids in the embryo dataset, while BT2 was found to be 

expressed only in paternal excess triploids. Allelic investigation on the RNA-seq 

embryo dataset showed that ADH is Col-0 dominant in embryos, and that BT2 and 

HAI1 are both unbiased in embryos (Fig. 40). Those results suggest that 

comparing seedlings and embryo tissues in relation to allele specific expression 

analyses is likely to be difficult, as both expression levels and allelic contributions to 

expression levels change in a tissue- and developmental-stage specific manner. 

Such rapid changes in imprinting status across developmental stages have been 

demonstrated in maize endosperm (Xin et al, 2013) 
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Fig. 39. Allelic ratios of the 8,385 genes analysed in the RNA-sequencing 

dataset of the reciprocal hybrid triploid embryos. Each dot represents a gene, 

X axis: Col paternal allele contribution in maternal excess triploid hybrid (4xC24 X 

2xCol), Y axis: Col maternal allele contribution in paternal excess triploid hybrid 

(2xCol X 4xC24). Values are expressed in % of Col reads on total number of reads 

mapping a Col/C24 SNP for a given gene. Grey dots: genes whose expression is 

unbiased. Black dots: genes whose expression is predominantly C24 or Col in both 

reciprocal F1 triploids. Red dots: allele-specific imprinted genes whose expression 

is unbiased in 4xC24 X 2xCol, yet parentally biased in 2xCol X 4xC24. Blue dots: 

allele-specific imprinted genes whose expression is unbiased in 2xCol X 4xC24 yet 

parentally biased in 4xC24 X 2xCol. Green dots: genes whose expression follows a 

gene-specific imprinting pattern, where either the maternal or paternal alleles are 

more expressed in both reciprocal F1 triploids for both the Col and C24 alleles. All 

unbiased and biased results are based on a binomial test to detect significant 

deviations from the biallelic (unbiased) 33%/66% expected allelic contribution 

ratios. 

 

 

Fig. 40: Parental bias analysis of the 8 genes tested in triploid F1 hybrid 

seedlings. Genes in bold represent genes whose allelic ratio was tested by QUASEP 

in seedlings. 
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DISCUSSION 

Paternal excess F1 triploid seedlings display increased expression of the 

haploid maternal allele  

 Using Sanger and QUASEP allelic quantitation techniques, we  investigated 

the allele specific expression of 11 genes. Out of these 11 genes, we found an 

increased maternal allele expression in eight genes, which was specific to the 

paternal excess triploid samples. We conclude that, while parental allele bias seems 

often present in paternal excess triploids, such bias do not strictly correlate with 

absolute gene expression. 

Gene expression dysregulation between reciprocal F1 hybrid triploids. 

 Parent of origin effects on interploidy crosses in Arabidopsis thaliana have 

previously been described for seed size (Scott et al., 1998a), as well as delayedand 

abnormal endosperm development (Walia et al., 2009). Moreover, interploidy 

crosses lead to with extensive gene expression, methylation and small RNA 

accumulation differences in whole seeds of Arabidopsis thaliana (Adams et al., 

2000a; Lu et al., 2013; Tiwari et al., 2010). However, developing seeds of 

Arabidopsis thaliana are genetic chimeras that comprise several distinct structures, 

i.e seed coat (2m:0p), endosperm (2m:1p) and embryo (1m:1p), the embryo being 

the only tissue to develop to the vegetative phase, leading to the seedlings and 

mature plants.  

Hence, investigating the transcriptome changes between reciprocal F1 

triploid embryos provides an exciting model system to understand genome dosage 

dependent parent-of-origin effects in reciprocal triploids, on both embryo 

development and seedlings/mature tissue differences. For instance, seeds produced 

by 2x X 4x crosses (paternal excess triploids) are typically bigger than seeds 

produced by 4x X 2x crosses (maternal excess triploids) (Duszynska et al., 2013b). 

Our RNA-sequencing expression results on reciprocal F1 hybrid triploid embryos 

show that, despite having the same genomes, reciprocal F1 triploids display 

genome wide gene expression differences, with 4.4% of the expressed genes at the 

torpedo stage showing differential expression levels. While whole seed 

transcriptomic results already indicated that interploidy crosses lead to genomic 

expression changes (Jullien and Berger, 2010; Tiwari et al., 2010), the results 

presented in this study show that interploidy crosses not only lead to aberrant 
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endosperm gene expression and development, but also has an effect on the 

transcriptome of the triploid embryos.  

Lipid storage gene ontology enrichment was found in the genes that are up-

regulated from the maternally inherited allele in the paternal excess F1 triploid 

embryos. Oil content has been shown to be directly correlated with seed size and 

weight (Fatihi et al., 2013). The differential expression of seed storage/lipid genes 

between the reciprocal F1 triploids could in turn lead to the seed size differences in 

interploidy crosses of Arabidopsis, and needs to be further investigated. 

The activation of defence pathways has previously been reported in 

incompatible interspecific crosses between Arabidopsis thaliana and Strecno-1, a 

diploid accession of Arabidopsis arenosa. Those particular crosses lead to post 

fertilisation seed abortion, and are associated with an activation of the plant 

immune response (Burkart-Waco et al., 2013). As seen in Chapter 5, it is possible 

that paternal excess triploid seeds overexpress defence-associated genes, due to 

the triploid block. Although 2xCol X 4xC24 crosses do not display a triploid block 

(i.e. no F1 seed abortion phenotype), it is possible that the defence response 

pathway enrichment observed between genes dysregulated in the reciprocal 

triploids is an indication of a weak triploid block observed between 4xC24 X 2xCol 

and 2xCol X 4xC24. 

We found a 3 fold increase in the expression of MYB56 (AT5G17800), a 

R2R3 MYB transcription factor, in paternal excess triploids. Recently, it was shown 

that knocking down MYB56 lowered seed size, while overexpressing MYB56 lead to 

increased seed size (Zhang et al., 2013). MYB56 apparently controls various cell-

wall related genes, and his hypothesized to control seed size by affecting cell wall 

metabolism. We do identify a Gene Ontology enrichment for cell wall metabolism 

for the dysregulated genes between the reciprocal F1 triploids, hence, it is possible 

that cell wall and its associated transcription factors play an important role in the 

increased seed size observed in the paternal excess F1 triploid seeds. 

We also identified 61 uniquely expressed transcripts in the paternal excess 

F1 triploid embryos. All those 61 genes represent tempting targets potentially 

involved in the parent-of-origin effects on the seed size of the reciprocal F1 

triploids, comprising 12 DEFENSIN-LIKE (DEFL) family protein genes, 13 Pollen 

Coat Protein (PCP) gene family, and five SCR (S-locus Cysteine Rich) family protein 

genes. All those genes code for small signal peptides associated with defence 
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responses and/or self-incompatibility (Silverstein et al., 2005; Vanoosthuyse et al., 

2001). Four plant self-incompatibility protein S1 gene swere also found to be up-

regulated in the paternal excess F1 triploid. Unfortunately, outside of their role in 

pollen/stigmata plant self-incompatibility, little is known about the potential role of 

those large gene families, especially during embryo development. 

The unbalanced parental genome contribution in F1 triploid tissues is 

responsible for triggering extensive allele-specific genomic imprinting  

 Recent studies on investigation of allelic contributions of diploid plant 

embryos showed contrasted results. On the one hand, (Autran et al., 2011) 

described extensive maternal bias in the contribution of gene expression in young 

embryos, while (Nodine and Bartel, 2012) concluded that the diploid embryo 

transcriptome was strictly biallelic. The discrepancy between those two studies 

could be due to endosperm and/or seed coat contamination, due to the difficulty 

involved in pure extraction of 2-to 32 cells embryos. It is easier to obtain pure 

embryos tissue from later stages of seed development; hence we selected 

torpedo/linear cotyledon stage embryos to conduct our study. It is important to 

stress that diploid embryos at the same stage of development did not exhibit 

variations in the parental contributions to the overall transcriptome (Hsieh et al., 

2011).  

Interestingly, the study presented here on triploid F1 embryos, showed strong 

parental bias in the 8,385 genes tested for allele-specific expression. We found that 

33 and 35% of genes show biased expression patterns in maternal and paternal 

excess F1 triploids, respectively. While a significant proportion of the parentally 

biased genes can be attributed to accession-specific dominance effects, with Col-0 

being strongly dominant over a number of C24 alleles (reported between Col and 

Van hybrids (Zhang and Borevitz, 2009a)), we did detect parental bias in one or 

the other F1 triploids for 15.8 to 18.6% of the overall tested genes, while in diploid 

embryos or seedlings, such parental bias has been found to have a marginal effect 

(Nodine and Bartel, 2012; Zhang and Borevitz, 2009a). These parent-of-origin 

specific biases in gene expression levels for one but not both of the alleles (i.e. 

either the Col or C24 allele) are equivalent to the phenomenon of allele-specific 

genomic imprinting (e.g. as observed at the dzr1 locus).  

Those results indicate that the unbalanced genome contribution that 

constitutes triploidy is responsible for the generation of allele-specific genomic 
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imprinting effects on 27.6% of the expressed genes in a triploid F1 hybrid embryo. 

While there have been rare instances of embryo-specific genomic imprinting 

observed in diploid embryos (Hsieh et al., 2011; Nodine and Bartel, 2012) our 

study strongly suggests that it is triploidy per se that is causal for genomic 

imprinting effects in plants and that such imprinting effects can be triggered in any 

triploid tissues. This further suggests that theories for imprinting evolution and 

regulation that are contingent on imprinting being specifically associated with a 

triploid endosperm are likely to be misguided. Performing similar experiments in 

diploid and tetraploid hybrids embryos will be a next step to shedding light on 

whether an unbalanced parental genome contribution within triploids causes 

imprinting while balanced parental contributions in diploids and tetraploids have no 

such imprinting effect.  

Increased expression of the haploid maternally inherited allele expression in 

paternal excess triploids 

 In accordance to the results presented on a gene-by-gene basis on 

reciprocal F1 triploid seedlings, in the RNAseq experiment we identified a high 

number of genes (12.2%) whose expression show a maternal overexpression bias 

only in the paternal excess triploid embryos. This was comparatively higher than 

the number of paternally overexpressed biased genes (6.3%). The whole genome 

allele specific investigation using RNAseq revealed that the haploid maternal 

genome tends to be more highly expressed than the diploid paternal genome in 

paternal excess triploid embryos, indicating a possible trans-allelic effect between 

paternal and maternal alleles that is present in paternal excess F1 triploids. While 

we did detect uniquely maternally and paternally expressed biased genes in the 

maternal excess triploid, their proportion was similar between parental biases 

(8.3% and 7.5%, respectively). 

