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ABSTRACT 

Polyploidy, the occurrence of more than two complete sets of chromosomes in a single 

nucleus, is an important process contributing to eukaryotic evolution. Polyploidy is also a 

widespread speciation mechanism and is common among plants, fish and amphibians. 

Polyploidy can be advantageous, and lead to heterosis, gene redundancy, and asexual 

reproduction (apomixis). However, polyploidy makes the completion of mitosis and 

meiosis more challenging, which often results in production of aneuploid cells and gametes. 

Improved understanding of the biology of polyploids is essential because many 

economically important crops are polyploid, including Solanum tuberosum (potato), 

Triticum (wheat) and Gossypium (cotton).  

Polyploid crops also include triploid crops such as Musa (banana), Malus domestica (apple) 

and Beta vulgaris (sugar beet). Chromosome segregation during triploid meiosis is 

particularly complicated by the need for the three sets of chromosomes to be resolved to 

two poles which results in the production of gametes with frequent chromosome loss and 

fragmentation. Hence, the immediate progeny of triploids can have complex karyotypes, 

which can differ in the number of copies of each chromosome. Imbalanced dosage effects 

resulting from aneuploidy can be deleterious to development, and contribute to the dramatic 

reduction in fertility of triploids.  

In this thesis, genome dosage and hybridity effects on reproduction, seed size heterosis and 

seed development were investigated using a set of F1 hybrid and isogenic triploids of 

Arabidopsis thaliana. These were generated by reciprocal inter-ploidy crosses, 

incorporating 90 different accessions that can differ genetically and epigenetically. Relative 

triploid reproductive traits of selfed F1 triploids were analysed by collecting ANU data (A 

– aborted F2 seeds, N – normal F2 seeds, U- unfertilized ovules) and by converting the 

datasets to %A, %N, %U with respect to the total number of ovules per silique (Σ = 

A+N+U). 

 

http://en.wikipedia.org/wiki/Gossypium
http://en.wikipedia.org/wiki/Beta_vulgaris
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It was discovered that, depending on genotype, selfed F1 isogenic triploids and F1 hybrid 

triploids exhibit differing levels of fertility defects at the pre-fertilisation (unfertilised F1 

ovules) and post-fertilisation stages (normal vs aborted F2 seeds).  It was further discovered 

that epigenetic parent-of-origin effects on reproduction and seed development can occur 

between reciprocal F1 triploids which have differing contributions of maternal- vs paternal-

derived chromosomes. Such epigenetic parent-of-origin effects were observed for both 

isogenic F1 triploids (Col-0) and for a wide range of hybrid F1 triploid genotypes. The 

epigenetic parent-of-origin effects either caused greater fertility defects in the maternal 

excess F1 triploid or in the paternal excess F1 triploid. Flow cytometric analysis of single 

seed indicated that the surviving F2 seed progeny comprised a wide range of DNA 

contents, including likely aneuploids with incomplete sets of chromosomes. This supports 

the proposed role for triploids as evolutionary bridges between plant populations of 

different ploidy levels. 

The 89 diploid accessions used to generate the F1 hybrid triploids have been extensively 

characterised for SNPs (Single Nucleotide Polymorphisms) across the Arabidopsis thaliana 

genome. This allowed the use of genome wide association (GWA) mapping for the 

identification of loci involved in control of reciprocal F1 hybrid triploid reproduction and 

production of normal F2 seed sets (%N). Two candidate loci involved in the phenotypic 

variation in %N among F2 seeds produced by paternal excess F1 triploids and maternal 

excess F1 triploids were identified by GWA mapping and named POT (Paternal Overdose 

Triploid) and MOT (Maternal Overdose Triploid) respectively. Candidate protein-coding 

genes at the POT and MOT loci were selected based on their known involvement in the 

plant reproductive pathways and seed development. Some of these genes are involved in 

epigenetic processes including DNA methylation, histone modification, and siRNA 

mediated gene silencing and are strong candidates for explaining the epigenetic parent-of-

origin effects which are controlling triploid reproductive success. 
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1. Arabidopsis thaliana - a model species in plant biology and beyond 

Arabidopsis thaliana (a mouse-ear cress) is a small annual dicotyledon in the mustard 

family (Brassicaceae) which in the mid-1980s emerged as a phenomenal model organism 

of choice for studying biology of flowering plants (Rhee et al., 2003).  Its small size (~30 

cm) and limited growth facilities requirements, also the short lifecycle (~2 months) and 

rapid production of swarms of seeds (up to 10 000 seeds per plant) by self-fertilization, 

made it very useful to deal with in the laboratory conditions. Moreover, the smallest plant 

genome size (125 Mb) amenable to detailed molecular analysis, and rapid advances in 

genetic transformation by Agrobacterium-mediated gene transfer contributed to 

establishing A. thaliana, a model system in plant genetics (Koornneef and Meinke, 2010). 

Although several other plants of agricultural or horticultural importance, including tomato, 

maize, pea, rice, barley, petunia, and snapdragon were close to being recognized as model 

systems, A. thaliana, a simple weed of no economic value is the world‘s most studied 

angiosperm so far (Meinke et al., 1998, Somerville and Koornneef, 2002) and has called 

―the botanical Drosophila‖ (Leonelli, 2007).      

1.1 The first sequenced plant species  

A. thaliana is the first plant species for which the sequence of all genes essential for 

flowering plant life-cycle has been identified (Arabidopsis, 2000). This was followed by a 

revolutionary new initiative driven by the goal to understand the function and every 

molecular interaction of all 25 000 protein-coding genes in the sequenced genome by the 

year 2010. An implicit goal of these international projects was to gain ultimate 

understanding of the molecular process in the model system and to use this knowledge to 

bring other plants forward as efficiently as possible (Chory et al., 2000). A. thaliana is 

closely related to hundreds of thousands of other plant species, and therefore the knowledge 

gathered over decades on this model organism can be applied in many aspects of plant 

biology in general, not only in crops from Brassicaceae family (Somerville and Koornneef, 

2002). For example, some key aspects of plant physiology are highly conserved between 

Arabidopsis thaliana and economically important grasses like rice (Kobayashi and Weigel, 

2007).  
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Elucidation of gene function requires detailed phenotypic characterization of genetic 

variation, which can be induced by mutations or can be found among natural accessions of 

Arabidopsis thaliana (Alonso-Blanco and Koornneef, 2000). 

 

1.2 Identification of Arabidopsis thaliana gene function – analysis of mutants 

The Arabidopsis genome is amenable to forward genetics by which genetic variation is 

artificially induced, often through radiation or insertional mutagenesis. Mutant plants are 

then screened for particular phenotypes. Availability of mutants for most of Arabidopsis 

thaliana genes greatly facilitated identification of gene functions and improved our 

understanding of plant biology (Page and Grossniklaus, 2002). It enabled determination of 

gene functions by phenotypical analysis of genotypes in which specific genes were 

disrupted by T-DNA or transposon insertion, or using RNAi technology. However, mutant 

collections are in a limited number of genetic backgrounds which account for only a small 

part of Arabidopsis thaliana natural variation. Mutant phenotype of genes for which the 

wild-type accession carries natural null allele or a weak allele might not be detected. 

Epistatic interactions can cause some phenotypes to appear only in certain genetic 

backgrounds (Alonso-Blanco and Koornneef, 2000). It was reported that about 9.4% of 

protein-coding genes of wild accessions of A. thaliana are affected by ―major-effect 

change‖ SNPs which can lead to natural knock-outs (Clark et al., 2007). For example, FRI 

and FLC loci responsible for late flowering could not have been identified in mutant 

screens as the most standard laboratory accessions (Ler-0, Col-0, Ws) for which mutants 

are available, have early flowering phenotype and they carry loss of function alleles at FLC 

and/or FRI (Koornneef et al., 2004). Moreover, most flowering variation among 

Arabidopsis thaliana accessions is multigenic and requires quantitative analysis of 

segregating populations for identification and mapping of corresponding QTLs. Natural 

variation among accessions provides a complementary resource to discover novel gene 

functions (such as flowering time) and allelic variants interacting with the genetic 

background or environment and also alleles of small effects on phenotype, particularly for 

traits related to plant adaptation (Benfey and Mitchell-Olds, 2008).  
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1.3 Natural genetic variation among Arabidopsis thaliana accessions 

Arabidopsis thaliana‘s natural habitat includes a wide range of varying environments, 

stretching along the Northern hemisphere in Europe, Asia, and Africa; from northern 

Scandinavia (68
0 

N) to Kenya (0
°
) and from sea level in The Netherlands to the Himalayas 

(4200 m). It has been introduced from its native Eurasia to North America, Australia, and 

Japan – FIGURE 1 – (Hoffmann, 2002, Rédei, 1970, Alonso-Blanco and Koornneef, 2000, 

Sharbel et al., 2000). Many different natural accessions have been collected from wild 

populations since 1937 by the pioneers of Arabidopsis thaliana research – Prof. Friedrich 

Laibach and colleagues. They are available through seed stock centres – ABRC 

(Arabidopsis Biological Resource Center) in the USA, NASC (European Arabidopsis Stock 

Centre) in the UK and SASSC (Sendai Arabidopsis Seed Stock Center) in Japan, where 

they are propagated, preserved and distributed for research purposes (Scholl et al., 2000).  

 

FIGURE 1. Geographical distribution of A. thaliana (Weigel and Mott, 2009).  

Plants collected from different geographic locations often show considerable natural 

genetic variation. A. thaliana, like many other species, including crops such as maize, is 

highly polymorphic, while other species, such as soybean and melon are much less 

polymorphic (Shattuck-Eidens et al., 1990, Nordborg et al., 2005). Within-species, natural 

variation can be explained by spontaneously occurring mutations that have been maintained 

in nature by evolutionary processes including artificial and natural selection. For the past 

two decades there has been a rapid growth in research focused on the relationship between 
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phenotypic and genetic diversity. A number of genes and functional polymorphisms 

underlying natural variation in plant biological processes have been discovered, mostly in 

Arabidopsis thaliana (Weigel and Nordborg, 2005, Alonso-Blanco et al., 2009, Alonso-

Blanco et al., 2005). It contributed to a better understanding of the molecular basis of 

adaptation to local conditions and determined the ecological and evolutionary processes 

that maintain this variation (Mitchell-Olds and Schmitt, 2006, Mitchell-Olds et al., 2007). 

Considerable variation has been described for many adaptive traits such as tolerance to 

abiotic stress, including temperature, draught, and metals (Murphy and Taiz, 1995, McKay 

et al., 2003, Hannah et al., 2006), and resistance to biotic stress, such as insects, fungi, 

bacteria, or viruses (Kunkel, 1996). Variation has also been found in many other traits, 

including developmental (flowering time, seed size, plant height) (Koornneef et al., 1998, 

Mitchell-Olds, 1996, Alonso-Blanco et al., 1999, Krannitz et al., 1991), physiological (seed 

dormancy) (Bentsink et al., 2006), biochemical (enzymatic activities) (Mitchell-Olds and 

Pedersen, 1998) and complex genetic mechanisms (chiasma frequency, DNA methylation, 

gene expression level) (Sanchez-Moran et al., 2002, Riddle and Richards, 2002, Cervera et 

al., 2002, Kehoe et al., 1999, Zhang et al., 2008). It has been reported that 20% of genes 

can have variation in expression in different accessions (Keurentjes et al., 2007b, 

Kliebenstein, 2009). However, in some cases these differences may not have a significant 

effect on phenotypical changes because of the buffering effect of molecular chaperones (Fu 

et al., 2009, Queitsch et al., 2002).  

Natural genetic variation among Arabidopsis thaliana accessions, adapted to local natural 

conditions and their highly inbred nature makes this model species suitable for studying 

genome-wide associations (GWA) (Atwell et al., 2010) and genotype-environment 

interactions (G x E) (Jansen et al., 1995). 
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1.4 Polymorphism (SNPs) discovery among Arabidopsis thaliana natural accessions  

Comparative sequencing, targeting thousands of regions across the entire genome of 

Arabidopsis thaliana natural accessions facilitated development of single nucleotide 

polymorphism (SNP) markers and revealed high level of genetic variation between 

accessions  (Nordborg et al., 2005, Clark et al., 2007).  

The first attempt to sequence the Arabidopsis thaliana genome was focused on the 

Columbia (Col-0) accession using a bacterial artificial chromosome (BAC)-by-BAC 

sequencing approach, to create a high-quality reference genome (Arabidopsis, 2000). 

Cereon Genomics LLC, a subsidiary of Monsanto Co., has successfully accomplished 

sequencing the second accession of A.thaliana - Landsberg erecta (Ler) by the whole-

genome shotgun approach (Rounsley and Last, 2010). Comparison of these two sequenced 

Arabidopsis thaliana accessions provided a first insight into the nature of large-scale 

genomic variation and led to identification of putative polymorphisms: single nucleotide 

polymorphisms (SNPs) and insertion-deletion polymorphisms (indels), that could be used 

as markers – FIGURE 2 - (Rounsley and Last, 2010). This also led to the generation of the 

first genome-wide polymorphism database for any plant species, freely accessible through 

TAIR (http://www.Arabidopsis.org) (Rounsley, 2003).  

 

FIGURE 2. First genome-wide polymorphism (SNPs and indels) discovery between Col 

and Ler Arabidopsis thaliana accessions (Rounsley and Last, 2010). 

The next milestone in expanding our knowledge of Arabidopsis thaliana sequence variation 

was the identification of nearly 9,000 polymorphisms across 12 accessions (Schmid et al., 

2003). To search for polymorphism in a panel of 96 accessions, a standard PCR-based 

dideoxy sequencing method has been used to sequence 1,500 short fragments (Nordborg et 

al., 2005). A subset of the 20 most diverse strains was then selected for a whole genome re-
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sequencing using high-density microarray to construct the first-generation haplotype map 

(HapMap) for A.thaliana (Clark et al., 2007). Recent breakthroughs in resequencing had led 

to the development of a custom high-density Affymetrix 250K SNP-chip for genotyping 

over 1000 genetically diverse natural accessions of A. thaliana (Borevitz et al., 2007). 