Detection of 49 genes displaying gene-specific imprinting effects in reciprocal 

F1 triploid embryos 

 A previous study (Hsieh et al., 2011) has detected 38 potentially imprinted 

genes in Arabidopsis diploid embryos, but these were discarded as being due to 

putative endosperm and/or seed coat contamination in the purified embryos 

fractions. In our experiment we have detected genes displaying gene-specifc 

imprinting in triploid embryos, of which only four were identified in the diploid 

putative imprinted dataset (Hsieh et al., 2011). This indicates that triploidy can 
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induce synthetic gene-specific imprinting effects, most likely due to triploidy 

(unbalanced genome contributions) per se.  
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CONCLUSION 

Overall our data reveals that widespread allele-specific genomic imprinting is 

triggered by triploidy, and that synthetic gene-specific imprinting effects can be 

revealed in triploid embryos for genes that are biallelic at the diploid level. In both 

seedlings and embryos, we detected a significant increase of the maternal haploid 

allele contribution to the overall gene expression in the paternal excess triploids 

only which is likely to be due to trans-allelic regulatory cross talk of an epigenetic 

or small RNA nature. Importantly, our results strongly suggest that the association 

of genomic imprinting in plants with the triploid endosperm is predominantly due to 

the triploid nature of the endosperm, as similar imprinting effects can be triggered 

in non-endosperm triploid tissues such as embryos and seedlings. In such a 

scenario, theories for the evolution of imprinting contingent on imprinting being 

only associated with endosperm are likely to be misguided. Understanding such 

parent-of-origin effects are of major importance for the understanding of 

phenotypic variation in polyploids, in particular for triploid crop improvement. 
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MATERIALS AND METHODS 

Plant material and growth conditions 

C24 and Col-0 diploid (2x) and tetraploid (4x) seeds, selfed for at least two 

generations after colchicine treatment, were the kind gift of Luca Comai (University 

of Washington). Maternal excess triploids (3x(m)) and Paternal excess triploids 

(3x(p)) were generated by manually crossing emasculated diploid or tetraploid 

flowers with diploid or tetraploid pollen under a Leica MZ6 dissection microscope 

using Dumostar No. 5 tweezers. Sterilized seeds were sown on 0.5X MS (Murashige 

and Skoog) media and grown in a Percival growth chamber (16 hours light, 8 hours 

darkness). For seedlings gene expression experiments, samples were harvested at 

the first leaf stage (Boyes 1.02). 

For the embryo RNA-sequencing, developing seeds of the corresponding 

crosses (4xC24 X 2xCol and 2xCol X 4xC24) have been carefully manually dissected 

at the torpedo/linear cotyledon stage (8-9 dap in triploid seeds) on a microscope 

slide in a drop of 300 mM Sorbitol and 5 mM MES, pH 5.7. After dissection, 

embryos were washed 5 times in the sorbitol/MES solution to remove seed coat and 

endosperm contaminants. 

RNA extraction and qRT-PCR analysis 

 For both seedlings and embryo experiments, total RNAs have been extracted 

using Bioline ISOLATE Plant RNA kit following manufacturer’s instructions, and the 

isolated RNAs treated with DNAse1 (Sigma). Subsequently, RNAs were either 

subjected to cDNA synthesis using Fermentas H-minus First strand cDNA synthesis 

kit, or for the RNA-sequencing experiment, 1 µg of extracted RNA was sent to GATC 

for 100 bp Paired-end sequencing. 

 qRT-PCR experiments have been performed in technical triplicates using 

Bioline Sybr sensimix in 5µ total reaction volume, and run on a Bio-Rad CFX 

thermocycler. ACTIN2 (At3g18780) was used as reference gene. Quantification was 

performed using Bio-Rad CFX manager software (Ct method).  

QUASEP analysis 
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 For the pyrosequencing experiments, we used QIAGEN PyroMark Gold Q24 

reagents, and a QIAGEN PyroMark Q24 pyrosequencing machine, following 

manufacturer’s instruction. 

RNA-sequencing analysis  

High-throughput sequencing and data filtering 

Short-read paired-end data (read size 100 bp and insert-size 150 bp) were 

generated for both samples (4xC24 X 2xCol and 2xCol X 4xC24) with three 

biological replicates. Low-quality bases from both the 5’- and 3’- end of the reads 

were trimmed using the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit). 

Bases with error rate > 1% (Phred score <20) were considered as low-quality. 

Construction of enhanced reference of Arabidopsis thaliana 

The major technical challenge with identification of allele-specific expression 

is reference bias that can be defined as the effect where the reads possessing the 

reference allele mapped better than the reads carrying the non-reference allele. A 

number of strategies has been used to overcome the reference bias problem, such 

as masking the polymorphic loci (Degner et al., 2009) or constructing the 

polymorphism-aware diploid genome (Pandey et al., 2013; Rozowsky et al., 2011; 

Turro et al., 2011; Vijaya Satya et al., 2012). We used the approach by Vijaya 

Satya et al. (2012) which has shown that the construction of an enhanced genome 

improves the mapping of reads significantly compared to the previous approaches. 

Enhanced genome contains alternate alleles at known SNP locus in addition to the 

reference alleles (Vijaya Satya et al., 2012).  

TAIR10 version of chromosome sequences of Arabidopsis thaliana were 

downloaded from TAIR along with the TAIR10 annotation in gff format 

(ftp://ftp.arabidopsis.org/home/tair/Sequences/whole_chromosomes). Enhanced 

genome of Arabidopsis thaliana was built using the build_enhanced_segments 

script provided by Vijaya Satya et al. (2012) that requires the prior information of 

polymorphic loci between reference and non-reference genomes. SNP information 

between Col-0 and C24 were downloaded from the 1001 genome website 

(http://1001genomes.org/data/MPI/MPISchneeberger2011/releases/current//C24/

WGA_Variants/snp.annotation.txt). SNP coordinates were translated from TAIR8 to 

TAIR10 using the translate_tair8.pl sciprt provided on 1001 genome website 

(http://1001genomes.org/data/software/translate_tair8). 

http://hannonlab.cshl.edu/fastx_toolkit
ftp://ftp.arabidopsis.org/home/tair/Sequences/whole_chromosomes
http://1001genomes.org/data/MPI/MPISchneeberger2011/releases/current/C24/WGA_Variants/snp.annotation.txt
http://1001genomes.org/data/MPI/MPISchneeberger2011/releases/current/C24/WGA_Variants/snp.annotation.txt
http://1001genomes.org/data/software/translate_tair8
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Mapping 

Paired-end reads for both the maternal excess and paternal excess samples 

were mapped to the enhanced genome of Arabidopsis thaliana using Tophat 1.4.1 

(Trapnell et al., 2009). Tophat mapping was done by providing the TAIR10 .gtf file 

and using the default mapping crietria (and --mate-inner-dist -50 bp as per 

our dataset). Samtools package (Li et al., 2009) and scripts provided by Vijaya 

Satya et al. (2012) were used to do the downstream analysis and to get the 

expression frequencies from both the samples. If a gene contains multiple SNPs 

then the grand total of all the reads containing reference and non-reference SNPs 

were considered as expression frequency of that gene. This step is performed by a 

custom made python script (utilizing pysam python module 

http://code.google.com/p/pysam). 

 

Determining Allele-specifc expression 

For determining the allele-specific expression, we calculated the probability 

of a gene’s expression deviation from expectation using binomial test. For each 

gene and sample (maternal excess and paternal excess), we performed a binomial 

one-tailed test under the null hypotheses 2m:1p in case of maternal excess (4xC24 

X 2xCol) and 1m:2p in case of paternal excess (2xCol X 4xC24). Genes with p-

values 0.05 or less were identified as genes with expression deviated from the 

biallelic ratio towards either larger paternal expression or maternal expression. 

Expression analysis 

The differential expression of the genes has been identified using cuffdiff and 

cuffcompare module from cufflinks (v2.1.1, http://cufflinks.cbcb.umd.edu) with the 

mapped bam files and the TAIR10 gff file. The read count is normalized by the 

upper quartile of the number of fragments mapping to individual loci (--upper-

quartile-norm). The FDR is adjusted by Benjamini-Hochberg correction test (p < 

0.05).  

http://code.google.com/p/pysam
http://cufflinks.cbcb.umd.edu/
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INTRODUCTION 

 Pathogen (biotic) stress is one of the major factors impacting crop yield loss 

every year (Oerke, 2006). Biotic stresses includes pests (viruses, fugi, insects and 

bacteria), as well as weeds. Breeding strategies to develop pest-resistant varieties 

is both challenging, and increasingly important, due to the narrow genetic base of 

many crops species and varieties, which lack effective resistance genetics against 

pests and pathogens (McDonald and Linde, 2002; Stover and Buddenhagen, 1986). 

As early as the 1980s, it was theorized that polyploid lines may display an 

increased pathogen resistance compared with their diploid counterparts (Levin, 

1983). While empirical studies have shown that polyploids can indeed be more 

pathogen tolerant than their diploid relatives, (Busey et al., 1993), this could 

possibly be due to the effects of polyploidyzation on the neo or subfunctionalization 

of disease resistance genes, such as the NB-LLR repeats, as suggested by (Innes et 

al., 2008) in soybean. Using mathematical models, (Oswald and Nuismer, 2007) 

has shown that neopolyploids are expected to be more resistant to pathogens than 

their diploid counterparts. 

However, much of the studies involving the effects of neo polyploidy and 

disease resistance so far mainly concern plants whose genome and/or physiology is 

not well defined (Burdon and Marshall, 1981; Guégan and Morand, 1996; Schoen et 

al., 1992). Using the model organism Arabidopsis thaliana, we generated 

neopolyploids by colchicine-doubling diploid Arabidopsis thaliana ecotypes C24 and 

Col-0. We tested the tolerance/sensitivity of diploids, triploids and tetraploids C24 

and Col-0 challenged with Botrytis cinerea, a necrophytic pathogen of Arabidopsis, 

widely used in Arabidopsis/pathogen interaction studies (Dhawan et al., 2009; 

Zheng et al., 2006). 
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RESULTS 

Differential response to Botrytis cinerea infection in Arabidopsis 

autopolyploids 

We tested whether Arabidopsis thaliana plants of different ploidy levels could 

show different tolerance to Botrytis cinerea infection in leaf samples. After 

inoculation of detached leaves with Botrytis spores, we monitored the lesion spread 

(by measuring the area of the lesion) of the pathogen on leaves of Col-0 and C24 

diploid, reciprocal F1 triploids and tetraploids at different time points. 

As seen in Fig. 41, no statistical difference could be observed in the lesion 

area across the Col-0 polyploid series, indicating an equivalent sensitivity to 

Botrytis infection, regardless of the ploidy level. 

 

Fig. 41. Lesion area of Col-0 polyploid series after Botrytis infection. Leaves 

have been inoculated with Botrytis cinerea, and the lesion size monitored at 48, 60 

and 72 hours after infection. Data points represent the mean lesion area ± s.e.m. n 

= 30 

However, in the C24 accession, we detected a significant decrease of the 

lesion size in tetraploid leaves, while the other ploidy levels (diploids and reciprocal 
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triploids) did not show any difference in the lesion size following Botrytis infection 

(Fig. 42). 

 

Fig. 42. Increased tolerance of Botrytis cinerea infection in  tetraploid C24 

lines compared with the other ploidies. Leaves have been inoculated with 

Botrytis cinerea, and the lesion size monitored at 60, 72 and 84 hours after 

infection. Data point represent the mean lesion area ± s.e.m. n = 30. “a” represent 

a significant p-value with the other ploidy level samples, p < 0.05, 1 way ANOVA. 

 

We noted that the two accessions display a strong susceptibility difference to 

Botrytis infection, where Col-0 leaf lesion area is in average 58% bigger than in 

C24 60 hours post inoculation and 65% bigger 72 hours after inoculation (Fig. 

43). 
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Fig. 43. Comparison of Col-0 and C24 susceptibility to Botrytis infection 60 

and 72 hours after inoculation. Data points represent the mean lesion area ± 

s.e.m. n = 30. Letters represent statistical groups at 60 and 72 hours post 

inoculation (One Way Anova, Bonferroni-Holm test, p < 0.05) 

These results indicate an accession-dependent susceptibility to Botrytis 

infection, with Col-0 being more sensitive than C24 accession. However, in our 

system, a ploidy increase in the C24 genetic bacground generated tetraploid C24 

plants which displayed the highest tolerance compared with the other ploidy levels. 

To confirm the tolerance observed in C24 tetraploid lines against Botrytis 

cinerea, we performed a qRT-PCR to determine the level of Botrytis mRNAs 

present, where we used the Botrytis TUBULIN mRNAs compared with the amount of 

Arabidopsis ACTIN2 mRNAs in the infected leaves 20, 24 and 28 hours after 

inoculation. This technique have been previously described as a proxy to detect the 

growth of Botrytis infection (Windram et al., 2012). 
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Fig. 44. Growth of Botrytis cinerea in infected leaves of diploid (2x) and 

tetraploid (4x) C24 Arabidopsis measured by the Botrytis TUBULIN gene , 

normalized using Arabidopsis ACTIN2 gene. The data represents the mean ± 

s.d of four biological replicates. Asterisk indicates statistically significant difference , 

student’s t-test, p < 0.05. 

As seen in Fig. 44, the amount of Botrytis TUBULIN mRNAs started rising 

28h after inoculation. While in accordance with the lesion area results (Fig. 42 

and Fig. 43), we detected less TUBULIN mRNAs in the tetraploid C24 leaves 

compared with the diploid 2x samples 28h after inoculation. These results indicate 

that the growth of Botrytis cinerea is lower in the tetraploid leaves, compared with 

the diploid control.  

Gene expression differences following Botrytis infection in C24 diploid and 

tetraploid leaves. 

To investigate the transcriptome basis of the increased tolerance to Botrytis 

infection we identified in tetraploid C24 plants, we harvested leaf samples 20, 24 

and 28 hours following infection in C24 diploid and tetraploid lines, to follow the 

induction of defence-related genes expression levels. We tested one jasmonate 

related gene (JAZ1) (Pauwels and Goossens, 2011), a Mitogen Associated Kinase 

Kinase (MKK9), one Pathogen Related gene PR4 (Mulema and Denby, 2012), an 

Ethylene Response Factor ERF4, involved in pathogen response (Laluk et al., 2011), 

two WRKY transcription factors, WRKY33 and WRKY40, also involved in pathogen 
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response (Zheng et al., 2006). All the genes tested showed a pathogen response, 

where their expression is strongly induced in the presence of Botrytis infection.  

While the expression of those genes remained similar between diploid and 

tetraploid C24 mock-inoculated leaves, we detected a difference in the expression 

of these genes between 2x and 4x inoculated C24 samples 20hours post 

inoculation. Apart from MKK9 and ERF4, the four other genes showed a lower 

expression in tetraploid leaves compared with diploid leaves at 20 hours post 

inoculation (Fig. 45). At 24 and 28 hours, no difference could be observed 

between 2x and 4x ploidy levels, except for MKK9, whose expression was found 

lower in 4x at 28 hours.  

These results indicate that the induction of pathogen defence related genes 

is lower in tetraploids in the early stages (hours) of the infection, but not at later 

stages, while the infection severity is lower in tetraploids. Hence, the expression 

levels of these genes is unlikely to be solely responsible for the increased tolerance 

observed in tetraploid C24, but likely acts together with differential timing and/or 

physical barriers to the lesion spreading in 4x leaves. 
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Fig. 45. Induction of biotic response genes following Botrytis infection in 

C24 2x and 4x leaves. Data represents the means ± s.d of four biological 

replicates. Asterisks represent statistical differences, student’s t-test, p<0.05. 
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DISCUSSION 

We describe here the first report of a differential tolerance of Arabidopsis 

autopolyploids to biotic stresses. Our results indicate that changing the ploidy level 

of Arabidopsis thaliana can lead to increased tolerance against a necrotrophic 

pathogen infection. However, this change in the pathogen response appears 

accession-specific. While C24 tetraploid plants are found to more tolerant than 

diploid C24, the Col-0 tetraploids did not show a difference with the diploid Col-0 

plants. It is possible that the overall higher sensitivity to Col-0 against Botrytis 

infection may mask any differences within Col-0 autopolyploid series, where a lower 

amount of starting spores might reveal a ploidy increase effect. 

Our preliminary data on the induction of pathogen response genes in C24 2x 

vs 4x samples indicated no changes in the induction amplitude, but possibly in the 

induction kinetics. The results indicate that while the Botrytis infection is proceeding 

more slowly, with fewer tissues infected in the tetraploid vs diploids, we observe a 

slightly lower induction of the defence genes in the tetraploids during the early 

phase of Botrytis infection. However, a clear link between the increased tolerance 

and our gene expression results remains elusive and need to be investigated 

further. 

Natural variation in pathogen tolerance has also been demonstrated 

(Perchepied et al., 2006). The present study indicates that both natural variation 

and ploidy can be coupled to induce higher pathogen tolerance. Whether these 

effects are due to gene expression kinetics following the pathogen infection and/or 

more physical barriers due to different leaves morphology between accessions 

and/or ploidy needs to be determined. Leaves of Col-0 and C24 differ radically, 

both in shape and cuticle thickness (Juenger et al., 2005; Pérez-Pérez et al., 2010). 

It remains possible that the leaf architecture or cuticle of Arabidopsis C24 

tetraploids display a lower penetrance to Botrytis spores compared with their 

diploid counterparts, while Col-0 diploid and tetraploid may not show any leaf 

morphology differences. We are investigating such possible physical differences 

between Col and C24 diploids and tetraploids, to determine potential physical 

alterations in the leaf architecture following polyploidization in Arabidopsis. 
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CONCLUSION 

Our study, showing that increased biotic stress tolerance can be achieved 

through polyploidization, together with the recently published study demonstrating 

an increased salt stress tolerance in polyploids (Chao et al., 2013a), show that 

Arabidopsis thaliana can be used as a model to study the effects of polyploidization 

on agronomical traits such as biotic and abiotic stress tolerance. This data also has 

strong fundamental interest to understand the evolution of plant populations 

following polyploidyzation events. Ultimately, inducing polyploidy in diploid crops 

can present such biotic and abiotic stress advantages and should be tested in a 

systematic manner, where the polyploids are available. 

  



 PLOIDY EFFECTS ON BIOTIC STRESS TOLERANCE IN 

ARABIDOPSIS THALIANA 

 

119 | P a g e  

 

MATERIALS AND METHODS 

Biotic stress analysis 

Seeds of C24 and Col-0 of the different ploidies have been planted on soil, 

and allowed to grow for 5 weeks. After 5 weeks, 30 leaves of similar development 

stage have been harvested and placed on plastic trays containing 1.5% phytagar. 

Leaves have then been either inoculated with half strength grape juice (control), or 

inoculated with a 4 µL drop of Botrytis cinerea isolate. The development of the 

lesion was assessed by photographing and measuring the lesion area at different 

time points using IMAGEJ software. 

qRT-PCR analysis 

Total RNA was extracted from the different tissues as described in figure 

legends, using Bioline ISOLATE Plant RNA mini Kit, following manufacturer’s 

instruction. Prior of cDNA synthesis, RNA were treated with DNAse (Sigma, 

AMPD1), and the DNAse-digested RNAs subjected to a PCR to confirm the absence 

of DNA contamination. 1µg of total RNA was reverse transcribed using Fermentas 

RevertAid first strand cDNA synthesis kit. qRT-PCR reactions were performed in 

technical triplicates using Bioline Sybr No-ROX kit. ACTIN2 (At3g18780) was used 

as reference gene, qRT-PCR primers designed using QuantPrime online tool: 

http://www.quantprime.de/main.php?page=home. Relative expression Levels 

(allowing expression levels comparison between samples and genes) have been 

calculated according to (Simon, 2003), using the following formula:  

       
 (              )   (              )

 (           )   (           )
 

Where R.E.L = Relative Expression Level, E = Primer efficiency, Ct = Ct value for a 

given gene.  

http://www.quantprime.de/main.php?page=home
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CHAPTER 5 –  

 

INCOMPATIBLE INTERPLOIDY CROSSES IN 

ARABIDOPSIS THALIANA REQUIRE DNA 

DEMETHYLASES 
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INTRODUCTION 

 

In plants, the triploid block represents the impossibility for two plants with 

two different ploidy levels (typically diploid and tetraploid plants) to mate and 

generate viable F1 offspring. It is presumed that this is because of genomic 

imbalance in the  endosperm of the developing F1 seeds (Ehlenfeldt and Ortiz, 

1995; Ortiz and Ehlenfeldt, 1992).  