Efforts are currently under way to characterize the whole-genome sequence variation in all 

those accessions (http://1001genomes.org/) using different technologies and different 

depths of sequencing coverage (Weigel and Mott, 2009). The availability of high-density 

SNP markers throughout the genome facilitated high-resolution mapping and association 

mapping approaches based on linkage disequilibrium (LD). 

Several software tools have been developed to assist researchers in selecting appropriate 

markers for crossing particular accessions, e.g. MSQT (Multiple SNP Query Tool) 

(Warthmann et al., 2007) or TAIR SeqViewer (http://www.arabidopsis.org/servlets/ sv).  

1.5 Mapping large-effect loci from qualitative variation 

Some of the phenotypic natural variation existing between accessions is qualitative 

(discrete) due to single-gene allelic variants (monogenic). Genetic analysis of variation in 

these traits, similarly to variation between induced mutants and wild-types, includes 

detection of cosegregation with markers (Mendelian linkage mapping) and allelism tests by 

complementation. In Arabidopsis thaliana, several molecular marker techniques have been 

developed for mapping major effect allelic variation in specific traits between two 

accessions. These marker techniques include restriction fragment length polymorphisms 

(RFLPs), cleaved amplified polymorphic sequences (CAPSs), microsatellites and amplified 

fragment length polymorphisms (AFLPs) (Alonso-Blanco et al., 1998b). Availability of the 

complete genome sequence and the high density of polymorphisms between accessions 

makes these marker techniques very useful for the construction of high resolution genetic 

maps, for the analysis of genetic diversity, rapid and accurate linkage mapping of loci, as 

well as for applied diagnostic purposes, analysis of the genetic structure of the populations 

and phylogenetic analysis, etc (Rafalski, 2002). Many disease resistance genes (Ton et al., 

1999, Deslandes et al., 1998) and large-effect alleles for flowering time (an otherwise 

typically quantitative trait) have been identified between accessions (Clarke and Dean, 

1994). 

http://1001genomes.org/
http://www.arabidopsis.org/servlets/%20sv
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1.6 Mapping loci from quantitative variation 

Most of the genetic variation among accessions is quantitative, as effects of allelic variation 

at several loci (multigenic) together with the environmental effect, determines a continuous 

phenotypic distribution of the trait in segregating populations (Alonso-Blanco and 

Koornneef, 2000). Genomic regions of interest for complex quantitative traits can be 

identified by statistical association of specific trait variation with segregating molecular 

markers - quantitative trait loci (QTLs). QTL mapping (linkage mapping) takes advantage 

of the natural variation present within species and have been successfully used in various 

types of segregating populations. In Arabidopsis thaliana well characterized ‗immortal‘ 

mapping populations consisting of homozygous individuals are widely used for this 

analysis. Examples of such populations are recombinant inbred lines (RILs) derived from 

crosses between divergent accessions and then successively selfed for several generations, 

doubled haploids (DH), and near isogenic lines (NILs) obtained through repeated 

backcrossing and extensive genotyping (Keurentjes et al., 2007a, Alonso-Blanco et al., 

1998b, Balasubramanian et al., 2009). Increasing density of genetic maps resulting from 

decreasing costs of genotyping has contributed to the growing success of identifying 

individual loci (QTLs) responsible for some complex traits (Borevitz and Nordborg, 2003). 

A QTL is typically a genomic segment (5 to 50 cM) accounting a proportion of trait 

variation, which contains potentially many hundreds of individual genes and other 

chromosomal features from which one or few could be casual (Mauricio, 2001). Various 

NILs have been developed, where only one QTL region segregates in an otherwise isogenic 

genetic background, to confirm and fine map QTLs previously identified in RILs 

(Keurentjes et al., 2007a). Further analyses of these regions are necessary for the final 

identification and cloning of quantitative trait genes – QTGs and identification of the 

underlying nucleotide polymorphism (QTN) (Alonso-Blanco et al., 1998a, Juenger et al., 

2005, Alonso-Blanco et al., 2003, Bentsink et al., 2003).  

In 1923, Karl Sax identified a QTL for seed size in beans (Phaseolus vulgaris) which was 

mapped by statistical association with a Mendelian marker for seed pigmentation (Sax, 

1923). More recently, the FRIGIDA (FRI) gene involved in the control of flowering time in 

Arabidopsis thaliana (Johanson et al., 2000) and the DELAYED GERMINATION1 (DOG1) 
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gene (Bentsink et al., 2006) have been identified by the means of QTL mapping. ACD6 

gene was confirmed to be responsible for the single major effect QTL for both leaf 

initiation rate and late-onset leaf necrosis, by fine mapping to 12 kb region and targeting 

with artificial microRNAs (Todesco et al., 2010). This was consistent with the 

identification of the same region responsible for variation in necrosis in the set of 96 

accessions by genome-wide association mapping (Atwell et al., 2010).  

QTL mapping has had an enormous impact on agriculture, manifested by the identification 

of locus for tomato fruit size (Frary et al., 2000), maize fruit architecture (Dorweiler et al., 

1993), and length and quality of the cotton seed fibre (Jiang et al., 1998), yielding insight 

into the evolution of the domestication of these crops (Mauricio, 2001). 

 

1.7 Genome-wide association (GWA) mapping - potentials and pitfalls 

Genome-wide association mapping (LD mapping) determines the genetic basis of 

phenotypic variation by identification of sequence variants that correlate with a given 

phenotype across a large number of populations of unrelated individuals (Myles et al., 

2009, Aranzana et al., 2005, Weigel and Nordborg, 2005). A. thaliana has been widely used 

for this approach because of the high density of molecular markers available (one SNP 

every 500 bp) and also the high level of homozygosity found in the naturally inbred 

accessions (Zhao et al., 2007, Nordborg and Weigel, 2008). Once genotyped, various 

Arabidopsis thaliana accessions can be phenotyped multiple times for many different traits 

in many different environments, or for the same trait to reduce environmental noise (Atwell 

et al., 2010, Aranzana et al., 2005). Increasing number of sequenced accessions and 

improved sequencing technologies has contributed to the increasing power of associations, 

and the growing success of GWA mapping in understanding the genetics of natural 

variation and in studying traits of agricultural importance (Weigel and Mott, 2009). 

Sequence variants identified by the means of LD mapping are expected to be very closely 

linked to QTL e.g. FRIGIDA. It has been demonstrated that this gene can be mapped to a 

roughly 30 kb region by searching directly for marker-trait associations (LD) in a 

population of individuals (Hagenblad et al., 2004). 
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However, association mapping can suffer from serious confounding effects and some 

marker-trait associations may not be due to casual relationships (LD), but because of the 

demographical factors such as strong population structure or complex genetics. This may 

occur as accessions collected from the same geographical regions are often more related 

than those coming from more distant locations which might produce increased rates of 

false-positive associations, especially when studying traits important for adaptation to local 

environments (Weigel and Nordborg, 2005, Nordborg et al., 2005, Sharbel et al., 2000). 

Statistical tools correcting for population structure are being developed to reduce rates of 

spurious genotype-phenotype associations (Pritchard et al., 2000, Devlin and Roeder, 1999, 

Zhao et al., 2007, Yu et al., 2005b). However, it seems impossible to reduce the false-

positive rates without paying the price of introducing small rates of false negatives that are 

strongly correlated with population structure. This can decrease the power of association 

mapping, which is also determined both by the marker density and sample size. If the 

sample size is too small, only major QTLs can be detected. Association studies using a 

priori candidate genes within a particular region where a QTL is located have a higher 

potential, especially if they turn out to be significantly over-represented among SNPs 

associated with the phenotype (Atwell et al., 2010). Confounding results can best be 

overcome by further experimental validations using crosses, transgenic lines or 

complementary QTL mapping in controlled crosses. Also, the nested association mapping 

(NAM) strategy developed in maize, which involves generation of experimental 

populations in which members of different populations are crossed in a systematic way 

(Weigel and Mott, 2009, Yu et al., 2008), is being incorporated into Arabidopsis research. 
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1.7.1 Linkage Disequilibrium (LD) 

Linkage Disequilibrium (LD), the basis for genome-wide association studies, is the non-

random association of alleles at different loci explaining genetic variation in natural 

populations. Associations, known as linkage disequilibria, typically exist between very 

closely linked loci which tend to be inherited together (haplotypes) more often than alleles 

at unlinked loci. This means that LD mapping is useful for fine mapping e.g. after a gene 

has been roughly localized using linkage mapping by QTL (Borevitz and Nordborg, 2003). 

LD reflects the genetic force of recombination, and the average rate of decay depends on 

the recombination frequency along the genome, the mating system of the organism, and its 

population history, including the forms of selection acting up it (Rafalski, 2002). A high 

degree of inbreeding reduces the efficacy of recombination in breaking up linkage 

disequilibrium so makes LD more likely to be extensive. Given the selfing nature of A. 

thaliana, LD decays much more rapidly than it was initially predicted; within 10 kb 

(Plagnol et al., 2006, Kim et al., 2007, Nordborg et al., 2002, Nordborg, 2000). LD 

determines the marker density required for association mapping: if LD decays too rapidly, a 

very dense map is needed. If the LD is extensive, whole genome scans are feasible but the 

resolution might be limited (Nordborg et al., 2002).  
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2. Arabidopsis thaliana sexual reproduction and seed development 

2.1 Plant life cycle 

The angiosperm life-cycle alternates between a dominant diploid sporophytic generation 

and a reduced haploid gametophytic generation, restricted to only a few cells of female 

embryo sac and male pollen grains (Page and Grossniklaus, 2002). In angiosperms the life 

cycle begins with the process of double fertilization, which initiates seed development and 

ends with the meiotic division during gametogenesis – FIGURE 3.  

 

FIGURE 3. Higher plant life cycle. 

2.2 Flowering time 

It is essential for angiosperms (flowering plants) to flower under favourable environmental 

conditions to ensure successful reproduction. Therefore the time for transition from the 

vegetative to the reproductive phase is likely to reflect significant adaptations to different 

natural environments (Alonso-Blanco et al., 1998a). Flowering time is an important trait as 

earlier reproduction often translates into higher fitness (Kelly and Levin, 2000). Natural 

genetic variation for flowering time has been found among accessions of Arabidopsis 

thaliana, even when grown under the same conditions. Flowering time can be influenced 

by environmental factors such as photoperiod length and temperature. Certain plant species 

require a 3-8 week cold treatment for the induction of flowering, called vernalization 

(Michaels and Amasino, 2000, Nordborg and Bergelson, 1999)  
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2.3 Gametogenesis 

During the process of gametogenesis, haploid spores in male and female parts of the flower 

undergo two or three mitotic divisions to generate the maternal megagametophyte (embryo 

sac) and paternal microgametophyte (pollen grain). 

 

2.3.1 Microsporogenesis 

In male gametogenesis, meiosis produces four haploid microspores which subsequently 

undergo two rounds of mitosis to produce a pollen grain (male gametophyte). First mitosis 

asymmetrically divides the haploid spores to form a larger vegetative cell engulfing a 

smaller generative cell, which upon second mitosis generates two haploid sperm cells. Each 

pollen grain carries a pair of haploid sperm cells contained within the cytoplasm of the 

uninucleate vegetative cell  – FIGURE 4 - (Scott et al., 2008).  

 

2.3.2 Megasporogenesis  

The Arabidopsis thaliana developmental pattern of the female gametophyte (embryo sac) is 

the polygonum type which is present in 70% of all angiosperms (Coimbra et al., 2007). It is 

located in the core of the mature ovule, surrounded by the maternal tissue of the 

integuments, and attached to the carpel placental tissue by the funiculus. One cell in the 

sub-epidermal layer of the ovule (nucellus) develops into the megaspore mother cell 

(MMC) which undergoes meiotic reduction giving rise to four megaspores. Three 

megaspores degrade, and the single surviving one forms the embryo sac through three 

rounds of mitosis, producing eight nuclei. Before cytokinesis, each nuclei migrates to its 

own specific position in the embryo sac: two synergids flank the egg cell in the micropylar 

pole, three in the antipodal position in the opposite chalazal pole, and the two polar nuclei 

which form the homodiploid central cell remain in the centre – FIGURE 4 - (Christensen 

et al., 1997, Drews et al., 1998, Grossniklaus and Schneitz, 1998, Olmedo-Monfil et al., 

2010, Yang and Sundaresan, 2000). 
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2.4 Double fertilization 

Flowering plants comprise over 250,000 different species. The reason for their evolutionary 

success is partly due to the development of double fertilization, producing an embryo along 

with the second product of fertilization - endosperm. In sexually reproducing diploid plants, 

each pollen grain contains two sperm nuclei that are delivered by the pollen tube to the 

embryo sac upon germination of the vegetative cell. A pollen tube guidance system ensures 

that a single pollen tube penetrates each embryo sac and that each female gamete is 

fertilized by a maximum of two sperm, avoiding polyspermy (Scott et al., 2008, 

Higashiyama et al., 2001). Recognition and fusion of one of the sperm nuclei with the 

haploid egg cell results in the formation of a diploid zygote, which gives rise to the 

daughter plant, while fertilization of the homodiploid central cell by the other sperm nuclei 

gives raise to the triploid endosperm – FIGURE 4 - (Sprunck and Dresselhaus, 2009, 

Dresselhaus, 2006, Faure et al., 2002). This tissue differs in principle from the embryo due 

to the genomic ratio, which is 2:1 maternal to paternal genome, and also due to its 

development, function and fate (Olsen, 2004). The fusion of the parental genomes during 

karyogamy reinitiates the plant life-cycle leading to a new zygotic generation (Berger, 

2008). 