In Arabidopsis thaliana, the triploid block is accession dependent. For 

instance, Col-0 accession possesses a strong triploid block when generating 

paternal excess F1 triploids (2x X 4x crosses) using Col-0 as tetraploid male parent, 

but the triploid block is largely  absent using a C24 or Ler 4x male parent (Dilkes et 

al., 2008). 

In Arabidopsis thaliana, the endosperm of reciprocal F1 triploid seeds shows 

distinct phenotypes. In maternal excess F1 seeds (from 4x X 2x crosses), where 

the endosperm contains 4 copies of the maternal genome, and one of the paternal 

genome (4m:1p), the endosperm develops abnormally, cellularizing earlier that in 

diploid seeds, with a decreased cell proliferation. In paternal excess F1 seeds (from 

2x X 4x crosses) however, the endosperm contains 2 maternal and 2 paternal 

genomes (2m:2p), the endosperm overproliferates, with failure of cellularization, 

resulting in high abortion rate (Scott et al., 1998a). 

The expression of AGL62, a transcription factor, correlates with the 

cellularization timing differences between maternal and paternal excess triploids in 

Arabidopsis, agl62 mutants also partially suppress the triploid block (Hehenberger 

et al., 2012). Together with AGL62, a handful of genes have to date been identified 

as suppressors of the triploid block, including TRANSPARENT TESTA GLABRA 2 

(TTG2), a WRKY transcription factor involved in seed coat development (Johnson et 

al., 2002), whose mutation partially suppresses the abortion of paternal excess F1 

triploid seeds in Col-0 background (Dilkes et al., 2008). Recently, a paternally 

expressed imprinted gene (ADMENTOS), have also been identified as a suppressor 

of the triploid block response in the Col-0 accession (Kradolfer et al., 2013b).  

Together with AGL62, the paternally expressed imprinted gene PHERES1 is 

also dysregulated in interploidy crosses (Walia et al., 2009). Interestingly, those 
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two genes are direct targets of the Polycomb Repressive Complex 2 (PRC2), that 

includes FERTILIZATION INDEPENDEND SEED 2 (FIS2) and MEDEA (MEA), both of 

which are necessary for proper seed development, and which are also dysregulated 

in interploidy crosses in Arabidopsis (Grossniklaus et al., 2001; Köhler et al., 2003; 

Kradolfer et al., 2013a). The PRC2 hence plays a major role in seed development, 

in particular in response to interploidy crosses and endosperm imbalance. 

Hypomethylation of the maternal genome using METHYLTRANSFERASE 1 

(met1) mutants has also been shown to mimic paternal excess seed phenotype in 

both interploidy (Adams et al., 2000a), and interspecies crosses (Bushell et al., 

2003). 

In our study we investigated whether hypermethylation of the genome (or 

distinct loci in the genome) could counteract the triploid block in Arabidopsis 

thaliana. In relation to hypermethylation, DEMETER, a DNA glycosylase ligase 

(excises 5-methylcytosines), has been shown to regulate a range of imprinted 

genes (Hsieh et al., 2011; Vu et al., 2013). Loss of function dme mutant seeds 

abort in high proportions (Choi et al., 2002), making DME essential for seed 

development, but unsuitable for our triploid block suppressor experiments.  

Hence, we investigated relationship between the triploid block and three 

DEMETER-LIKE genes, REPRESSOR OF SILENCING 1 (ROS1), DEMETER-LIKE 2 

(DML2) and DEMETER-LIKE 3 (DML3). These three genes also code for DNA 

demethylases and are required for proper DNA methylation distribution in 

Arabidopsis (Penterman et al., 2007a). Importantly, loss of function mutations in 

these genes has not been reported as producing high rates of seed abortion. 

Using a triple mutant line containing T-DNA insertions in each the three 

DEMETER-LIKE genes (rdd mutant), we tested the viability of rdd X 4x crosses 

progeny, and have identified a previously unknown role of the DNA demethylases in 

incompatible interploidy crosses. We also describe a novel role of the plant immune 

response in interploidy crosses. 
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RESULTS 

The triploid block in Arabidopsis thaliana is accession specific 

Using Col-0 and C24 Arabidopsis accession, we generated an autopolyploid 

series consisting of diploid (2x), triploid maternal excess (4x X 2x, or 3x(m)) and 

triploid paternal excess (2x X 4x, or 3x(p)), as well as tetraploid (4x) plants, and 

analysed the phenotype of the mature F1 seeds. 

As shown in (Fig. 46), the F1 seed phenotype across the polyploid series 

in C24 accession does not show a triploid block, as we could not detect aborted 

seeds in either paternal or maternal excess F1 triploid seeds. In Col-0 however, we 

found a strong triploid block in the paternal excess triploid F1 seeds, where most 

mature seeds are aborted (Fig. 47).  

 

Fig. 46 C24 autopolyploid series do not display a triploid block to F1 seed 

development. F1 paternal excess triploid seeds are bigger than 2x and 3x(m) 

seeds but don’t produce  aborted seeds. Scale bar = 5 mm 

As seen in Fig. 48A, only Col-0 shows a strong triploid block, where 

paternal excess triploid F1 seeds (2x X 4x) are mostly shrunken (80%), while in 
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C24, 2x X 4x crosses lead to only 10% of shrunken F1 seeds. However, both 

accessions show a strong parent-of-origin effect on seed size (Fig. 48B)(Scott et 

al., 1998a), where paternal excess triploids F1 seeds and tetraploid seeds display 

an increased seed area compared with F1 seeds of diploids and maternal excess 

triploid F1 seeds. Those results show a strong accession-dependent effect on the 

triploid block, while genome dosage and parent-of-origin effects on seed size are 

similar between Col-0 and C24. To further investigate the triploid block to inter-

ploidy F1 seed generation, we selected the Col-0 accession for downstream 

experiments. 

 

 

Fig. 47 Triploid block and F1 seed size of Col-0 autopolyploid series. F1 

paternal excess triploid seeds consist mainly in aborted seeds. Scale bar = 5 mm 

Epigenetic modifiers are dysregulated in Paternal Excess triploid seedlings. 

Using the Tiling array previously described in chapter 2 (page 51), we 

identified a range of epigenetic modifiers as being dysregulated in the paternal 

excess triploid seedlings, when compared with the other ploidy levels. We further 
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tested the expression levels of ARGONAUTE 2 and 3 (AGO2 and AGO3), two genes 

of the ARGONAUTE family, involved in small-RNA pathways (Vaucheret, 2008), as 

well as RNA-DEPENDENT RNA POLYMERASE 1 (RDR1), also involved in small-RNA 

pathways (Qi et al., 2009). These three genes were found to be up-regulated in 

paternal excess F1 triploid seedlings compared with the other ploidy levels. We also 

tested the expression levels of two DEMETER-LIKE gene expression, REPRESSOR 

OF SILENCING 1 (ROS1), and DEMETER-LIKE 3 (DML3), both DNA glycosylases, 

involved in DNA demethylation (Gong et al., 2002; Ortega-Galisteo et al., 2008), 

identified as down-regulated in the paternal excess triploid seedlings in the tiling 

array.  
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Fig. 48. Seed phenotype and seed size of interploidy crosses in Arabidopsis 

C24 and Col-0. A) Number of shrunken and plump seeds per cross direction, 

number on the top represents the total number of seeds tested. B) Seed area of 

interploidy crosses. Letters represent significance groups (Tukey’s test , p < 0.05) 

 

Fig. 49 Epigenetic modifiers dysregulated in paternal excess triploids 

compared with maternal excess triploids. Error bars represent the mean ± s.d, 

n = 3. Asterisks indicate statistically significant differences, Student’s t-test, p < 

0.05.  

The dysregulation of those six genes was confirmed by qRT-PCR analysis 

between the reciprocal F1 triploids (Fig. 49). Since two out of three DEMETER-

LIKE genes appeared down-regulated in the paternal excess triploids, we therefore 

investigated whether mutations in these three genes could have an effect on the 

triploid block present in Col-0 paternal excess triploids. 

Genotyping of ros1-3;dml2-1;dml3-1 (rdd) triple mutant. 

Triple mutant for the three DEMETER-LIKE genes have already been 

generated by Robert L. Fischer’s group (Department of Plant and Microbial Biology, 

University of California, Berkeley), as described in (Penterman et al., 2007b). They 

graciously donated rdd triple mutant seeds for us to use in this study. As ros1-3, 

dml2-1 and dml3-1 are T-DNA mutations, we were able to genotype each allele by 

conventional PCR using primers amplifying either the wild-type allele, or the T-DNA 

insertion (Fig. 50). 
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Fig. 50 Genotyping of 4 WT and 6 rdd triple mutant plants. Arrows indicate 

the genotyping band. Note that WT sample 2 of DML3 WT allele did not work. 

As we could confirm the genotype of the rdd triple mutant plants, we manually 

cross-fertilized rdd and wild type plants with tetraploid (4x) Col-0. 

The loss of function rdd triple mutant overcomes the triploid block in inter-

ploidy crosses. 

Since DNA hypomethylation using METHYLTRANSFERASE1 (met1) mutant 

plants has been shown to mimick the triploid block to F1 seed development (Adams 

et al., 2000a), and genes involved in DNA methylation were dysregulated on our 

tiling arrays, we hypothesized that DNA hypermethylation could also suppress the 

triploid block. The DEMETER-LIKE genes REPRESSOR OF SILENSING 1 (ROS1, 

AT2G36490), DEMETER-LIKE 2 (DML2, AT3G10010) and DEMETER-LIKE 3 (DML3, 

AT4G34060) are DNA demethylases involved in the regulation of DNA methylation 

(Gong et al., 2002; Penterman et al., 2007b). We investigated whether mutations 

in those three genes could have an effect on the triploid block, using a T-DNA triple 

mutant for the three DEMETER-LIKE genes, named rdd (for ros1-3;dml2-1;dml3-1 

triple mutant) and described in (Penterman et al., 2007b). We performed 

interploidy crosses using a wild type or rdd triple mutant diploid plant as mother, 
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and crossed these diploid maternal parents with wild type tetraploid pollen. We 

scored the F1 seed abortion rate of 2x X 4x paternal excess F1 triploid seeds versus 

rdd X 4x paternal excess F1 seeds at 12 days after pollination (DAP). As expected 

for 2x X 4x crosses, the F1 seeds encounter a strong triploid block, where we found 

an abortion rate of 40% (Fig. 51A and B). However, rdd X 4x seeds showed a 

significantly lower F1 seed abortion rate, with only 13% of total seeds aborted. As 

controls, 2x X 2x and rdd X rdd crosses did not yield any aborted F1 seeds. These 

experiments indicate that loss-of-function mutations in the DEMETER-LIKE genes 

overcomes the triploid block effect (i.e. F1 seed abortion) that occurs of 2x X 4x 

crosses in Arabidopsis thaliana interploidy crosses. This strongly implicates a role 

for DNA demethylation in the mechanistic basis underpinning the triploid block in 

plants.  

 

Fig. 51 Suppression of seed abortion by rdd mutation in paternal excess 

triploid seeds. A) Phenotype of opened siliques of 2x X 4x (top) and rdd X 4x 

(bottom) 12 days after pollination. Aborted seeds are visible and display a strong 

brown colour. B) Percentage of aborted seeds in 2x X 4x and rdd X 4x crosses.Error 

bars represent the mean ± s.e. n = 12, Student’s t-test, p < 0.001 
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The triploid block not only results in high abortion rate of F1 seeds, but also 

leads to the formation of shrunken F1 seeds, where the embryo does not develop 

normally (Hehenberger et al., 2012). We extracted the non-aborted F1 seeds from 

siliques 12 days after pollination, and scored the embryo developmental stage 

between 2x X 2x, rdd X rdd, 2x X 4x and rdd X 4x. At 12DAP, 2x X 2x and rdd X 

rdd F1 seeds were fully developed (mature stage), while most (51%) of 2x X 4x F1 

seeds remained at heart stage. Interestingly, the trend was rather different in rdd X 

4x crosses, with nearly 50% of F1 seeds having reached the mature stage (Fig. 

52). 

 

Fig. 52. rdd rescues the delayed embryo development in F1 seed from 2x X 

4x crosses. Seeds from 12DAP siliques were extracted and cleared with Hoyer’s 

solution, and embryo development was scored. Errors bars represent the mean 

±s.d of five siliques from different plants. Asterisks represent statistical significance 

between 2x X 4x and rdd X 4x with a student’s t-test, p < 0.001. 

Hence, rdd not only suppresses the abortion phenotype of 2x X 4x crosses, 

but also affects the embryo delay/stop in F1 seeds derived from 2x X 4x crosses. 

Together, these effects lead to the generation of a higher percentage of normal 

plump F1 seeds in rdd X 4x crosses at maturity (Fig. 53A and B). 
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Fig. 53. Seed progeny of 2x X 4x and rdd X 4x crosses. A) Pictures of mature 

seeds of 2x X 4x and rdd X 4x The arrows indicate shrunken seeds in 2x X 4x 

crosses. B) Quantification of shrunken vs plump seeds in 2x X 4x and rdd X 4x 

crosses. Errors bars are the mean ±s.d of 10 biological replicates, numbers on top 

represent the total number of seeds assayed. Asterisks represent p < 0.001, with a 

Student’s t-test. 

Together, these results indicate that the triploid block is strongly suppressed 

by the introduction if the rdd mutation as diploid female to generate paternal 

excess triploids.  

Seed size is not altered in rdd paternal excess triploids. 

As described in (Scott et al., 1998a), and seen in (Fig. 47), polyploidy is 

associated with changes in seed size. Since the transmission of rdd mutations via 

the ovule of a diploid parent to suppresses the triploid block in interploidy crosses, 

we investigated the overall seed size of the F1 mature seeds (Fig. 54). As 
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expected, paternal excess and tetraploid F1 seeds are bigger than diploid and 

maternal excess F1 seeds. We did not find any difference in the seed size of diploid 

and triploid seeds generated using rdd as either male or female gamete. 

 

Fig. 54. Seed size of interploidy crosses between 2x Col-0, 2x 

rdd triple mutant, and 4x Col-0. Errors bars represent the means 
± s.d. n > 40. 

We did note that the selfed 2x and rdd plants appeared to have slightly 

smaller seed size compared with 2x X rdd and rdd X 2x, but comparable with the F1 

seeds from maternal excess crosses 4x X 2x and 4x X rdd. These results indicate 

that the triploid block suppression in rdd X 4x F1 seeds does not affect the overall 

seed size of the successful paternal excess triploid seeds that reach maturity.  

Despite not altering the overall seed size, 2x X 4x seeds display a higher range of 

seed size distribution compared with rdd X 4x seeds (Fig. 55), due to the higher 

amount of shrunken seeds in 2x X 4x crosses. 
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Fig. 55. Seed size distribution of 2x X 4x crosses is broader than in rdd X 

4x crosses, due to higher seed development defects. n > 40 

 

rdd mutation suppresses the low germination phenotype of paternal excess F1 

triploid seeds. 

Paternal excess triploid seeds, together with a high abortion rate, also 

display a low germination ratio under normal conditions. After generating our F1 

seed series with the rdd mutant, we tested whether the seed germination of rdd 

paternal excess triploid seeds would be higher than the wild type paternal excess 

seeds. As shown in Fig. 56, the germination ratio of diploid, maternal excess 

triploid, and tetraploid plants remains the same (95-100%), even after the 

introduction of the rdd mutation, either as a male or female donor. In paternal 

excess triploids, however, which display only 20 to 40% of germination after 7 days 

on MS plates, the use of rdd as female diploid gamete almost completely 

suppresses the low germination phenotype, with a germination of 80 to 90%.  

 



 INCOMPATIBLE INTERPLOIDY CROSSES IN ARABIDOPSIS 

THALIANA REQUIRE DNA DEMETHYLASES 

 

133 | P a g e  

 

 

Fig. 56 rdd X 4xCol seeds suppress the low germination ratio of paternal 

excess triploids. Germination ratio scored 7 days after sowing. Errors bars 

represent the mean ± s.d, n > 45.Asterisk represents statistically significant 

difference between 2x X 4x and rdd X 4x at Student’s t-test, p < 0.001. 

To confirm that the F1 progeny of rdd X 4x crosses generates F1 triploids, 

and that the triploid block suppression is not due to an alteration of the ploidy of 

rdd X 4x crosses, we investigated the ploidy of rdd X 4x F1 seedlings using flow 

cytometry. As shown in Fig. 57, the rdd X 4x progeny is of the expected triploid 

ploidy. 

Fig. 58 shows the seedling phenotype of both paternal excess triploids and rdd 

paternal excess triploids. No obvious difference in seedling size, cotyledon shape or 

colour can be found, apart for the higher germination ratio seen in rdd X 4x seeds. 

No differences could be observed in the other lines. 
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Fig. 57. Analysis of the ploidy of the progeny of A)2x X 2x, B) 4x X 4x, C) 

2x X 4x and d) rdd X 4x crosses. X axis represents the fluorescence intensity 

(2x = 50, 4x = 100, 3x = 75), Y axis represents the number of nuclei. 
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Fig. 58 Seedling phenotype of paternal excess and rdd paternal excess 

triploids. Bar = 1 cm, 12 days-old seedlings grown on ½ MS medium. 

ROS1 is the most highly expressed DEMETER-LIKE gene in developing seeds. 

 To understand the relative contribution of the three mutated genes in the 

rdd triple mutant plants, we performed qRT-PCR on 7 DAP developing seeds using 

primers specific to ROS1, DML2 and DML3. We found ROS1 to be the most highly 

expressed DML gene in Wild Type developing seeds ~5.5 and 310 fold more 

expressed than DML2 and DML3, respectively (Fig. 59). We failed to detect ROS1, 

DML2 and DML3 mRNA in homozygous rdd seeds, indicating that rdd triple mutant 

is likely to be a knock out mutation for all three genes. All three genes showed less 

expression in F1 seeds derived from rdd X 4x than from 2x X 4x, indicating that 

functional RDD maternal alleles in the developing F1 seed may be required for 

normal levels of RDD gene expression.  
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Fig. 59. Relative expression of ROS1, DML2 and DML3 compared with 

ACTIN2 reference gene at 7DAP developing seeds. Data represent the mean 

± s.d of two biological replicates. Asterisks represent statistical difference between 

the two diploid and the two triploids with a Student’s t-test, p < 0.05. 

ROS1 is under maternal control. 

As the most highly expressed gene, we further investigated ROS1 

expression in F1 seeds derived from 2x X 2x, rdd X rdd, 2x X 4x, rdd X 4x, as well 

as in F1 seeds containing heterozygous embryos and endosperm derived from 2x X 

rdd, and rdd X 2x crosses (Fig. 60). 

 Strikingly, the reciprocal F1 seeds derived from cosses between diploid wild 

type and rdd, expressed ROS1 at different levels, in a parent-of-origin manner. 