 

FIGURE 4. Gametogenesis, double fertilization and seed development in Arabidopsis 

thaliana (Mosher and Melnyk, 2010). 
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2.5 Seed development 

The final product of double fertilization in diploid angiosperms such as Arabidopsis 

thaliana is a seed consisting of three parts that differ in their genetic composition: the 

diploid embryo carrying one copy of both maternal and paternal allele, the triploid 

endosperm carrying two copies of maternal and one copy of paternal allele, and the seed 

coat composed of diploid maternal tissue – FIGURE 5 - (House et al., 2010). Viable seed 

development requires integrated cell proliferation and cell elongation of these three 

components (Autran et al., 2011, Aw et al., 2010, Chaudhury et al., 2001).  

Seed development of many dicots, including Arabidopsis thaliana, initially involves active 

endosperm proliferation and integument expansion followed by a second phase in which 

the embryo grows to its full size. Endosperm first grows through successive divisions of the 

triploid nuclei without cytokinesis as a syncitium for several mitotic cycles, and after that it 

is partitioned into individual cells during cellularization (Olsen, 2004, Berger, 1999). It 

functions as a sink tissue that acquires nutrients from the seed parent for the developing 

embryo and during germination, plays role in signalling among seed components and 

protects the embryo from physical and osmotic stress (Berger, 2003). The endosperm is 

transient and is consumed by the growing embryo during seed development, leaving only a 

single layer of cells at maturity that do not genetically contribute to the next generation. 

Growth of the zygote is typically polar and the division asymmetric, leading to formation of 

a small apical cell which develops into the spherical proembryo, and a large basal cell, the 

founder of the feeding structure called the suspensor. The maternal ovule undergoes 

regulated growth and the integuments ultimately constitute the seed coat or testa 

(Sundaresan, 2005).  

 

FIGURE 5. Arabidopsis thaliana seed development (Sun et al., 2010). 



 Chapter 1 – General Introduction  

 
  16 
 

3. Seed size control 

Seed size is a very important adaptive trait as larger seeds have often higher fitness than 

smaller seeds, and are expected to be under strong stabilization selection (Silvertown, 1989, 

Stanton, 1984). Larger seeds often have a higher probability of germinating, and seedlings 

emerging from larger seeds tend to have greater survival and better performance under a 

range of environments (Manning et al., 2009, Westoby et al., 2002, Krannitz et al., 1991). 

Variation in seed size can be attributed to environmental conditions that  provide more or 

less resources for the maternal parent to invest in seeds (Roach and Wulff, 1987). Most 

grains consumed today have larger seeds than their wild relatives, subject to years of 

selection and breeding programs (Shomura et al., 2008). Identification of factors involved 

in seed size and number control can be very important in developing strategies to improve 

grain yield in crops, such as Brassica napus – close relative to Arabidopsis thaliana (Egli, 

1998, Diepenbrock, 2000). 

Genes controlling seed size can be discovered by either forward or reverse genetics, or by 

QTL mapping of loci underlying natural variation (Alonso-Blanco et al., 1999, Rowan et 

al., 2011). Extensive variation in seed size and weight (up to 3.5-fold) has been found 

among Arabidopsis thaliana natural accessions, providing opportunities for QTL mapping 

of loci controlling this trait (Krannitz et al., 1991, Alonso-Blanco et al., 1999, Stokes et al., 

2007, Ungru et al., 2008, De Jong et al., 2009). A number of QTLs have been identified to 

control seed size, of which some collocate with QTLs for maternal traits, such as seed 

number and fruit size, suggesting that maternal tissues are important in determination of the 

seed size (Alonso-Blanco et al., 1999). Significant loci controlling seed weight have been 

identified using QTL mapping in crop plants, such as tomato, soybean, maize and rice, 

however not many of the corresponding genes have been cloned so far (Doganlar et al., 

2000, Hyten et al., 2004, Song et al., 2007).  

It has been observed that the same genotype can have different effects on the seed size and 

number depending if it is inherited maternally or paternally. This parent-of-origin effects 

can be explained by maternal/paternal effects, including sex-specific expression, 

differential dosage effects or/and genomic imprinting (uniparental gene expression) 
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(Kinoshita et al., 1999, Vielle-Calzada et al., 1994, FitzGerald et al., 2008, House et al., 

2010, Dilkes and Comai, 2004, Hardenack et al., 1994, Köhler et al., 2004).  

3.1 Parental effects  

Many maternal effects on seed size have been found (Roach and Wulff, 1987, Mousseau 

and Fox, 1998, Galloway et al., 2009), while only rarely have paternal effects been 

observed (Andersson, 1990, Marshall and Whittaker, 1989, De Jong et al., 2009). Maternal 

control of seed size by integument elongation has been observed in crosses between 

Arabidopsis thaliana natural accessions where seeds of distinct sizes produced seeds 

similar to the size of the maternal accession (Alonso-Blanco et al., 1999, Garcia et al., 

2005). The maternal genotype was found to explain a larger proportion of the variance in 

seed size and number in the natural populations of Arabidopsis thaliana, however paternal 

genotype also significantly affected resource allocation to seeds and explained 

approximately 10% of the variation (House et al., 2010). Feedback control from the 

maternal integument on endosperm growth could determine the final seed size. 

Paternal effects were observed in crosses involving the Ler accession, where a maternally 

inherited Ler genome produced the smallest seeds, while a paternally transmitted Ler 

genome always produced seeds with the largest size. This suggests that the Ler paternal 

effect is independent of the maternal genotype (House et al., 2010, Alonso-Blanco et al., 

1999). Paternal effect through sex-specific gene expression in Arabidopsis thaliana has 

been found for the SSP (SHORT SUSPENSOR) protein produced in mature pollen, which 

upon fertilization triggers zygotic YDA (YODA) activity, to promote elongation of the 

zygote and development of the suspensor, thus controlling embryonic patterning (Bayer et 

al., 2009). 
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3.1.1 Regulation of seed size through integument development 

Only a handful of genes are known to be involved in determining Arabidopsis thaliana 

seed size (Jofuku et al., 2005, Adamski et al., 2009, Zhou et al., 2009, Wang et al., 2010, 

Mizukami and Fischer, 2000). Analysis of Arabidopsis thaliana mutants directly affecting 

seed size reveal that both endosperm and integument growth are involved in controlling this 

trait (Garcia et al., 2005, Sun et al., 2010).  

Maternal control via integument cell elongation and proliferation is affected by WRKY 

transcription factor TTG2 (TRANSPARENT TESTA GLABRA2) promoting seed size 

(Johnson et al., 2002a, Debeaujon et al., 2000). AINTEGUMENTA (ANT) transcription 

factor plays a role in controlling cell proliferation and its ectopic expression results in an 

increase in size of various plant organs, including seeds (Krizek, 1999, Mizukami and 

Fischer, 2000). The cytochrome P450 KLU (KLUH) promotes seed size by generating a 

maternal mobile signal, possibly hormones, to control inner integument of a developing 

ovule (Adamski et al., 2009).  

By contrast, a transcription factor mediating gene expression in response to auxin -ARF2 

(AUXIN RESPONSE FACTOR2, also known as MEGAINTEGUMENTA - MNT), the floral 

homeotic gene AP2 (APETALA2), and the ubiquitin interaction motif-containing the DA1 

protein limit seed size by restricting cell proliferation in the integuments (Schruff et al., 

2006, Jofuku et al., 2005, Ohto et al., 2005, Li et al., 2008). Also Bsister class MADS-box 

proteins TT16/ABS (TRANSPARENT TESTA16/ARABIDOPSIS BSISITER) and 

GORDITA/AGL63 are expressed in female reproductive organs and inhibit seed growth 

(Nesi et al., 2002, Prasad et al., 2010). 
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3.1.2 Regulation of seed size through endosperm development 

Early endosperm proliferation and subsequent seed size at maturity is controlled by a 

successive action of IKU1, IKU2 (HAIKU) and MINI3 (MINISEED) genes (Garcia et al., 

2003, Luo et al., 2005). Although mutations in these genes cause primarily reduced growth 

and precocious cellularization of the endosperm, the overall seed size is decreased, 

including the size of the integument. This provides evidence for a feedback communication 

from the filial generation of endosperm to the maternal seed integument (Garcia et al., 

2003). Both IKU2 and MINI3 genes likely correspond to two seed size QTLs identified in 

Ler/Cvi RIL lines (Alonso-Blanco et al., 1999, Luo et al., 2005). Although TTG2 and IKU2 

genes act in independent genetic pathways, crossing of both mutants causes an additive 

effect, supporting a cross-talk between the integument and endosperm to determine the 

final seed size (Garcia et al., 2005). Mutations in EXS (EXTRA SPOROGENOUS CELLS) 

and SHB1 genes (SHORT HYPOCOTYL UNDER BLUE1) also exhibit slow endosperm 

development and smaller seed phenotype implying that they are involved in seed size 

control (Canales et al., 2002, Zhou et al., 2009).  

Several MADS-box proteins, a group of transcription factors involved in flower and fruit 

development, have been found to regulate seed size through maternal control of endosperm 

growth. AGAMOUS-LIKE proteins such as AGL80, AGL61 and AGL62 promote nuclear 

proliferation and delay endosperm cellularization (Kang et al., 2008b, Portereiko et al., 

2006a, Steffen et al., 2008).  

In maize, a miniature 1 mutant has been found to produce smaller seeds with reduced 

endosperm growth, similar to iku mutants in Arabidopsis thaliana (Miller and Chourey, 

1992). A miniature 1 gene encodes a protein cell wall invertase2 which is supposedly 

involved in the coordination of the maternal nutrients supply to the seed (Cheng et al., 

1996). 

Moreover, phytohormones such as auxins, cytokinins, gibberellins, and brassinolides were 

also found to be involved in seed size regulation through the control of endosperm and 

embryo growth (Müller and Sheen, 2007, Richards et al., 2001, Divi and Krishna, 2009). 
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3.2 Parent-of-origin dosage effects 

In balanced crosses (2x X 2x or 4x X 4x), the seed size increases with overall ploidy, but 

altering parental genome ratios has an even greater effect on the size of the mature seed 

(Scott et al., 1998). Arabidopsis thaliana, unlike many other plant species, readily produces 

viable seeds that contain triploid (3x) embryos from reciprocal crosses between diploid (2x) 

and tetraploid (4x) parents. Doubling the dosage of the paternal genome (in 2x X 4x 

crosses) results in increased and prolonged endosperm proliferation, delayed cellularization 

and abnormally larger seeds, while doubling the maternal contribution (in 4x X 2x crosses) 

produces abnormally smaller seeds comprising of fewer endosperm (Scott et al., 1998). 

Tripling the dose of maternal or paternal genomes (from 6x X 2x or 2x X 6x crosses, 

respectively) results in producing seeds with similar but more extreme phenotypes which 

eventually abort. Observed phenotypes strongly suggest that endosperm failure is the main 

cause of seed abortion following inter-ploidy crosses and the extent of endosperm growth is 

important for final seed size (Haig and Westoby, 1991, Birchler, 1993). According to the 

Endosperm Balance Number (EBN) hypothesis, the exact genome ratio of two maternal to 

one paternal genome (2m:1p) is crucial for the normal endosperm development, rather than 

the total ploidy level (Lin, 1984, Lin, 1982). Disruption of this ratio causes an imbalanced 

expression of maternally and paternally derived genomes leading to an endosperm 

breakdown or even failure of seed development (Dilkes and Comai, 2004). It has been 

proposed that inter-ploidy cross phenotypes are attributed to the disrupted balance of active 

copies of parentally imprinted genes in the seed (Haig and Westoby, 1991, Gehring et al., 

2004, Baroux et al., 2002). 

3.3 Epigenetic regulation of endosperm development 

Epigenetics describes stable changes to gene expression that is beyond variation at the 

DNA sequence level, e.g. variation in cytosine methylation or covalent histone 

modification (Banaei Moghaddam et al., 2010). Chromatin can have a transcriptionally 

active form and have a low methylation level (euchromatin), or can be more condensed, 

trancriptionally inert and highly methylated (heterochromatin) (Kouzarides, 2007). Selected 

lysine (K) residues of histones are subjected to acetylation, methylation and other 

modifications (Tariq and Paszkowski, 2004, Demidov et al., 2006).  
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3.3.1 DNA methylation 

DNA methylation is a heritable epigenetic modification of cytosine that regulates growth 

and development through transcriptional silencing of transposons and transgenes, genomic 

imprinting, defence against pathogens and endogenous gene silencing (Xiao et al., 2006, 

Bender, 2004, Martienssen and Colot, 2001, Gehring et al., 2004, Simon et al., 2005, 

Finnegan et al., 1996, Kakutani et al., 1996, Miura et al., 2001, Zhang et al., 2010, 

Paszkowski and Whitham, 2001). DNA methylation is associated with histone 

modifications causing chromatin rearrangements and accessibility of DNA to transcription 

factors (Soppe et al., 2002, Jackson et al., 2002, Johnson et al., 2002b, Fransz and de Jong, 

2002). However, methylation-independent epigenetic regulation, such as MOM1 

(Morpheus‘ molecule 1) was also reported (Mittelsten Scheid et al., 2002, Yokthongwattana 

et al., 2009). 

DNA methylation is regulated by two enzymatic activities – ‗de novo‘ and ‗maintenance‘ 

DNA methyltransferases (MTases), together with DNA demethylases, histone-modifying 

enzymes, chromatin remodelling factors, and the RNA interference machinery (Zhang et 

al., 2010). In Arabidopsis thaliana, MET1 (METHYLTRASFERASE1) primarily maintains 

CpG DNA methylation in the gametophyte and sporophyte generations (Finnegan and 

Kovac, 2000, Jean Finnegan and Dennis, 1993), while a smaller subset of DNA 

methylation (CpNpG and asymmetric CpNpN) is maintained by CMT3 

(CHROMOMETHYLASE3) and the de novo DRM1/DRM2 (DOMAINS RE-ARRANGED 

METHYL-TRANSFERASE) methyltrasferases (Henikoff and Comai, 1998, Bartee et al., 

2001, Lindroth et al., 2001, Cao and Jacobsen, 2002). DDM1 (DECREASED DNA 

METHYLATION1) is a SWI2/SNF2 chromatin remodelling protein also involved in DNA 

methylation patterning in Arabidopsis thaliana and has also been found to regulate 

genomic imprinting, transposons, gene silencing and paramutation (Vielle-Calzada et al., 

1999, Singer et al., 2001, Hirochika et al., 2000, Stam and Mittelsten Scheid, 2005). 

Reduction of cytosine methylation is carried out by DNA glycosylases ROS1 (REPRESSOR 

OF SILENCING1) or DME (DEMETER)  (Choi et al., 2002, Gong et al., 2002). Reduced 

DNA methylation has pleiotropic effects on plant development, including delayed 

flowering, reduced fertility, abnormal gametogenesis and abnormal shoot and leaf 
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development (Saze et al., 2003, Ronemus et al., 1996, Finnegan et al., 1996, Kakutani et al., 

1996). 

DNA hypomethylation has a parent-of-origin effect on seed size, and reciprocal crosses 

between hypomethylated and WT plants result in similar seed phenotypes to those observed 

in inter-ploidy crosses (Adams et al., 2000, Scott et al., 1998). Hypomethylated plants 

produce gametes with imprinted alleles that lose most/all of their silencing, so that 

hypomethylated pollen provides active genes that were previously only maternally 

expressed in endosperm. This leads to an overexpression of maternally-specific growth 

inhibitors which in turn cause a phenocopy of maternal genome excess plants from inter-

ploidy crosses and smaller seeds. Hypomethylated embryo sacs will result in an opposite 

phenotype of paternal excess plants from an inter-ploidy cross, i.e. larger seeds (Scott et al., 

1998, Xiao et al., 2006). This shows that DNA methylation plays an important role in 

parent-of-origin effects on seed development via the action of imprinted genes in the 

endosperm, and disruption to the balance of expression of imprinted genes explains the 

observed phenotypes (FitzGerald et al., 2008, Adams et al., 2000). 

Resemblance of iku seeds, seeds containing an excess of maternal dosage in endosperm and 

seeds obtained by fertilization of WT ovules by met1 mutant pollen strongly suggests an 

epigenetic control of genes involved in endosperm growth, such as IKU (Garcia et al., 

2005).  

3.3.2 siRNAs 

Changes in cytosine methylation patterns are associated with action of small interfering 

RNAs (siRNAs) that provide targets for methyltransferases (Matzke et al., 2009). Short 

interfering RNAs play crucial role in gene regulation. These 24 nt long RNAs, 

corresponding to transposable elements (TEs) and other repetitive elements, cause 

epigenetic gene silencing by de novo cytosine methylation. In the RdDM pathway (RNA-

dependent DNA methylation) siRNAs are generated by the action of DNA-dependent RNA 

polymerase Pol IV, RNA-dependent RNA polymerase RdR2, and Dicer-like DCL3 (Chan 

et al., 2005, Matzke et al., 2009). They are loaded into ARGONAUTE proteins AGO4 and 

AGO6 to direct cytosine methylation by DRM2 MTase together with Pol V and the 

chromatin remodelling protein, DRD1 (Onodera et al., 2005, Wierzbicki et al., 2009).  
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The uniparental expression of PolIV-dependent siRNAs (p4-siRNAs ) is initiated in the 

female gametophyte and persists during seed development (Mosher et al., 2009). These 

maternally inherited and paternally silenced siRNAs contribute to the list of imprinted loci 

found in the Arabidopsis thaliana genome, and support the parental genome conflict 

hypothesis in which the maternal genome has a suppressive effect on hybrids. Interaction 

between maternal p4-siRNA and a paternal target is a unique property of hybrids, therefore 

it can affect post-zygotic failures in reciprocal inter-specific crosses, such as of A.thaliana 

and A.arenosa (Chen, 2010, Comai et al., 2000, Mosher and Melnyk, 2010). It could also 

contribute to phenotypes that are not observed in the parents, including growth 

enhancement through hybrid vigour and transgressive segregation (Mosher et al., 2009).  

3.3.3 Genomic imprinting 

Parental genomes are not functionally equivalent in endosperm, since each contributes a 

unique set of active alleles of imprinted genes (Adams et al., 2000). Kinship theory 

proposes that maternal and paternal parents are in conflict over the allocation of resources 

to their offspring (Haig and Westoby, 1989, Haig, 2000). Reproductive fitness of a 

maternal parent is greater when she distributes resources equally among her offspring, 

while a paternal parent benefits when maternal resources are concentrated in his own 

offspring. Therefore the role of paternal genes is to promote seed growth, even if it reduces 

the overall number of seeds produced by the mother, while female genes are acting 

antagonistic to those, reducing the growth (Scott et al., 1998). This suggests that the growth 

promoters are paternally active and maternally silenced while the growth inhibitors have 

the opposite expression patterns. Consistently with the limited resources available to a 

mother for allocation among her offspring, there is a trade-off between the size and the 

number of seeds that can be produced by a maternal plant (Sadras, 2007). 

Conflict over optimum seed size between parents, and between parents and offspring may 

explain the evolution of imprinting in genes that affect seed size (de Jong and Scott, 2007, 

Haig and Westoby, 1991). Similar to the situation observed for the mammalian placenta, 

flowering plants can imprint some genes during endosperm development in a way that they 

are only expressed through either maternal or paternal allele, depending on the locus (Huh 
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et al., 2007, McKeown et al., 2011). These imprinted genes reflect different epigenetic 

marks acquired or lost during gametogenesis (Paszkowski and Grossniklaus, 2011).  

Genomic imprinting is associated with differential DNA methylation (DMR) between 

parental alleles. MEA, FIS2 and FWA imprinted genes are silenced from the paternal allele 

in endosperm by MET1 mediated DNA methylation (Jullien et al., 2006b, Xiao et al., 

2003), but active from the maternal allele owing to the methylation-removing activity of 

DEMETER (DME) during female gametogenesis (Kinoshita et al., 1999, Choi et al., 2002, 

Kinoshita et al., 2004). Both MET1 and DME are essential for the control of seed 

development, although they function antagonistically (Xiao et al., 2003). Maternal control 

of MET1 over the seed size is mediated through its action on the maternal tissues such as 

integument (FitzGerald et al., 2008).  

A direct relationship between DNA methylation and Polycomb group proteins (PcG) in the 

parent-of-origin regulation of seed size has been shown (Vinkenoog et al., 2000, Jullien et 

al., 2006b, Xiao et al., 2003). Mutations in PcG genes cause parent-of-origin effects on seed 

viability and endosperm cell proliferation (Hsieh et al., 2003, Kiyosue et al., 1999).  

FIS-class genes (FERTILIZATION INDEPENDENT SEED) mediate genomic imprinting in 

flowering plants and maternal mutants (medea, fis2, and fie) show many features of the 

paternal excess phenotype, resulting in embryo lethality later in the seed development (Luo 

et al., 1999, Ohad et al., 1999, Grossniklaus et al., 1998). The shared phenotypes are 

supported by similar patterns of gene expression between paternal excess triploids and fis 

class mutants (Tiwari et al., 2010). The maternal mutants phenotype can be overcome by 

crosses to the hypomethylated (met1) pollen parent resulting in viable seeds of normal size 

(Adams et al., 2000, Luo et al., 2000). 

FIS-class gene products participate in Polycomb Repressive Complex (PRC) which inhibits 

transcription of target genes through epigenetic modification of chromatin (Jullien et al., 

2006a, Makarevich et al., 2006, Lund and van Lohuizen, 2004). FIS proteins repress 

transcription of loci in the maternally derived genome while the paternal genome is 

expressed normally, e.g  repression of the maternal alleles of PHERES1 (PHE1) by MEA 

(Spielman et al., 2001, Köhler et al., 2003). PHERES1 has been identified to be 
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preferentially paternally expressed in Arabidopsis thaliana (Köhler et al., 2005), while 

majority of known imprinted genes are maternally expressed (Grossniklaus et al., 1998, 

Kinoshita et al., 2004, Gehring et al., 2009, Tiwari et al., 2008). 

FIS class genes are involved in the control of endosperm proliferation, and fertilization 

triggers release of FIS-mediated repression (Chaudhury et al., 2001, Grossniklaus et al., 

2001b). Mutants of the FIS genes show endosperm proliferation without fertilization, 

forming seed-like structures that eventually abort (Chaudhury et al., 1997, Chaudhury and 

Berger, 2001, Ohad et al., 1996). However, fertilized fis mutant egg cell can trigger 

autonomous central cell division giving raise to the diploid endosperm, and seed 

development can be completed with reduced size. A positive signal coming from the 

fertilization of the egg cell and the negative signal released by the FIS-class genes suggests 

that there is a cross-talk between embryo and endosperm coordinating seed development 

(Nowack et al., 2007). 
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4. Whole genome changes and their implications for plant reproduction 

4.1 Polyploidy 

Polyploidy refers to whole genome duplications resulting in the presence of more than two 

full chromosome sets (Comai, 2005). It can arise when rare mitotic or meiotic catastrophe 

causes the production of unreduced gametes. Unstable triploids can be formed when such 

diploid gametes fuse to the regular haploid gamete. It is less likely that two unreduced 

gametes can fuse together, giving rise to a more stable tetraploid zygote. Autopolyploidy 

results from duplicating a genome within the same species, such as potato (Solanum 

tuberosum), alfalfa (Medicago sativa), and sugarcane (Saccharum), while allopolyploidy is 

a consequence of hybridization of diverged genomes from different species followed by 

chromosome doubling. In an allopolyploid system, such as bread wheat (Triticum 

aestivum), cotton (Gossypium hirsutum), and oilseed rape (Brassica napus – ‗canola‘), or 

Arabidopsis suecica, diverged homoeologous genomes function together in a coordinated 

fashion (Riddle and Birchler, 2003, Chen, 2010). 

Polyploidy is very common among plants, including many economically important crops, 

but it is also found among yeasts, fish, amphibians and reptiles (Gregory, 2005, Bogart, 

1980, Ramsey and Schemske, 1998). Over 70% of flowering plants have experienced 

multiple ancestral whole-genome duplications resulting in polyploid formation and 

subsequent gradual process of diploidization, leading to gene loss with retention of selected 

gene categories (Soltis et al., 2004, Freeling and Thomas, 2006, Ramsey and Schemske, 

2002, Otto and Whitton, 2000). This potentially led to neo- or sub-functionalization of 

genes and eventually to phenotypic diversification and adaptation (Comai, 2005, Adams 

and Wendel, 2005b). Polyploidy causes redundancy, a presence of multiple copies of the 

same gene, which allows for mutations, genetic drift and natural selection to alter some of 

those copies without deleterious effects on the whole organism (Comai, 2005). Other 

advantages of polyploidy, such as heterosis and asexual reproduction (apomixis) are 

covered in section 4.4 and 4.5 of this chapter.  

A process of polyploidization causes large scale genomic reorganizations manifested by a 

wide variety of phenotypic alterations (Weiss and Maluszynska, 2001, Pontes et al., 2004, 

Madlung et al., 2002, Madlung et al., 2005, Pecinka et al., 2011). Studies in maize 
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demonstrated two sources of phenotypic response to ploidy change: one common to all 

genotypes, and one genotype specific (Riddle et al., 2006). The most evident phenotypical 

change due to polyploidy is associated with increased size of floral organs and fruits, pollen 

grains, leaves, and stomata (Blakeslee, 1941, Ramsey and Schemske, 2002, Altmann et al., 

1994). Diploid, triploid and tetraploid Arabidopsis thaliana plants are morphologically 

quite similar, although there is an obvious positive correlation between flower size and 

ploidy (Henry et al., 2005). A strong genetic variation for the response to ploidy change has 

been reported for Arabidopsis thaliana triploids and their ability to successfully produce 

seeds, and seed size (Henry et al., 2005, Alonso-Blanco et al., 1999).  

Challenges that polyploids face include nuclear enlargement that changes cellular 

architecture and alters the ratio between chromatin volume and nuclear envelope surface, 

potentially disturbing the interaction between components of chromatin and envelope-

bound proteins (Riddle et al., 2006, Comai, 2005). Polyploids usually have difficulties in 

the normal completion of mitosis and meiosis. Meiosis that involves more than two sets of 

chromosomes can produce aneuploid gametes that differ in frequency and complexity 

depending on the type of polyploidy and species. 

Ploidy effects on gene regulation could result from genome doubling and/or intergenomic 

interactions. An increase in the copy number of all chromosomes affects all genes equally, 

however expression of some genes have been found to increase proportionally with ploidy, 

while the others exhibit dosage compensation, uniparental- or biased gene expression (Guo 

et al., 1996, Auger et al., 2005, Birchler et al., 2001). Epigenetic alterations often 

accompany polyploidization and they include loss or gain of cytosine methylation, gene 

silencing, non-additive gene expression, and reactivation of transposable elements (Lee and 

Chen, 2001). Ploidy-dependent paramutation, where epigenetic state transmits from a 

suppressed allele to an active allele, resulting in non-Mendelian inheritance of silenced 

alleles, have been reported for a transgenic locus in tetraploid Arabidopsis thaliana line 

(Mittelsten Scheid et al., 2003, Mittelsten Scheid et al., 1996).  
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4.1.1 Effects of triploidy on plant reproduction 

Triploids are polyploids carrying three complete sets of chromosomes. They can result 

from the fusion of an unreduced diploid gamete to a normal haploid gamete or from inter-

ploidy crosses between diploid and tetraploid parents.  