These seeds contain the following seed coat, endosperm and embryo genotpes 

respectively: rdd X 2x F1 seeds (embryo = rdd/RDD; endosperm = rdd/rdd/RDD; 

seed coat = rdd/rdd) and 2x X rdd F1 seeds (embryo = RDD/rdd; endosperm = 

RDD/RDD/rdd; seed coat = RDD/RDD). Indeed, the rdd X 2x F1 seeds expressed 

ROS1 significantly lower (~4 fold decrease) than 2x X rdd, with levels similar to rdd 

X 4x developing seeds. Those results indicate that the expression of ROS1 is 

subject to a maternal effect in the developing seed, but that it is not clear whether 



 INCOMPATIBLE INTERPLOIDY CROSSES IN ARABIDOPSIS 

THALIANA REQUIRE DNA DEMETHYLASES 

 

138 | P a g e  

 

this is a sporophytic or gametophytic maternal effect on ROS1 gene expression 

levels. In the sporophytic maternal effect scenario ROS1 could be expressed in the 

seed coat and the reduction in ROS1 levels is due to the difference between the 

rdd/rdd vs RDD/RDD seed coat genotype in the reciprocal F1 seeds. Alternatively, 

the gametophytic maternal effect scenario could require that the maternally 

inherited alleles of ROS1 are at higher levels in the ovule (central cell & or egg cell) 

and/or developing seed (endosperm and/or embryo). ROS1 is reported to be 

expressed in endosperm (Hsieh et al., 2011) which would argue against a seed-coat 

mediated sporophytic effect of the ros1-3 mutation. In accordance with Fig. 59, 

no DML2 and DML3 reads were found in the same study (Hsieh et al., 2011), 

indicating that ROS1 could in theory be sufficient on its own for the triploid block 

suppression observed with maternal parent rdd triple mutants.  

 

Fig. 60 ROS1 expression in developing seeds requires functional RDD 

maternal alleles. ROS1 expression in 7 dap seeds of different crosses analysed by 

qRT-PCR using ACTIN2 as reference gene. Values represent the means ±s.d, n = 3. 

Asterisks represent significantly different means (Student’s t-test, p<0.05) 
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Triploid block-associated dysregulation of the FIS complex is suppressed in rdd 

paternal excess triploid F1 seeds. 

The FIS complex, or Polycomb Repressive Complex 2 (PRC2), have been 

described as a sensor of the parental imbalance in developing triploid seeds (Erilova 

et al., 2009; Jullien and Berger, 2010; Kradolfer et al., 2013a), where FIS2, MEA, 

and their targets PHE1 and AGL62 expression is altered in paternal excess triploids. 

ADMENTOS (ADM), have also been shown to be dysregulated in imbalanced ploidy 

crosses (Kradolfer et al., 2013a). Since rdd generated paternal excess triploids 

suppress the triploid block, we questioned whether this phenotype is associated 

with a normal expression of the PRC2 complex genes and targets, as opposed to 

the wild type paternal excess F1 triploids. To address this question, we performed 

qRT-PCR on 7 DAP developing seeds between 2x X 2x and rdd X rdd diploid control 

crosses, and 2x X 4x and rdd X 4x paternal excess triploids (Fig. 61).  

As previously described (Erilova et al., 2009), the polycomb group genes 

FIS2, MEA, but not FIE, as well as AGL62, PHE1 and ADM are dysregulated in 

paternal excess F1 triploids compared to diploids. We did not detect any statistical 

difference between 2x X 2x and rdd X rdd seeds, indicating that under diploid 

conditions, the rdd triple mutation does not affect the expression level of these 

genes. Interestingly however, rdd X 4x crosses completely (for FIS2) or partially 

(AGL62, PHE1 and ADM) suppress the up-regulation observed in 2x X 4x crosses. 

However, we did not detect a statistical difference in MEA expression level. 
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Fig. 61. The up-regulation of FIS2, PHE1, AGL62, and ADM in paternal 

excess triploids is partially suppressed in rdd X 4x crosses 7 days after 

pollination. Values are means ±s.d, n = 3, ACTIN2 has been used as reference 

gene. Letters indicate statistically similar groups per gene (One-Way ANOVA, 

Tukey’s test, p < 0.05).  

These results indicate that the genetic sensors of unbalanced ploidy crosses, 

while strongly dysregulated in the case of paternal excess F1 triploid seeds, show a 

return to a more diploid-like expression pattern in rdd generated paternal excess F1 

triploids. Those results serve to explain the suppression of the triploid block in rdd 

generated paternal excess triploids, by the rdd effect operating either upstream of 

those genes to reduce their expression following inter-ploidy crosses, or by an 
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independent pathway, limiting the triploid block, hence limiting the overexpression 

of those known triploid block sensors (Schatlowski and Köhler, 2012). 

Pathogen response genes are up-regulated in response to interploidy crosses. 

 Recently, (Burkart-Waco et al., 2013), studying early transcriptional 

response to incompatible interspecific crosses between Arabidopsis thaliana and a 

diploid Arabidopsis arenosa (Aa), identified a significant dysregulation of defence 

related genes in At x Aa incompatible crosses, ultimately leading to high rates of F1 

seed abortion.  Taken, together with the dysregulation of PHE1, AGL62, and FIS2, 

this could indicate that the mechanism by which incompatible interspecific crosses 

lead to seed abortion could be similar for interploidy crosses. We then hypothesized 

that similar defence response gene activation may occur in isogenic paternal excess 

triploids, in a rdd-dependent manner. We performed qRT-PCR on three 

PATHOGENESIS RELATED genes PR2, PR3 and PR4 on seed coat and endosperm-

purified fractions of 2x X 2x and rdd X rdd 2x X 4x and rdd X 4x at 8/9 DAP 

developing seeds (late torpedo/walking stick stage), as well as embryo extracted 

from the same seed pool., to investigate the relative expression of the three PR 

genes in both endosperm/seed coat and embryos (Fig. 62). 
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Fig. 62 PR genes are overexpressed in response to inter-ploidy crosses in 

the seed coat and endosperm of 8/9 dap seeds . Pathogenesis-related genes 

expression in 2x X 2x, rdd X rdd, 2x X 4x and rdd X 4x in seed coat and endosperm 

(SC + ES), as well as embryos (EB), of 8/9 DAP developing seeds, compared with 

ACTIN2 (AT3G18780) as reference gene. The Y axis is the same for the three 

genes. Data represent the mean ± s.d of four biological replicates. Letters 

represent statistical groups per genes in the seed coat and endosperm fraction 

(One Way ANOVA with Tukey’s test, p < 0.05). No statistical difference has been 

found in the embryo fraction. 

The three PR genes tested showed a strong up-regulation of their expression 

in the seed coat and endosperm fraction in unbalanced interploidy crosses (2x X 

4x), in accordance with the defence gene activation found in At X Aa crosses. 

Interestingly, the up-regulation of those three genes is completely suppressed by 

introducing the  rdd triple mutation in rdd X 4x crosses, with no statistical 

differences observed between the expression of PR2, PR3 and PR4 between 2x X 

2x, rdd X rdd and rdd X 4x samples. On the other hand, in the embryo fraction, we 

did not detect any statistical differences between the four lines. Comparing the PR 
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genes expression between seed coat/endosperm and embryo fractions revealed an 

overall strong decrease in the expression of the PR genes in the embryo, with PR2 

not being expressed and PR3 and PR4 roughly 150 times less expressed in embryos 

compared with seed coat and endosperm fractions in all the four lines tested. We 

conclude that the “immune response” triggered by a paternal genome imbalance 

can be suppressed in rdd X 4x crosses, and that this “immune response” activation 

is restricted to the seed coat and/or endosperm of the developing seeds.  
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DISCUSSION 

Link between DNA methylation and interploidy crosses incompatibility. 

The data presented in this study identify a triple mutant for the three 

DEMETER-LIKE genes, ros1-3;dml2-1;dml3-1, that can suppress the triploid block 

observed in interploidy crosses (2x X 4x) of Arabidopsis thaliana in Col-0. Since 

these three paralogues are DNA glycosylases, previous studies have investigated 

their role in maintaining DNA methylation. To date, rdd triple mutant plants do not 

show any obvious phenotype, and have been shown to only moderately alter DNA 

methylation (Lister et al., 2008; Penterman et al., 2007a; Penterman et al., 

2007b). However, it has been shown that some loci become hypermethylated in rdd 

triple mutants, indicating a potential hypermethylation of at least some parts of 

Arabidopsis genome in rdd triple mutant ovules. Interestingly, studies using met1 

mutants exhibiting strong hypomethylation of the genome have been found to 

aggravate and/or mimic interploidy crosses in Col-0 (Adams et al., 2000a; Scott et 

al., 1998a). 

rdd suppresses the dysregulation of PRC2 genes and targets in incompatible 

interploidy crosses 

The rdd triple mutant has been recently used in a study examining the 

different chromatin state of the central cell, as well as the egg cell of Arabidopsis 

thaliana ovules (Pillot et al., 2010). The conclusion of this study was that the 

distribution of Histone 3 H3 lysine 9 dimethylation (H3K9me2) is altered in the 

central cell of rdd triple mutant ovules. Since the central cell will ultimately become 

the endosperm after double fertilization, we hypothesize that the rdd mutant leads 

to the production of central cell nuclei that will not be as sensitive to polyploidy or 

endosperm imbalance as the case in wild type diploid central cells. In accordance 

with this hypothesis, we have shown that in rdd interploidy crosses, the triploid 

block sensors MEA and FIS2, part of the Polycomb Group Repressive Complex 2 

(PRC2) (Erilova et al., 2009) do not display the dysregulation observed in paternal 

excess triploids.  

Moreover, the PRC2 targets PHE1 and AGL62, whose expression is highly 

up-regulated in 2x X 4x crosses (Hehenberger et al., 2012; Köhler et al., 2003), 

exhibited a diploid-like expression pattern in rdd X 4x crosses. AGL62, and the 

newly described ADMENTOS (ADM) gene, also up-regulated in incompatible 

interploidy crosses, have been shown to suppress the triploid block using knock out 
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lines (Hehenberger et al., 2012; Kradolfer et al., 2013a). Altogether, the PRC2 

genes and targets are affected by the rdd mutation, with a general return to a 

diploid-like expression levels in rdd X 4x developing seeds. Whether rdd acts 

upstream or in parallel of those genes remains to be fully investigated. 

rdd-dependent immune response activation during interploidy crosses 

Diploid incompatible interspecific crosses between Arabidopsis thaliana and 

Arabidopsis arenosa have been shown to dysregulate MEA, FIS2, and AGL62 

(Burkart-Waco et al., 2013), indicating that the incompatible interspecific and 

interploidy crosses leading to seed abortion could be controlled by the same core 

mechanism. In accordance with this hypothesis, while At X Aa crosses lead to the 

dysregulation of defence-associated genes, our present study demonstrates that 

incompatible interploidy crosses also lead to the dysregulation of defence-genes, 

and that rdd acts as a suppressor of the dysregulation observed in 2x X 4x crosses. 