In animals, triploidy is almost always associated with sterility or lethality (Garnier Géré et 

al., 2002, Benfey, 1999), although triploid fish and amphibians are known to grow to 

maturity (Stöck et al., 2002). Plants usually tolerate triploidy, although some of them are 

effectively sterile, such as seedless watermelon, or have severely reduced fertility, like 

Datura (Satina et al., 1938) and maize (McClintock, 1929). Additionally, mild reductions in 

fertility have been found in triploid poplar (Johnsson, 1942), sugar beet (Levan, 1942) and 

Melandrium (Warmke and Blakeslee, 1940). Arabidopsis thaliana triploids are fertile but 

their fertility is reduced compared to diploids. This is a consequence of aneuploid gametes 

production and subsequent formation of aneuploid progeny composed of various 

karyotypes (Khush, 1973). The reason for the low frequency of viable progeny within 

triploid populations can be also explained by the phenomenon called triploid block (Köhler 

et al., 2010). Triploid embryos abort because of abnormal endosperm development and 

those who survive often exhibit reduced reproductive fitness (Satina et al., 1938, 

Vinkenoog et al., 2003). 

Triploids are meiotically unstable and therefore transient. In triploid meiosis, trivalents are 

formed and the chromosomes are distributed onto both daughter cells. Very rarely one of 

them gets exactly the double amount (2x) of the complete single set (1x) and more often 

both daughter cells receive incomplete sets resulting in aneuploidy. In a species with only 

two chromosome types, only one out of four possible gametes will have the normal haploid 

complement of chromosomes – FIGURE 6. The number of possible combinations of 

chromosomes in gametes increases rapidly with the increasing number of chromosome 

types (5 in Arabidopsis thaliana). Therefore, the relative amount of balanced gametes 

decreases for genomes with larger numbers of chromosomes. The products of triploid 

meiosis give reise to diploid, triploid and tetraploid progeny, as well as a swarm of 

individuals spanning the whole range of aneuploidy types (Henry et al., 2005, Satina et al., 

1938). Triploids are thought to act as intermediates in transition from diploidy to 
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polyploidy (Ramsey and Schemske, 1998). Analysis of triploid progeny suggests that there 

is a strong selection against aneuploidy; propagation of triploids for a few generations 

resolve into diploid and tetraploid cohorts (Henry et al., 2005, Henry et al., 2007).  

 

 

FIGURE 6. A schematic representation of triploid meiosis in a species with two 

chromosome types. Four possible gametes produced by such triploid include two euploid 

types: haploid and diploid, and two aneuploid types with one extra chromosome each: 

disomic for chromosome 1 and disomic for chromosome 2. 

 

4.2 Aneuploidy  

Aneuploidy is characterized by a relative excess or deficiency of some chromosome types 

or parts of chromosomes resulting in gene dosage imbalance (Henry et al., 2007, Blakeslee, 

1922). Aneuploidy can arise via nondisjunction of chromatids and chromosomes during 

triploid meiosis, where three sets of chromosomes cannot be resolved to two poles (Henry 

et al., 2005, McClintock, 1929). It can be also artificially induced through colchicine 

treatment or breeding strategies.   
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Most animals, including humans do not tolerate aneuploidy and they are either 

developmentally abnormal or lethal (Matzke et al., 2003). However, plants and yeasts 

produce viable and fertile aneuploid swarms and the frequency of specific types of 

aneuploidy can be altered by the genotype (Fundyga et al., 2004, Henry et al., 2005, Rick 

and Notani, 1961). Aneuploids provide a pool of phenotypes, specific to the dosage of each 

chromosome type, that are not present within euploid populations (Huettel et al., 2008). 

These phenotypes include altered leaf colour and shape, dwarfism, or changes in flowering 

time (Henry et al., 2005, Henry et al., 2010). Dramatic phenotypical and developmental 

changes can be explained by the departure from the strict stoichiometry between the 

different dosage-sensitive gene products involved in proper functioning of protein 

complexes, and the consequences of this can be severe (Veitia, 2005, Birchler et al., 2001, 

Birchler et al., 2005). The most common form of aneuploidy is trisomy, characterized by 

the presence of one extra chromosome in an otherwise diploid genome (Koornneef and 

Veen, 1983, Khush, 1973, Blakeslee, 1922, Huettel et al., 2008). Aneuploids in polyploid 

backgrounds usually exhibit milder phenotypic alterations due to the overall higher 

chromosome copy number and reduction in relative chromosome imbalance (Ramsey and 

Schemske, 1998). 

Aneuploidy can lead to epigenetic changes, because chromatin regulatory pathways are 

sensitive to the dosage of genes encoding regulatory factors, and can also alter imprinting 

patterns (Birchler et al., 2005). Aneuploids are also susceptible to silencing because of the 

exposure of unpaired chromatin regions to epigenetic remodelling mechanisms (Shiu et al., 

2001). Long-term phenotypic consequences of aneuploidy has been reported, suggesting 

that epigenetic modifications of aneuploids can persist in their diploid or polyploid progeny 

(Henry et al., 2010, Comai, 2005). 

A single locus, SDI (SENSITIVE TO DOSAGE IMBALANCE), has been identified by 

studying RIL populations derived from Arabidopsis thaliana intraspecific hybrid triploid of 

diploid Col and the natural tetraploid Wa accession (Schiff et al., 2001, Henry et al., 2007, 

Henry et al., 2005). These lines segregate into near-diploid and near-tetraploid individuals 

and the SDI locus was found to exhibit segregation distortion only in the latter population, 

particularly in the severe aneuploids. Thus, SDI is thought to be involved in aneuploid 
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survival by buffering the effects of dosage imbalance. Viable aneuploids can facilitate gene 

flow between diploids and tetraploids via triploid bridge and thus prevent polyploid 

speciation (Henry et al., 2007, Ramsey and Schemske, 1998). Parent-of-origin effects and 

dosage effects on the inheritance of each chromosome type have been studied in 

Arabidopsis thaliana aneuploids (Henry et al., 2009).  

Karyotyping of aneuploids is complicated by the complex chromosomal composition due to 

multiple heterozygous combinations at loci present in more than two copies (Henry et al., 

2006). Most available markers are co-dominant and can detect the presence of two different 

alleles; however they do not provide quantitative measure of relative allelic ratios. Several 

methods for description of variation in chromosome numbers have been developed, 

although mainly for the diagnostics of foetal aneuploidy in humans (in a diploid genome) 

(Dudarewicz et al., 2005). Quantitative genotyping of SNPs using microarrays or 

pyrosequencing, as well as quantitative fluorescent PCR (QF-PCR) are promising 

molecular methods for rapid detection of chromosome copy number variation in polyploid 

backgrounds (Rickert et al., 2002, Rickert et al., 2005, Henry et al., 2006). 

 

4.3 Hybridization 

Evolutionary, gene interactions are postulated to be functional within species, but 

incompatible or deleterious in hybrids (Dobzhansky, 1937, Muller, 1942). In animals, inter-

specific hybrids and polyploids are usually sterile (e.g. mule, a hybrid between a horse and 

a donkey) or unviable (Clarke, 1984, Mable, 2004, Muller, 1925). This could be a result of 

incompatibilities related to abnormal expression patterns of imprinted genes, imbalanced 

dosage of sex chromosomes, or epigenetic activation of retroelements (Vrana et al., 2000, 

O'Neill et al., 1998). Nevertheless, a number of animal hybrids, such as fish, fruit flies and 

butterflies have been formed and found to grow even better than their parents (Dowling and 

Secor, 1997). Many crops, such as maize (Zea mays) and sorghum (Sorghum bicolour), are 

grown mainly as hybrids, as heterozygotes often have higher fitness than the homozygotes 

(Chen, 2010).  
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Functional divergence between duplicate genes can lead to incompatibilities between 

Arabidopsis thaliana accessions, therefore frequency of seed abortion in inter-accession 

crosses depends on the combination of maternal and paternal genotypes (Bikard et al., 

2009, Bomblies et al., 2007). Epistatic incompatibility operates during seed development 

due to interactions between genes that have evolved independently (Fishman and Willis, 

2001). Mate choice exists when mothers control seed development by selectively aborting 

seeds depending on the paternal genotype (Korbecka et al., 2002, Marshall and Ellstrand, 

1988). Endosperm incompatibility in inter-specific crosses is one of the major barriers to 

hybridization in flowering plants, leading to seed abortion through disrupting proper 

endosperm development (Kinoshita, 2007). Post-germination incompatibilities as a result of 

autoimmune activity have been shown among Arabidopsis thaliana accessions (Bomblies 

et al., 2007).   

 

4.3.1 Inter-ploidy hybridization 

Dosage effects play an important role in endosperm, which acts as a sensor for genomic 

imbalance (Costa et al., 2004, Baroux et al., 2002, Birchler, 1993). Inter-ploidy crosses 

cause deviation from the normal 2:1 maternal to paternal genomic ratio and often lead to 

defective endosperm development (Scott et al., 1998). Frequency of seed abortion in 

Arabidopsis thaliana inter-ploidy crosses depends on the accessions, and it was shown that 

Col-0 used as a male parent in a 2x X 4x cross produces high rates of aborted seeds (Dilkes 

et al., 2008).  

Inter-specific hybridization between diploid A.thaliana and tetraploid A.arenosa leads to 

failure in viable seed production as triploid hybrid embryos abort shortly after reaching the 

globular stage (Bushell et al., 2003). The cytoplasmic-nucler incompatibilities or parent-

specific imprinting may play a role in the tolerance to inter-specific hybridization (Scott et 

al., 1998, Price et al., 1994) 
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4.3.2 Allopolyploidy 

The majority of polyploid angiosperms (~75%) are allopolyploids, and they include many 

important crops such as canola, wheat and cotton (Chen, 2010). They can be formed by 

inter-specific hybridisation and chromosome doubling (Hilu, 1993). The problem of 

sterility in many diploid hybrids can be overcome in allopolyploids where a proper pairing 

partner is available to each chromosome, resulting in fertility (Winge, 1917). A synthetic 

Arabidopsis allopolyploid line was produced by a genetic cross between two 

autotetraploids: A. thaliana (female parent) and A. arenosa (male parent), whereas the 

reciprocal cross fails (Comai et al., 2000, Chen et al., 2004).  

Sudden reunification of divergent genomes may induce genomic and phenotypic instability; 

therefore neoallopolyploids must go through the stability bottleneck before they start 

producing fertile progeny and become adapted, like the natural allopolyploid Arabidopsis 

suecica (Comai et al., 2000, Madlung et al., 2005, Ramsey and Schemske, 2002). The 

instability syndrome of newly synthesised allopolyploids can be explained by parental 

regulatory divergence and inter-genomic incompatibilities. Gene regulatory hierarchies are 

dosage dependent, and when the diverged hierarchies are reunited in a hybrid, the 

expression of the target loci might exhibit novel patterns of expression (Birchler et al., 

2001). 

Polyploidization and/or hybridization are likely to cause genomic shock leading to 

widespread misregulation and activation of suppressed heterochromatic elements 

(McClintock, 1984, Comai et al., 2003). A consequence of this could be genetic and 

epigenetic changes resulting in altered gene expression, gene silencing, nucleolar 

dominance, novel tissue specificity or activation of transposable elements (Adams et al., 

2003, Blanc and Wolfe, 2004, Riddle et al., 2010, Comai et al., 2000, Lee and Chen, 2001, 

Adams and Wendel, 2005a, Wang et al., 2004, Madlung et al., 2005). Gene silencing or 

activation in allopolyploids can either impede hybridization or have an opposite effect, 

providing changes in gene expression towards improved fitness (Comai et al., 2000). 

Nucleolar dominance in the allotetraploid of A.suecica has been revealed by differences in 

rRNA gene expression showing silencing of the A.thaliana genes (Chen et al., 1998, Chen 

and Pikaard, 1997). Epigenetically regulated genes responding to transition from 
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autopolyploidy to allopolyploidy have been identified in Arabidopsis (Wang et al., 2004, 

Comai et al., 2000, Wang et al., 2006) and wheat (Shaked et al., 2001). Non-additive gene 

regulation following inter-specific hybridization may result from the competition between 

the diverged regulatory pathways in allopolyploids of Arabidopsis and other species, such 

as cotton, wheat and Senecio (Wang et al., 2004, Adams et al., 2004, Hegarty et al., 2005, 

Kashkush et al., 2002). Gene expression changes detected in allopolyploids are likely 

caused by the inability of regulatory networks from the two parental genomes to 

successfully coordinate their actions. Non-additive gene expression in allopolyploids often 

depends on expression divergence between the parents, with more distantly related species 

inducing higher levels of gene expression changes in the hybrids. Diverged transcriptional 

regulators in the two genomes cause target genes from either parent to respond 

differentially to the combined regulatory signals (Riddle and Birchler, 2003). This provides 

a molecular basis for hybrid vigour and novel variation in the allopolyploid offspring 

(Birchler et al., 2003, Comai et al., 2000, Wang et al., 2004, Chen, 2007). Changes in 

genome organization and gene expression are thought to have played a role in the 

evolutionary success of allopolyploid plants (Osborn et al., 2003, Soltis and Soltis, 1995). 

 

4.4 Heterosis  

Heterosis (hybrid vigour) is the ability of F1 hybrid offspring to exhibit characteristics, 

such as biomass, stature, growth rate or fertility that lie outside the range of the both parents 

– FIGURE 7 - (Auger et al., 2005, Chen, 2007, Chen, 2010). Heterosis has been exploited 

extensively in plant breeding for centuries leading to new varieties of hybrid or 

allopolyploid crops, e.g. triticale, which combines the good grain quality and high yield of 

wheat with the disease and stress tolerance of rye (Guedes-Pinto et al., 1996, Birchler et al., 

2003). Heterosis for yield in maize has been found to be positively correlated to genetic 

diversity of the progenitors (Guo et al., 2006). Consistently with this, viable inter-specific 

hybrids show more heterosis than intra-specific hybrids. Mating among siblings or self-

fertilization, leads to accumulation of deleterious mutations and recessive alleles, called 

inbreeding depression (Charlesworth and Charlesworth, 1999).  
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Intra-specific hybrids of Arabidopsis thaliana have been employed as a model for 

understanding heterosis in hybrid crops (Banaei Moghaddam et al., 2010, Stokes et al., 

2007, Meyer et al., 2004, Rohde et al., 2004, Barth et al., 2003, Meyer et al., 2010). 

Heterosis can be affected by genetic background, therefore not all Arabidopsis thaliana 

accession combinations give rise to hybrid vigour, however some hybrids have been found 

to have increased biomass or cold tolerance (Meyer et al., 2004, Rohde et al., 2004). 

Arabidopsis thaliana accessions have a high level of epigenetic variation, thus some inter-

accession hybridisations could lead to modification of chromatin marks and expression of 

heterosis (Vaughn et al., 2007).  

Heterosis was systematically characterized by Charles Darwin (Darwin, 1876), who 

observed that crossed plants of over 60 different species were more vigorous than the selfed 

ones. More recent studies pointed out the roles of three molecular models in controlling this 

phenomenon. Heterosis can be explained by the dominance model stating that slightly 

deleterious parental alleles are complemented in the hybrids by superior alleles, resulting in 

better performance (Xiao et al., 1995). The other classical hypothesis for hybrid vigour is 

overdominance, suggesting that genes have greater expression in heterozygous conditions 

(Li et al., 2001). Both heterosis and inbreeding depression can result from epistatic 

interactions between alleles in different loci in ways that they mask the action of each other 

(Yu et al., 1997, Birchler et al., 2006). A combination of dominance, overdominance and 

epistasis has been found to be involved in biomass heterosis in Arabidopsis thaliana intra-

specific hybrids (Meyer et al., 2010). 

Hybrid vigour results from genome-wide changes and interactions between maternal and 

paternal alleles. Hybrids/allopolyploids can exhibit two general modes of gene expression: 

allelic additive expression with mid parental expression level (cis), or non-additive 

expression with other than averaged parental expression levels (trans) (Springer and Stupar, 

2007, Birchler et al., 2003). Molecular events underlying heterosis can involve a 

cumulative expression of each allele (dominance model) or, non-additive patterns of 

expression (overdominance, epistasis), repressing or activating progenitors‘ genes (Adams 

et al., 2003, Auger et al., 2005, Wang et al., 2004). Non-additive gene expression and 

epigenetic regulation is controlled by post-transcriptional mechanisms via RNA-mediated 
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pathways (including miRNAs and siRNAs), RNA-directed DNA methylation, and 

chromatin remodelling (Chen, 2007, Chen and Ni, 2006). Many miRNA targets are non-

additively expressed in allotetraploids, suggesting that miRNAs produced during inter-

specific hybridization or polyploidization serve as a buffer against genetic clashes between 

species, leading to growth vigour and adaptation (Wang et al., 2006, Ha et al., 2009). 

 

 

FIGURE 7. Illustration of heterosis for biomass production in reciprocal hybrids of maize 

(two central individuals), compared to their parental inbred lines (two peripheral 

individuals) (Birchler et al., 2003). 

Repeat-associated siRNAs are underrepresented during F1 and early stages of allopolyploid 

formation, allowing for genomic shock to cause meiotic disorders, activation of some 

transposable elements, genome instability and infertility (McClintock, 1984, Ha et al., 

2009). The levels of siRNAs are restored in the late and natural allopolyploids to maintain 

chromatin and genome stability through siRNA-directed DNA methylation and chromatin 

modifications (Wang et al., 2004, Comai, 2000).  
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Arabidopsis suecica allotetraploids grow more vigorously, however the size of their seeds 

and flowers are an average of the two parents (Chen, 2010). Allopolyploidy leads to 

permanent, heritable fixation of divergent parental genomes because there is a limited 

pairing to homoeologous chromosomes during meiosis. It also shows increased vigour 

compared to corresponding diploid hybrids which lose their heterozygosity with every 

generation, due to genetic recombination (Auger et al., 2005, Birchler et al., 2003, Comai, 

2005).  

 

4.5 Apomixis 

Apomixis is asexual plant reproduction through seeds, where emerging clonal seedlings 

retain the genotype of the maternal parent (Koltunow and Grossniklaus, 2003). Apomixis 

and sexual reproduction are closely related processes, where apomixis is considered as a 

special-temporary deregulation of the sexual pathway – FIGURE 8- (Nogler, 1984, 

Grossniklaus, 2001, Spillane et al., 2001a). In some instances apomictic species can revert 

to sexuality which prevents them from accumulation of deleterious mutations and from 

becoming evolutionary dead ends; they are called facultative apomicts (Verduijn et al., 

2004). Apomixis is found in over 40 plant families represented by more than 400 species 

(Nogler, 1984, Carman, 1997). 

Apomixis includes three components: female gametophyte formation without meiosis 

(apomeiosis), autonomous embryo development (parthenogenesis), and functional 

endosperm formation (Ozias-Akins and Van Dijk, 2007). Despite omission of meiosis and 

double-fertilization, apomicts produce fruits and viable seeds. Usually early in the ovule 

development, cells initiating apomixis undergo gametophytic apomixis (diplospory or 

apospory), and the unreduced embryo sacs are formed through mitotic divisions (d'Erfurth 

et al., 2009, Ravi et al., 2008). Embryogenesis occurs autonomously and endosperm 

formation may be autonomous as well, or may require fertilization of the central cell 

(pseudogamy) (Ohad et al., 1999, Gross-Hardt et al., 2002, Lotan et al., 1998, Schmidt et 

al., 1997, Shah et al., 2001). Later in the ovule development cells initiating apomixis may 

directly develop into embryos in the process called adventitious embryony (Boutelier et al., 

2001, Kantama et al., 2006). In order to survive, it is essential for the adventitious embryo 
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to gain access to the nutrient endosperm from the adjacent meiotically derived embryo sac 

(Chaudhury et al., 1997, Grossniklaus et al., 1998, Spielman et al., 2003). Diplospory, 

apospory, and adventitious embryony can coexist in one apomictic species, such as Beta, 

and Rosaceae (Nybom, 1988).  

Over the last century, a growing body of apomixis researchers has proposed many models 

for the control of apomictic events, given the diversity of this phenomenon (Dresselhaus 

and Colombo, 2001, Spillane et al., 2001b). One of the first models postulates that 

apomixis results from the hybridization of related species with differences in reproductive 

characters, as all naturally occurring apomicts are highly heterozygous (Ernst, 1918, 

Carman, 2001, Carman, 1997, Schranz et al., 2005). Asynchronous expression of genes 

controlling reproductive programs from the two hybridized genomes may be responsible 

for precocious embryo sac initiation and embryogenesis (Carman, 1997). Polyploidy is 

often associated with apomixis as a diploid or an aneuploid gamete is required for the 

apomictic reproduction (Sharbel and Mitchell-Olds, 2001, Quarin et al., 2001, van Dijk and 

Bakx-Schotman, 2004). In triploids, apomixis might be selected as it allows bypassing of 

the triploid block which leads to sterility in some species (Köhler et al., 2010, Noyes and 

Rieseberg, 2000). However, recovery of diploid apomicts suggests that polyploidy might be 

only a consequence of asexual reproduction, not a causative factor (Nogler, 1982, Bicknell, 

1997, Grimanelli et al., 2001). The second model establishes that apomixis results from 

mutations at one or a few loci, so that genes conferring apomixis are mutated alleles of 

genes controlling sexual reproduction (Koltunow, 1993, Grimanelli et al., 2001, 

Grossniklaus et al., 2001a, Savidan, 2001). Epigenetic gene regulation model unites both 

the mutation and hybridization hypotheses as epigenetic changes may be a consequence of 

hybridization and polyploidization, and cause stable epimutations that are maintained even 

after a reduction in ploidy (Spillane et al., 2001a, Grossniklaus, 2001, Chandler and Stam, 

2004, Lee and Chen, 2001, Kakutani et al., 1996, Grimanelli et al., 2001). An epigenetic 

model also fits the observation that in some cases simple chromosome doubling without 

hybridization or mutation, can lead to an apomictic mode of reproduction, like in Paspalum 

notatum (Quarin et al., 2001).  
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FIGURE 8.  Sexual vs asexual plant reproduction (Grossniklaus et al., 2001a) 

 

Harnessing apomixis technology for permanent fixation of hybrid vigour would have many 

agricultural benefits (Dresselhaus et al., 2001, van Dijk and van Damme, 2000, Siddiqi et 

al., 2009, Spillane et al., 2004, Spillane et al., 2001a). 

 

5. Summary 

In summary, the utility of natural genetic and epigenetic variation among Arabidopsis 

thaliana accessions for studying the biology of reproduction in flowering plants was 

outlined. For better understanding the phenomena of polyploidy evolutionary success, 

reproductive isolation, hybrid incompatibility, and heterosis, focus was put on the 

contributions and interactions of parental genomes during embryogenesis and seed 

development. 
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2.1 Introduction 

Heterosis (hybrid vigour) refers to the ability of F1 hybrid offspring to exhibit more 

vigorous phenotypes, such as biomass, stature, growth rate or fertility, that lie outside the 

phenotypic range observed in both parents (Auger et al., 2005, Chen, 2007, Chen, 2010). 

Inbred lines of maize are found to show deterioration in yield and vigour, but the hybrids 

between two inbred lines immediately and completely recover, in many cases exceeding the 

yield of the parental varieties from which they were derived (Shull, 1908, Crow, 1998). 

Heterosis has been exploited extensively in plant breeding for centuries leading to new 

varieties of hybrid or allopolyploid crops, e.g. triticale, which combines the good grain 

quality and high yield of wheat, with the disease and stress tolerance of rye (Guedes-Pinto 

et al., 1996, Birchler et al., 2003). However, despite its great importance to agriculture, the 

genetic bases of this phenomenon remain obscure. Many models have been proposed to 

explain heterosis, although it cannot be explained by simple complementation of multiple 

unfavourable alleles. It is a complex phenomenon that involves interplay of alleles causing 

gene expression in the hybrid that deviates from the mid-parent value.  

Intra-specific hybrids of Arabidopsis thaliana have been employed as a model for 

understanding heterosis in hybrid crops (Stokes et al., 2007, Meyer et al., 2004, Rohde et 

al., 2004, Banaei Moghaddam et al., 2010, Barth et al., 2003, Meyer et al., 2010). Heterosis 

can be affected by genetic background; therefore not all Arabidopsis thaliana accession 

combinations give rise to hybrid vigour. However some F1 hybrids were found to have 

increased biomass or cold tolerance (Meyer et al., 2004, Rohde et al., 2004). Several studies 

have suggested that epigenetic variation may play an important role in heterosis, e.g. altered 

transcription of a few regulatory genes through epigenetic variations was found to be 

associated with growth vigour in hybrids (He et al., 2010, Makarevitch et al., 2007, Ni et 

al., 2008, Shindo et al., 2006). Arabidopsis thaliana accessions have a high level of genetic 

and epigenetic variation, thus some inter-accession and/or inter-ploidy hybridizations could 

lead to modification of chromatin marks and expression of heterosis (Cao et al., 2011, 

Vaughn et al., 2007).   
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Seed size heterosis has been reported for intra-specific Arabidopsis thaliana F1 hybrid 

diploids, where the paternal genome was acting to promote the nutritional resource 

allocation to seeds (Stokes et al., 2007). Maternal effects were also found to have a 

significant impact on seed size by controlling nutrient supply and early endosperm 

development (Vielle-Calzada et al., 1994, Stokes et al., 2007, Chaudhury and Berger, 

2001).  

Heterosis is usually described as mid-parent heterosis (MPH), where the average trait value 

of the F1 hybrid is compared to the average trait value of the parents, however in the 

agricultural context, the hybrid must exceed the best parent to be useful (Meyer et al., 

2004). Seed size best-parent heterosis (BPH), where the F1 offspring has bigger seeds than 

the best parent, and worst-parent heterosis (subtractive heterosis, WPH), where F1 

offspring has smaller seeds than the worst parent represent extreme, or so called 

transgressive phenotypes (Rieseberg et al., 1999). They are both of great agricultural 

importance, e.g. larger seeds have been selected for many food grains for centuries, 

however, in certain species, smaller seeds are more desirable, such as grapes, watermelon 

or tomato (Milborrow, 1998). 

 

2.1.1 Research Objectives 

This chapter aims to determine heterotic effects on Arabidopsis thaliana F1 seed size in 

three types of genetic crosses: four inter-ploidy isogenic crosses, sixty inter-ploidy hybrid 

crosses, and five balanced diploid hybrid crosses. This experimental design allows the 

effects of parental genome dosage (in inter-ploidy isogenics) to be compared with the 

effects of hybridization (in balanced diploid hybrids) on heterosis in different genetic 

backgrounds (accessions).  

Finally, parental genome dosage effects and inter-accession hybridizations (inter-ploidy 

hybrids) were combined to determine if both effects together are manifested by a stronger 

heterotic response.  