If rdd is directly responsible for the activation of the PR genes in interploidy 

crosses, rdd mutants should exhibit a lower tolerance to biotic stresses. A recent 

study (Yu et al., 2013) clearly demonstrated that active DNA demethylation 

requiring a functional ROS1 gene was required for the proper activation of 

Arabidopsis pathogen defence, and that ros1-4 mutant plants exhibit a lower 

induction or PR gene expression, together with a higher biotic stress sensitivity, 

following infection with Pseudomonas syringae.  

Moreover, (Burkart-Waco et al., 2013) demonstrated that using mutants 

plants of npr1 and sid2, unable to trigger the immune response following pathogen 

infection (Cao et al., 1997; Nawrath and Métraux, 1999), increased the efficiency of 

seed production in At X Aa crosses. Our present results, together with previous 

studies show that the defence response, likely requiring functional DNA 

demethylases, is at least partially responsible for the abortion of seeds produced by 

both incompatible interspecific and interploidy crosses. 
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Fig. 63: Model summarizing the triploid block. The cross between a diploid 

mother and a tetraploid father leads to the production of a seed comprising of an 

endosperm containing two copies of the maternal genome and two copies of the 

paternal genome, and an embryo containing one copy of the maternal and two 

copies of the paternal genomes. The genomic imbalance in the endosperm triggers 

the dysregulation of the Polycomb Group Repressive Complex 2 (comprising FIS2 

and MEA), and the activation of its targets growth factors AGL62 and PHE1, 

together with PATHOGENESIS-RELATED genes, leading to endosperm 

overproliferation and activation of the immune response. Both lead in turn to 

aberrant seed development and seed abortion. DNA demethylases ROS1, DML2 and 

DML3 are likely involved in the upregulation of those genes. In the absence of the 

DNA demethylases, the growth factors and defence response gene activation in the 

endosperm is at least partially suppressed, leading to higher rate of normal seed 

development 

 The precise interaction between the polycomb group complex targets, the PR 

genes and RDD remains to be investigated. We hypothesize that DNA demethylases 

ROS1, DML2 and DML3 are required for the active demethylation and activation of 

either the PcG complex genes and targets and/or the PR genes in the endosperm 

following unbalanced interploidy crosses. Whole genome bisulfite sequencing of the 

endosperm of 2x X 4x and rdd X 4x crosses will help to shed light on the precise 

interaction between these triploid block actors. 

 Since DNA demethylases are widely conserved in the plant kingdom, the 

study presented here opens exciting opportunities to use DNA demethylases 

mutants to allow the generation of viable interploidy offspring, to ultimately 

generate new varieties in species where the triploid block is present, and could lead 

to exciting new breeding strategies, in banana, potato or cassava for example 

where our lab aims to translate these findings to. 
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MATERIALS AND METHODS 

Plant materials and growth conditions. 

ros1-3;dml2-1;dml3-1 triple mutant seeds have been obtained from Robert 

L. Fischer (University of California). PCR-based genotyping of the rdd triple mutant 

was performed as described by (Penterman et al., 2007b). The genotyping primers 

were as follow: 

For ros1-3 insertion ROS13F (5’ TGGAAGGGATCCGTCGTGGATTCT 3’) 

primers were used with JL-202 (5’ CATTTTATAATAACGCTGCGGACATCTAC 3’), and 

for ROS1-3 wild type allele, we used ROS13F in association with ROS13R (5’ 

CCCGCGACTCTTGATTGTTTCAGCAACTT 3’). For dml2-1 insertion, dml2-1R (5’ 

GTGGCCAGAGGTACTTTTGAACT 3’) was used with JL-202, and for DML2-1 wild type 

allele DML2-1F (5’ ACCCGGAGAGTACCATTCAGACAC 3’) was used with DML2-1R (5’ 

TCAGGAGGAACATGTGTTAGCCACTCTAA 3’). Finally, dml3-1 insertion was amplified 

with DML3F (5’ GCCAAATCGCAAGAAGGTAAGGA 3’) and Syn-LB3 (5’ 

GCATGTGAATTTCATAACCAATCTCGATACA 3’), while DML3-1 wild type allele was 

amplified with DML3F and DML3R (5’ GACGTTGCTGTAGATATGAC 3’). For Col-0 

diploid lines, we used wild type segregants from Robert L. Fisher, isolated after the 

generation of the rdd triple mutant lines. The Col-0 tetraploid lines have been the 

kind gift of Luka Comai (University of Washington). Plants were grown in walk-in 

growth chamber in long day photoperiod (18h light: 6h dark). To generate the 

different F1 crosses, plants where manually pollinated with the desired pollen, two 

days after emasculation of the maternal plant, under a dissection microscope. 

For germination ratio experiments, seeds were surface sterilized in 16% v/v 

bleach, 0.1% v/v triton X-100, and washed five times with sterile water. After 

sterilization, the seeds were left 3 days at 4⁰C in the dark to allow stratification and 

a homogenous germination. Seeds were then planted on half strength Murashige 

and Skoog (MS) medium (Sigma, M9274), and grown for 7 days in long day 

conditions (16h light, 8h dark). Germination was scored as the emergence of the 

radicle from the seed. 

Analysis of seed phenotype 

Seed abortion was scored 12 days after pollination by carefully opening the 

siliques and scoring the number of normal seeds, and aborted ones, typically 

showing a brown colour. 
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For embryo developmental stage experiments, seeds were extracted from 

siliques under a dissection microscope, incubated in Hoyer’s solution (Anderson, 

1954), and mounted on microscope slides. Embryo developmental stage was scored 

a 10X magnification on a Leica microscope.  

For seed area measurement, mature seeds were photographed under a 

dissecting microscope. The pictures were then analysed and seed area quantified 

using DigiShape 1.9.217 software (Cortex Nova 2005, Poland). 

qRT-PCR analysis 

For whole developing seed RT-PCR analysis, seed were carefully removed 

from the siliques at the indicated number of days after pollination, and immediately 

immersed in liquid nitrogen. For Seed Coat/endosperm and embryo RT-PCR, seeds 

were manually dissected and the embryo extracted in a drop of 300 mM Sorbitol 

and 5 mM MES, pH 5.7. We separated the seeds with removed embryos, 

constituting the seed coat + endosperm fraction, and the embryos. After removal of 

the sorbitol/MES solution, tissues were immediately flash frozen in liquid nitrogen. 

Total RNA was extracted from the different tissues as described in figure 

legends, using Bioline ISOLATE Plant RNA mini Kit, following manufacturer’s 

instruction. Prior of cDNA synthesis, RNA were treated with DNAse (Sigma, 

AMPD1), and the DNAse-digested RNAs subjected to a PCR to confirm the absence 

of DNA contamination. 1µg of total RNA was reverse transcribed using Fermentas 

RevertAid first strand cDNA synthesis kit. qRT-PCR reactions were performed in 

technical triplicates using Bioline Sybr No-ROX kit. ACTIN2 (At3g18780) was used 

as reference gene, qRT-PCR primers designed using QuantPrime online tool: 

http://www.quantprime.de/main.php?page=home. Ct method was used for the 

calculation of the Normalized Fold Expression (allowing expression levels 

comparison between samples) using Bio-Rad CFX96 manager software. Relative 

Expression Levels (allowing expression levels comparison between samples and 

genes) have been calculated according to (Simon, 2003), using the following 

formula:  

       
 (              )   (              )

 (           )   (           )
 

http://www.quantprime.de/main.php?page=home
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Where R.E.L = Relative Expression Level, E = Primer efficiency, Ct = Ct value for a 

given gene. 
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GENERAL CONCLUSION AND FUTURE 

DIRECTIONS 

Heterosis without hybridity (SNPs): Arabidopsis thaliana 

reciprocal F1 triploids as an emerging model for epigenetic 

heterosis 

The effects of polyploidy on phenotypes and evolution have long been 

theorized and observed in a wide range of land plant species. Notably, polyploidy 

has played a major role of plant evolution and diversification, by speciation 

mechanisms, genome rearrangements and gene evolution (Jiao et al., 2011; Liu et 

al., 2001; Martelotto et al., 2005; Mayrose et al., 2011; Otto and Whitton, 2000). 

Recent studies using the model organism Arabidopsis thaliana have allowed a more 

in-depth analysis of the direct effects of polyploidyzation on phenotypes (Chao et 

al., 2013a), reproduction (Burkart-Waco et al., 2013; Dilkes et al., 2008), gene 

expression (Yu et al., 2010b) and epigenetics (Lu et al., 2012a). 

In the present thesis, we focused our work on the effects of autopolyploidy, 

where only the genome dosage (ploidy) and the parent-of-origin (4x X 2x and 2x X 

4x) differ between our different lines, to study the effects of polyploidy per se. 

While allopolyploids display a much higher level of variation following the 

hybridization of genetically diverse parents (Comai, 2000b; Feldman and Levy, 

2009; Liu and Wendel, 2003; Ozkan et al., 2001; Parisod et al., 2010a; Parisod et 

al., 2009; Xiong et al., 2011), the effects of autopolyploidy remain to date poorly 

understood, probably since it is assumed that autopolyploids do not display major 

phenotypic and genomic variations(Albertin et al., 2005; Ng et al., 2011; Parisod et 

al., 2010b). 

Our results, however, indicate that autopolyploidy in Arabidopsis thaliana 

does lead to major phenotypic and genomic variations, not only restricted to seed 

development. For instance, we were able to detect phenotypical changes following 

autopolyploidyzation in both biomass and abiotic stress tolerance in Chapter 1, and 

in biotic tolerance in Chapter 4.  

Notably, the results in Chapter 1 highlight the fact that in triploid systems, a 

genome dosage dependent parent-of-origin effect, (i.e. whether the female and the 

male plants are diploid or tetraploid), leads to strong differences between reciprocal 



 GENERAL CONCLUSION AND FUTURE DIRECTIONS 

 

151 | P a g e  

 

triploids. As previously demonstrated, parent of origin effects between reciprocal 

triploids lead to strong differences in oviule number, seed size and/or abortion 

during the generation of the F1 triploids (Duszynska et al., 2013b; Schatlowski and 

Köhler, 2012). However, such parent-of-origin effects have not previously been 

described at later stage of plant development, such as in seedlings and mature 

plants. We have discovered that paternal excess F1 triploids, obtained from the 

cross between a female diploid and a male tetraploid, increased both the biomass 

and the abiotic stress tolerance of the F1 triploid compared with their parents. The 

fact that the reciprocal F1 triploids, despite having the same isogenic genome in our 

system, display different phenotypes, supports an epigenetic basis to heterosis, 

since any difference between isogenic reciprocal F1 triploids is per se not due to a 

genetic basis. Although we did not thoroughly investigate potential cytoplasmic 

effects, our preliminary data indicates that organelle number is not different 

between the reciprocal F1 triploids. 