 Chapter 2 – Heterosis in Arabidopsis thaliana diploid and triploid seed size  

 
  43 
 

2.2 Methodology and Materials 

2.2.1 Plant material 

Diploid plants of 60 wild inbred strains (accessions) of the 96 Nordborg Arabidopsis 

thaliana mapping panel (Nordborg et al., 2005) were grown from seeds provided by NASC 

(CS22564-CS22659). Tetraploid seeds originated from: Ler-0 Ueli Grossniklaus‘s lab 

(originally from Cold Spring Harbour Labs), Col-0 and C24 (from Luca Comai‘s lab, 

University of Washington), Zurich (from Ortrun Mittelsten Scheid‘s lab, GMI Vienna). 

Seeds were surface sterilized by soaking in 5% v/v sodium hypochlorite, 0.05% Triton-X 

solution (5 minutes) and washed five times with sterile distilled water. Sterilized seeds were 

individually sown on plates of Murashige and Skoog medium containing 4.6 g L
-1

 MS salts, 

30 g L
-1

 sucrose and 8 g L
-1

 agarose (Murashige and Skoog, 1962). The seeded MS plates 

were incubated in a Percival Tissue Culture Cabinet under a 16:8 hr light: dark (21
0
C/18

0
C) 

regime until the fourth true leaf stage (Boyes et al., 2001b). Seedlings were transplanted to 

individual pots of soil (8 parts Westland multipurpose compost: 1 part perlite: 1 part 

vermiculite) and transferred to growth chambers to grow under fluorescent lamps at 200 

μmol m
-2

 s
-1

 at 21
0
C/18

0
C and a 16:8 hr light: dark photoperiod.  

 

2.2.2 Genetic crosses  

Mature floral buds of each of the female parents, prior to anthesis, were manually 

emasculated and reciprocally crossed by hand to the appropriate male parent under a Leica 

MZ6 dissecting microscope using fine tweezers. The pollinated gynoecia were left for up to 

7 days to grow until the mature siliques became yellow-green. The generated F1 seeds were 

collected in Eppendorf tubes with pierced lids and stored in boxes containing desiccant 

silica gel at room temperature. 
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2.2.3 Seed size measurement 

The size of reciprocal F1 seeds, as well as their male and female parents, was determined 

by placing samples of at least 10 seeds per line on a black microscope slide, imaging under 

a dissecting microscope (Leica MZ6) and measuring areas with DigiShape 1.9.217 software 

(Cortex Nova, Poland). Lines with less than 10 seeds or with seeds of shrivelled appearance 

were not used in the determination of seed size heterosis.  

 

2.2.4 Calculation of heterosis 

Mean size [mm
2
] of at least 10 normal-looking seeds per line was used for determining the 

seed size heterosis of F1 offspring over their mid-parent (MP), best-parent (BP), or worst-

parent (WP) values. The mid-parent heterosis (MPH) values were calculated to determine 

offspring that have seed size greater than the average of both parents; %MPH = (F1 – 

MP)/MP X 100%. Best-parent heterosis (BPH) determines offspring with increased seed 

size over the largest parent; %BPH = (F1 – BP)/BP X 100%, and the worst-parent heterosis 

determines offspring that has seeds smaller than the smallest parent; %WPH = (F1 –

WP)/WP X 100% (Meyer et al., 2004). 

 

2.2.5 Clearings of seeds 

 Siliques containing diploid hybrid seeds (Kas-1 x Ler-0 and Ler-0 x Kas-1) at different 

developmental stages (4/5/6/7/8 d.a.p.) were harvested and fixed in Carnoy‘s solution (3 

EtOH: 1 acetic acid) at 4
0
C o/n. The following day they were rinsed with MQ water and 

incubated in Hoyer‘s solution (7.5g gum arabic, 100g chloral hydrate, 5ml glycerol, 

dissolved in 60ml H20) at 4
0
C o/n. Cleared seeds were dissected from the siliques and 

mounted on the microscope slide with an additional drop of Hoyer‘s solution. A slide cover 

slip was gently added without applying hand pressure. Embryos at different developmental 

stages were observed using Nomarski microscopy with Differential Interference Contrast 

(DIC), and images taken using built-in digital camera (Olympus). 
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2.3 Results 

2.3.1 Heterosis is observed in isogenic F1 triploid seeds of Arabidopsis thaliana  

Reciprocal, inter-ploidy crosses in isogenic C24, Ler-0 (Scott et al., 1998), and Col-0 

(Rowan et al., 2011) genetic backgrounds have been shown to cause dosage-dependent 

phenotypes on seed size. To generate four sets of F1 isogenic reciprocal triploids in 

different genetic backgrounds, diploid accessions of Ler-0, Col-0, C24, and Zu have been 

crossed to their isogenic tetraploids, in both directions. Each of the accessions differed in 

relation to the seed size of the parental 2x and 4x lines. For instance, Zu had the largest 

seeds, whilst Ler-0 represented accession with the smallest seeds (Figure 2.1, Figure 2.2). 

On average, tetraploid parents and F1 2x X 4x paternal excess triploid seeds were found to 

be approximately 1.3 times larger than diploid parents, whereas F1 4x X 2x maternal excess 

triploids were 0.8 times smaller (Figure 2.2). The accession Zu produced the largest 

reciprocal F1 triploid seeds, whereas Ler-0 inter-ploidy crosses generated the smallest 

reciprocal F1 triploid seeds (only Col-0 F1 2x X 4x paternal excess triploid seeds had 

slightly smaller size than Ler-0) (Figure 2.1, Figure 2.2 Figure 2.3).  

24 2x4 4x2 4x4 Col-0 2x4 4x2 4x4 

2x2 0.0001 0.266* 0.0001 2x2 0.006* 0.0001 0.0001 

2x4 
 

0.0001 1* 2x4 
 

0.0001 0.0001 

4x2 
  

0.0001 4x2 
  

0.0001 

Ler-0 2x4 4x2 4x4 Zu 2x4 4x2 4x4 

2x2 0.0001 0.0001 0.0001 2x2 0.0001 0.0001 0.0001 

2x4 
 

0.0001 0.0001 2x4 
 

0.0001 0.51* 

4x2 
  

0.0001 4x2 
  

0.0001 

 

Table 2.1. ANOVA - ANalysis Of VAriance in seed size between groups of different 

ploidies within four genetic backgrounds. Statistically non-significant differences in seed 

size are highlighted in bold and with an asterisks. Significance level is at p < 0.001. 
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Figure 2.1. Dosage-dependent F1 seed size across isogenic ploidy series for four 

accessions (genetic backgrounds) of Arabidopsis thaliana. Diploids and tetraploids are 

represented by 2 X 2 and 4 x 4, respectively. F1 isogenic triploids are represented by 2 x 4 

(paternal excess triploids) and 4 x 2 (maternal excess triploids). Scale bar = 1mm. 

 

 

 

 

 

. 
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Figure 2.3. Mean seed area in four different isogenic lines (Ler-0, Zu, C24, Col-0) 

clustered by accession. 2x2 = diploid, 4x4 = tetraploid, 4x2 = maternal excess F1 isogenic 

triploid, 2x4 = paternal excess F1 isogenic triploid. 

 

 

Figure 2.2. Mean seed area in four different isogenic lines (Ler-0, Zu, C24, Col-0) 

clustered by genome dosage. 
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Inter-ploidy crosses can lead to positive heterosis if F1 2x X 4x paternal excess triploids 

produce larger seeds than their bigger parent (best-parent heterosis, BPH), or subtractive 

heterosis if the seeds produced by F1 4x X 2x maternal excess triploids are smaller than 

their smaller parent (worst-parent heterosis, WPH). Three of four F1 2x X 4x paternal 

excess isogenic triploid lines display best-parent heterosis, with Ler-0 having the best 

heterotic performance (BPH = 13%; MPH = 23.4%), followed by Zu (BPH = 4.3%; MPH = 

10.5%), with minimal heterotic effect observed in C24 F1 triploid seeds (BPH = 0.1%; 

MPH = 20.1%). Only Col-0 did not produce heterotic F1 triploid progeny over best-parent 

(BPH = -20.6%), or mid-parent (MPH = -8.1%) (Figure 2.4, Figure 2.5).  

All of the isogenic F1 maternal excess triploids exhibited subtractive heterosis over their 

worst-parent and always produced smaller seeds, with Ler-0 (WPH = -31%) and Col-0 

(WPH = -23.9%) having the strongest heterotic effect, followed by Zu (WPH = -17.7%) 

and C24 (WPH = -6.3%) (Figure 2.6). Notably, the Col-0 triploids that lost their heterotic 

effect on seed size in the 2x X 4x paternal excess F1 triploid were one of the best 

performing in the 4x X 2x maternal excess in terms of subtractive heterosis (Table 2.2, 

Figure 2.6). This means that in the Col-0 background, the 4x X 2x cross results in the 

expected WPH phenotype, but no BPH is observed in the isogenic F1 triploid seeds from 

the reciprocal 2x X 4x cross (Figure 2.5, Figure 2.6).  
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Figure 2.4. Mid-parent heterosis (MPH) for the F1 isogenic triploid seeds. The circle 

indicates the mid-parent value, the triangle indicates the 2x X 4x paternal excess triploid 

seed size, the square indicates the 4x X 2x maternal excess triploid seed size. 

 

Figure 2.5. Best-parent heterosis (BPH) for the F1 isogenic triploid seed size. The circle 

indicates the best-parent value, the triangle indicates the 2x X 4x paternal excess triploid 

seed size, the square indicates the 4x X 2x maternal excess triploid seed size. 
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Figure 2.6. Worst-parent heterosis (WPH) for the F1 isogenic triploid seed size. The circle 

indicates the worst-parent value, the triangle indicates the 2x X 4x paternal excess triploid 

seed size, the square indicates the 4x X 2x maternal excess triploid seed size. 
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2.3.2 Maternal genotypes explain the variation in the size of F1 hybrid triploid seeds. 

Natural variation in the seed size of 60 different inbred lines (accessions) of Arabidopsis 

thaliana is determined, and demonstrated to range from 0.092 mm
2
 to 0.153 mm

2
 (Figure 

2.7, Table 2.4). Also, the average size of Ler-0 tetraploid seeds was determined (0.146 

mm
2
) and it was found to be larger than the diploid seeds except for the following 

accessions: Mrk-0 (0.153 mm
2
), Bur-0 (0.149 mm

2
), Cvi-0 (0.147 mm

2
), Mz-0 (0.147 

mm
2
), and Rmx-A02 (0.146 mm

2
) (Figure 2.8, Table 2.4).  

The Ler-0 tetraploid line was used to generate two sets of F1 hybrid triploid seeds: 4x X 2x 

maternal excess F1 triploids (where tetraploid Ler-0 was used as a seed parent) and 2x X 4x 

paternal excess triploids (where tetraploid Ler-0 was used as a pollen donor), by reciprocal 

crosses to 60 different diploid accessions. In all cases, paternal excess F1 hybrid triploid 

seeds were found to be consistently larger than seeds with maternal genome excess 

(Appendix A, Figure 2.8, Table 2.4).  

Phenotypical correlations were estimated by plotting seed size of the diploid accession, 

against the size of the 2x X 4x paternal excess F1 triploid seeds, and the 4x X 2x maternal 

excess F1 triploids (Figure 2.9, Table 2.3). There was a significant positive correlation 

between the diploid maternal accessions and the 2x X 4x paternal excess F1 triploid seed 

size (r = 0.442 p-value < 0.001), suggesting that seed size is a flexible trait that is strongly 

affected by maternal condition. There was no correlation between the seed size of diploid 

paternal accessions and the 4x X 2x maternal excess triploid seeds they sired, i.e. 2x 

accessions with bigger seeds did not sire bigger 3x seeds than 2x accessions with smaller 

seeds (Figure 2.9, Table 2.3).  

Regression of the 4x X 2x maternal excess triploid offspring on seed size of the tetraploid 

Ler-0 mother was not possible as there was only one mother (Ler-0 4x) used for crosses to 

60 fathers. However, it was observed that there was a minimum variation in the size of 4x 

X 2x maternal excess triploid seeds sired by different fathers, ranging from 0.066 mm
2
 in 

Spr1-2 to 0.108 mm
2
 in Bay-0 (Δ = 0.042 mm

2
). Much greater variation in the size of the 

2x X 4x paternal excess triploid seeds, ranging from 0.243 mm
2
 in Kas-1 to 0.132 mm

2
 in 

Ei-2 (Δ = 0.111 mm
2
) corresponds to the high natural variation found among diploid 

accessions used as female parents (Figure 2.7, Figure 2.8).  
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To determine the difference in size between pairs of reciprocal F1 triploid seeds, the mean 

size of 4x X 2x maternal excess F1 triploid seeds was subtracted from 2x X 4x paternal 

excess F1 triploid seeds. The positive values of all bars representing the differences in seed 

size confirm that all 2x X 4x paternal excess F1 triploid seeds were consistently larger than 

their reciprocal triploids. Differences in F1 seed size varied by line and ranged from 

0.162mm
2 
to 0.044 mm

2
 (Table 2.3, Figure 2.10).  