Our data on biotic stress also represent an important phenomenon, since it 

indicates that an increase in ploidy, leads to increased biotic stress tolerance. 

However, such effects appear to be subject to natural variation, since out of the 

two ecotypes we tested, only C24 showed a genome dosage effect on the tolerance 

to Botrytis. However, we were unable to correlate gene expression with Botrytis 

tolerance. Whole genome investigation could shed more light on this phenomenon, 

but ploidy could also influence more physical parameters, such as leaf shape of 

thickness, and could in turn change Botrytis sensitivity. 

At the molecular level, in Chapter 1, 2 and 3, we detected extensive gene 

dysregulation between polyploid lines, with particularly pronounced parental-

genome dosage effects observed between reciprocal F1 triploids. As previously 

reported in the various studies involving polyploids, a strong enrichment for both 

biotic and abiotic stress responsive genes has been found in the genes dysregulated 

following polyploidyzation (Tiwari et al., 2010; Wang et al., 2005; Yu et al., 2010b). 

Whether this differential expression of stress responsive genes directly leads to the 

differential tolerance in abiotic and/or biotic stress remains elusive. Systematic 

approaches using mutant plants of potential master regulators (i.e transcription 

factors and/or epigenetic modifiers) will shed light on the basis of the increased 

tolerance observed in paternal excess triploids and/or tetraploids. However, the 

differential response to stress might be a combination of gene expression, 

epigenetics and cytological factors (such as potassium uptake, as demonstrated in 

the case of the tetraploid salt tolerance by Chao et al, 2013. 
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The epigenetics involved in the parent-of-origin effects between reciprocal 

triploids needs to next be more comprehensively investigated by our lab. In 

Chapter 2, we screened the DNA of the reciprocal triploids for changes in CmCGG 

methylation, and could not detect DNA methylation polymorphisms associated with 

differential gene expression. Conversely, using the DNA tiling arrays, we did not 

detect any evidence of transposon movement, while it was shown to be a 

significant factor of genome evolution following polyploidyzation (Petit et al., 2007), 

and interspecific hybridization (Martienssen, 2010). 

Using our Tiling array and HpaII/MspI enzymes, we were able to screen only 

a small portion of 5-methylcytosines (i.e a small portion of CG methylation), and 

could not investigate CHG and CHH methylation. To date, no dataset on the whole 

cytosine methylation has been published following autopolyploidization and 

reciprocal F1 triploid crosses, and we next need to produce such dataset (including 

methylome of the diploid and tetraploid parents), to finally obtain a more complete 

assessment of the DNA methylation polymorphisms following both polyploidyzation 

and reciprocal F1 triploid generation. Small RNA accumulation has recently been 

shown to be different between reciprocal triploids in whole seeds (Lu et al., 2012a), 

and in a lower level in leaves. We did detect a significant association between the 

genes up-regulated in paternal excess seedlings and 24nt small RNA accumulation 

in leaves of the reciprocal triploids, indicating a possible link between small RNA 

and gene dyregulation outside of the seeds between reciprocal triploids. In turn, 

differential 24nt smallRNA accumulation can trigger the RdDM pathway, and 

mediate cytosine methylation in all contexts (CG, CHG and CHH)(Castel and 

Martienssen, 2013), and regulate the differential gene expression observed 

between triploids. Those results highlight the need for us to conduct a 

comprehensive survey of smallRNA/methylation and gene expression differences 

between ploidies and parent-of-origin, at the same developmental stage. Histone 

modifications have been suggested (Chen and Tian, 2007), but not been studied on 

a whole genome basis between polyploids, and would also be required for further 

analysis. However, the large number of potential histone modifications 

(methylation, acetylation, which residue...) make such future study difficult and 

costly to thoroughly perform and design. 

Since parent-of-origin effects have been demonstrated between reciprocal 

triploids, we investigated the contribution of the paternal and maternal alleles to 

the overall transcriptome of reciprocal triploid hybrids in chapter 3. Interestingly, 

our results indicate that the parental allele contribution of gene expression in F1 
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triploids varies significantly from the expected 33/66% biallelic expression. While 

studies in diploid Arabidopsis systems showed only marginal deviations from 

biallelic expression (Nodine and Bartel, 2012; Zhang and Borevitz, 2009a), in F1 

triploids, the regulation of biallelic expression seems generally altered where we 

can induce widespread allele-specific genomic imprinting effects in non-endosperm 

tissues. Moreover, our data has shown that in paternal excess F1 triploid, a 

significant proportion of genes display a maternal allele bias, where most of the 

mRNAs are derived from the transcribed maternal allele. We conclude that 

regulation of allelic expression is altered in triploids, and that paternal excess F1 

triploid display unique imprinting-like expression patterns, both allele-specific 

imprinting and gene-specific imprinting. We are currently investigating whether 

genes whose expression is not biallelic, tend to show differential expression 

between triploids.  

In Chapter 3, we also detected extensive gene expression differences 

between reciprocal F1 triploid embryos. Notably, lipid transport, defence response, 

cell wall, oxidative stress response and genes containing a signal peptide were 

significantly dysregulated between the triploids. This dysregulation could be due to 

the known defects in endosperm development in paternal excess triploids, leading 

to altered expression in the neighbouring embryo. Defence response genes 

activation was recently shown to be involved in incompatible interspecific crosses 

(Burkart-Waco et al., 2013), and may similarly been activated in crosses of 

unbalanced ploidy. We also found some unique transcriptomic signatures in the 

paternal excess triploids, where small signal peptides genes involved in defence and 

self-incompatibility are uniquely expressed in paternal excess embryos. The precise 

roles of this class of genes outside of the pollen/stigmata recognition site are not 

fully understood, making any interpretation of the transcriptomic difficult. 

Nevertheless, the dysregulated genes between reciprocal triploids represent an 

attractive starting point to understand the phenotypic difference of both mature 

seeds, and could potentially affect the later stages of the triploids development. 

Taken together, our results on reciprocal triploids strongly emphasises how 

important the ploidy of the different parents is for the quality of the F1 progeny. 

These experiments have led to to the striking findings that (a) there are epigenetic 

parent of origin effects observed at many levels in reciprocal F1 triploid plants (b) 

that genomic imprinting can be synthetically generated in non-endosperm triploid 

tissues indicating that unbalanced parental genomes are causal for imprinting with 

no unique endosperm nourishing argument underlying imprinting and (c) that the 
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triploid block in plants may be overcome through altering the plants ability to 

regulate DNA methylation. Ultimately, systematically test parent-of-origin effects 

while generating triploid crops should be undertaken, when possible (i.e when the 

triploid block is not an issue). 

At the fundamental level, the precise epigenetic effects leading to the 

genome dosage parent-of-origin effects on the phenotypic differences of reciprocal 

triploids need to be further investigated, through a comprehensive analysis of 

transcriptome (mRNAs and smallRNAs), as well as the epigenome, of reciprocal 

triploids and their parents.  

It also become increasingly important to systematically study the 

physiological differences between polyploids in Arabidopsis, since the phenotypes 

described in this thesis likely represent a change in the physiology (either 

intercellular or at the whole organism level) between ploidy levels. Both epigenetic 

and physiological approaches will be the focus of our future studies in Arabidopsis 

autopolyploids. 

New insights into the molecular basis of incompatible interploidy 

crosses 

 The triploid block, the inability to produce viable offspring when crossing 

parent of different ploidies, such as a diploid 2x with a tetraploid 4x, represent one 

of the major barrier in crop breeding. Recent studies in Arabidopsis have 

demonstrated the central role of DNA methylation, as well as the Polycomb 

Repressive Complex 2 (PRC2), in interploidy barriers (Adams et al., 2000a; Bushell 

et al., 2003; Köhler et al., 2010; Stoute et al., 2012).  

In Chapter 5, we tested the effects of hypermethylation of the maternal 

genome on the triploid block, through the use of a triple mutant of DNA 

demethylases, rdd. We discovered that knocking out DNA demethylation in the 

endosperm of developing paternal excess triploid seeds supressed the triploid 

block. Our finding also highlighted the possible role of the induction of the pathogen 

defence pathway in the abortion of seeds of unbalanced ploidy crosses. 

Interestingly, it was recently shown that the PRC2 genes, as well as the immune 

response, were involved in interspecies hybridization barriers (Burkart-Waco et al., 

2013). Our results indicate the pathways leading to interspecies and interploidy 

barriers might share the same genetic basis, and that DNA demethylation likely 
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represents one of the major actors involved in postzygotic abortion in those 

systems. We now need to generate a methylome profiling of the endosperm of rdd 

X 4x as well as 2x X 4x developing seeds, to demonstrate and quantify the 

hypermethylation of the endosperm of unbalanced incompatible interploidy crosses. 

Such whole genome investigation will likely lead to the identification of the 

targets of the DNA demethylases involved in the triploid block. We also need to 

demonstrate that immune response is at least partially responsible of the triploid 

block by crossing NONEXPRESSER OF PR GENES 1 (npr1) mutants to tetraploid 

males. Since npr1 mutants increase the number of normal hybrids between diploid 

Arabidopsis thaliana and diploid Arabidopsis arenosa, if the interspecies and 

interploidy barriers are partially due to the immune response, npr1 mutants should 

suppress the interploidy crosses abortion in Arabidopsis thaliana. Similarly, DNA 

demethylases mutant crosses with diploid A. arenosa hopefully will lead to an 

increased production of viable hybrid offspring. These experiments are presently 

under way, and are being tested to validate the new model proposed in Chapter 5. 

Future studies will focus of the translation of those findings in Arabidopsis 

thaliana to other species, where the triploid block is present. As the DNA 

demethylases are widely conserved amongst plant species, their represent an 

attractive target to knock down/out, and ultimately allow breeders to generate new 

triploid varieties, such as in Banana or Brassicas. 
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