A strong positive correlation was found between the difference in size in reciprocal triploid 

seeds and the 2x X 4x paternal excess F1 triploid seeds (r = 0.934 p-value < 0.001). A 

negative correlation was found between the difference in size in reciprocal F1 triploid seeds 

and the 4x X 2x maternal excess triploid seeds (r = -0.343 p-value < 0.01). A positive 

correlation was also found between the differences in reciprocal F1 triploid seed size and 

the size of diploid seeds (r = 0.404 p-value < 0.001). If the 4x X 2x maternal excess triploid 

seed size is approximately constant  (as the same Ler-0 mother is used in each cross), the 

difference in size between the reciprocal F1 triploid seeds largely depends on the variation 

in the 2x X 4x paternal excess F1 triploid seed size, which in turn is controlled by the 

diploid parent. This confirms the previous observation that diploid parent affects 2x X 4x 

paternal excess F1 triploid seed size (Figure 2.9, Table 2.3). 
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Difference F1_2x4_triploid F1_4x2_triploid 

Diploid r = 0.404 r = 0.442 r = 0.033 

 

p-value < 0.001 p-value < 0.001 p-value = 0.8 

F1_4x2_triploid r = -0.343 r = 0.014 

 

 

p-value < 0.01 p-value = 0.913 

 

F1_2x4_triploid r = 0.934 

  

 

p-value < 0.001 

  

 

Table 2.3. Pearson correlations between the size of diploid parents, F1 2x X 4x paternal 

excess hybrid triploids, F1 4x X 2x maternal excess hybrid triploids, and the difference in 

size between pairs of reciprocal triploids. Correlation is significant at the 0.05 level. 
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4x        

Ler-0 
name 2x name F1_2x4 name F1_4x2 name 2x4- 4x2 

0.146 Mrk-0 0.153 Kas-1 0.243 CS22491 0.066 Kas-1 0.162 

 
Bur-0 0.149 Mrk-0 0.231 Spr1-2 0.066 Rmx-A02 0.148 

 
Cvi-0 0.147 Sorbo 0.226 Lp2-2 0.072 Cvi-0 0.142 

 
Mz-0 0.147 Rmx-A02 0.222 Bor-1 0.074 Sorbo 0.14 

 
Rmx-A02 0.146 RRS-7 0.222 Ct-1 0.074 RRS-7 0.136 

 
Se-0 0.14 Tsu-1 0.22 Mz-0 0.074 Mz-0 0.135 

 
Wei-0 0.135 Bur-0 0.219 Rmx-A02 0.074 Se-0 0.134 

 
RRS-7 0.134 Cvi-0 0.217 Cvi-0 0.075 Mrk-0 0.133 

 
Kas-1 0.131 Se-0 0.216 Gy-0 0.076 Ct-1 0.13 

 
Sorbo 0.129 Got-22 0.21 Ler-1 0.077 Tsu-1 0.129 

 
Cibc-17 0.127 Kondara 0.21 C24 0.078 Kondara 0.127 

 
Got-22 0.126 Nok-3 0.21 Uod-1 0.078 Gy-0 0.125 

 
Pna-17 0.126 Mz-0 0.209 Nfa-10 0.079 Nfa-10 0.125 

 
Ct-1 0.125 Ra-0 0.207 Nfa-8 0.079 Ra-0 0.125 

 
Est-1 0.125 Ct-1 0.204 Cibc-5 0.08 Bur-0 0.124 

 
Bay-0 0.123 Nfa-10 0.204 Ws-2 0.08 Cibc-5 0.123 

 
Bor-1 0.123 Cibc-17 0.203 Kas-1 0.081 Nfa-8 0.121 

 
Ra-0 0.123 Cibc-5 0.203 Kz-9 0.081 Oy-0 0.118 

 
Cibc-5 0.121 Est-1 0.203 Lp2-6 0.082 Got-22 0.118 

 
Nd-1 0.121 Oy-0 0.202 Pro-0 0.082 Ren-11 0.116 

 
Pro-0 0.121 Gy-0 0.201 Ra-0 0.082 CS22491 0.116 

 
Ws-2 0.121 Ren-11 0.201 Se-0 0.082 Bor-1 0.114 

 
Ei-2 0.12 Nfa-8 0.2 Kondara 0.083 Uod-1 0.114 

 
Ga-0 0.12 Mr-0 0.199 Wt-5 0.083 Zdr-1 0.112 

 
Mr-0 0.12 Zdr-1 0.199 Zdr-6 0.083 Cibc-17 0.111 

 
Sq-8 0.12 Mt-0 0.196 An-1 0.084 Nok-3 0.111 

 
Wt-5 0.12 Ga-0 0.194 Ll-0 0.084 Mr-0 0.11 



 Chapter 2 – Heterosis in Arabidopsis thaliana diploid and triploid seed size  

 
  58 
 

 
Ren-11 0.119 Pu-2 0.194 Oy-0 0.084 Lp2-2 0.11 

 
Nok-3 0.117 Fei-0 0.193 Kz-1 0.085 Lp2-6 0.107 

 
Kz-1 0.116 Uod-1 0.192 Ren-11 0.085 Ga-0 0.106 

 
Van-0 0.116 Nd-1 0.191 Van-0 0.085 Est-1 0.105 

 
Pu-2 0.115 Bay-0 0.189 RRS-7 0.086 Pu-2 0.105 

 
Oy-0 0.114 Lp2-6 0.189 Sorbo 0.086 Ll-0 0.104 

 
Nfa-10 0.112 Ts-1 0.189 Zdr-1 0.087 Nd-1 0.103 

 
Sq-1 0.112 Bor-1 0.188 Col-0 0.088 C24 0.101 

 
Tsu-1 0.112 Ll-0 0.188 Ei-2 0.088 Mt-0 0.1 

 
Kin-0 0.111 Hr-10 0.183 Ga-0 0.088 Fei-0 0.098 

 
Spr1-2 0.111 An-1 0.182 Nd-1 0.088 An-1 0.098 

 
Uod-7 0.111 Col-0 0.182 Pna-17 0.088 Spr1-2 0.097 

 
Mt-0 0.11 CS22491 0.182 Mr-0 0.089 Col-0 0.094 

 
Ts-1 0.11 Hr-5 0.182 Pu-2 0.089 Wt-5 0.093 

 
Lp2-6 0.109 Lp2-2 0.182 Sq-8 0.089 Ts-1 0.092 

 
C24 0.108 C24 0.179 Uod-7 0.09 Hr-10 0.089 

 
Zdr-1 0.108 Uod-7 0.179 Omo2-3 0.091 Uod-7 0.089 

 
An-1 0.107 Wt-5 0.176 Tsu-1 0.091 Kz-1 0.087 

 
Fei-0 0.106 Kz-1 0.172 Cibc-17 0.092 Van-0 0.087 

 
Gy-0 0.106 Van-0 0.172 Got-22 0.092 Kz-9 0.084 

 
Ler-1 0.105 Sq-1 0.168 Wei-0 0.092 Bay-0 0.081 

 
Lp2-2 0.105 Sq-8 0.168 Hr-10 0.094 Ws-2 0.081 

 
Col-0 0.103 Kin-0 0.166 Bur-0 0.095 Sq-8 0.079 

 
Kondara 0.103 Kz-9 0.165 Fei-0 0.095 Hr-5 0.077 

 
CS22491 0.102 Spr1-2 0.163 Sq-1 0.095 Ler-1 0.076 

 
Omo2-3 0.102 Ws-2 0.161 Mt-0 0.096 Sq-1 0.073 

 
Uod-1 0.102 Omo2-3 0.159 Ts-1 0.097 Omo2-3 0.068 

 
Hr-5 0.101 Wei-0 0.157 Est-1 0.098 Zdr-6 0.068 
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Kz-9 0.098 Ler-1 0.153 Mrk-0 0.098 Kin-0 0.065 

 
Zdr-6 0.098 Zdr-6 0.151 Nok-3 0.099 Wei-0 0.065 

 
Hr-10 0.096 Pna-17 0.15 Kin-0 0.101 Pna-17 0.062 

 
Ll-0 0.095 Pro-0 0.141 Hr-5 0.105 Pro-0 0.059 

 
Nfa-8 0.092 Ei-2 0.132 Bay-0 0.108 Ei-2 0.044 

Table 2.4. Seed size of tetraploid Ler, diploid accessions, F1 paternal and maternal excess 

hybrid triploids, and differences in seed size between reciprocal triploids, sorted in 

descending order. 

 

 

Figure 2.9. Scatter plot matrix representing phenotypical relationship between seed size of 

parental diploids, F1 reciprocal hybrid triploids (2x4 paternal excess F1 hybrid triploids and 

4x2 maternal excess F1 hybrid triploids), and the difference in seed size of reciprocal 

triploids (2x4 – 4x2).  
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2.3.3 Reciprocal F1 hybrid triploids display parent-of-origin dependent heterosis for 

seed size. 

For calculations of best-parent heterosis (BPH), Ler-0 was considered as the best-parent 

(BP) except for the Bur-0, Cvi-0, Mrk-0, Mz-0 and Rmx-A02 diploid accessions which had 

seeds bigger or equal to the tetraploid Ler-0 (Table 2.4, Figure 2.8). Conversely, to 

determine the worst-parent heterosis (WPH), the worst-parents (WP) were the diploid 

accessions, except for: Bur-0, Cvi-0, Mrk-0, Mz-0 and Rmx-A02, which were larger than 

Ler-0 (Table 2.4, Figure 2.8). Best-parent heterosis was found in all paternal excess F1 

hybrid triploids, except for Ei-2 (BPH = -9.8%) and Pro-0 (BPH = -3.7%). The highest 

BPH was attributed to: Kas-1, Sorbo, RRS-7, Rmx-A02, Mrk-0, and Tsu-1 which had seeds 

over 50% larger than their best-parent, and the lowest BPH heterosis found in this set of 

triploids was only 3% (Pna-17) (Table 2.5, Figure 2.12). All maternal excess F1 triploids 

displayed subtractive heterosis and consistently produced seeds smaller than the worst-

parent, except for Hr-5 (WPH = 4%) (Figure 2.13). Triploids with the highest subtractive 

heterosis were: Rmx-A02, Mz-0, Cvi-0, Se-0, Ct-1, and Spr1-2, all producing seeds over 

40% smaller than the worst-parent. Worst-parent heterosis was the lowest in Hr-10 

maternal excess triploids, which had seeds only 2% smaller than the worst-parent (Table 

2.5, Figure 2.13).  

The level of the best-parent heterosis in paternal excess triploids negatively correlates with 

the level of worst-parent heterosis in reciprocal maternal excess triploids (Figure 2.14). 

However, some accessions, such as Ei-2 and Pro-0 completely lost the heterotic effect in 

the 2x X 4x paternal excess, and Pna -7 had a very weak best-parent heterosis, but they still 

showed a high level of worst-parent heterosis (-27%, -32%, -30%, respectively) in the 

reciprocal direction (Table 2.5, Figure 2.12, Figure 2.13). Also, Hr-5 triploids lost their 

worst-parent heterosis in the 4x X 2x maternal excess but displayed 25% of best-parent 

heterosis in the 2x X 4x cross (Table 2.5, Figure 2.12, Figure 2.13).  



 Chapter 2 – Heterosis in Arabidopsis thaliana diploid and triploid seed size  

 
  62 
 

 

Fi
gu

re
 2

.1
1

. M
id

-p
ar

en
t 

h
et

e
ro

si
s 

(M
P

H
) 

fo
r 

th
e 

F1
 h

yb
ri

d
 t

ri
p

lo
id

 s
ee

d
s 

ge
n

er
at

ed
 in

 2
x 

X
 4

x 
an

d
 4

x 
X

 2
x 

cr
o

ss
es

. T
h

e 
ci

rc
le

 in
d

ic
at

es
 

th
e 

m
id

-p
ar

en
t 

va
lu

e,
 t

h
e 

st
ar

 in
d

ic
at

es
 t

h
e 

2
x 

X
 4

x 
p

at
er

n
al

 e
xc

e
ss

 F
1

 h
yb

ri
d

 t
ri

p
lo

id
 s

ee
d

 s
iz

e,
 t

h
e 

sq
u

ar
e 

in
d

ic
at

es
 t

h
e 

4
x 

X
 2

x 

m
at

er
n

al
 e

xc
es

s 
F1

 h
yb

ri
d

 t
ri

p
lo

id
 s

e
ed

 s
iz

e 



 Chapter 2 – Heterosis in Arabidopsis thaliana diploid and triploid seed size  

 
  63 
 

 

Fi
gu

re
 2

.1
2

. B
es

t-
p

ar
en

t 
h

et
e

ro
si

s 
(B

P
H

) 
fo

r 
th

e 
F1

 h
yb

ri
d

 t
ri

p
lo

id
 s

ee
d

s 
ge

n
er

at
ed

 in
 2

x 
X

 4
x 

an
d

 4
x 

X
 2

x 
cr

o
ss

es
. T

h
e 

ci
rc

le
 in

d
ic

at
es

 

th
e 

b
es

t-
p

ar
en

t 
va

lu
e,

 t
h

e 
st

ar
 in

d
ic

at
es

 t
h

e 
2

x 
X

 4
x 

p
at

er
n

al
 e

xc
e

ss
 F

1
 h

yb
ri

d
 t

ri
p

lo
id

 s
e

ed
 s

iz
e,

 t
h

e 
sq

u
ar

e 
in

d
ic

at
es

 t
h

e 
4

x 
X

 2
x 

m
at

er
n

al
 e

xc
es

s 
F1

 h
yb

ri
d

 t
ri

p
lo

id
 s

e
ed

 s
iz

e 



 Chapter 2 – Heterosis in Arabidopsis thaliana diploid and triploid seed size  

 
  64 
 

 

Fi
gu

re
 2

.1
3

. W
o

rs
t-

p
ar

en
t 

h
et

er
o

si
s 

(W
P

H
) 

fo
r 

th
e 

F1
 h

yb
ri

d
 t

ri
p

lo
id

 s
ee

d
s 

ge
n

er
at

e
d

 in
 2

x 
X

 4
x 

an
d

 4
x 

X
 2

x 
cr

o
ss

es
. T

h
e 

ci
rc

le
 

in
d

ic
at

es
 t

h
e 

w
o

rs
t-

p
ar

en
t 

va
lu

e,
 t

h
e 

st
ar

 in
d

ic
at

es
 t

h
e 

2
x 

X
 4

x 
p

at
er

n
al

 e
xc

es
s 

F1
 h

yb
ri

d
 t

ri
p

lo
id

 s
ee

d
 s

iz
e,

 t
h

e 
sq

u
ar

e 
in

d
ic

at
e

s 
th

e 

4
x 

X
 2

x 
m

at
er

n
al

 e
xc

es
s 

F1
 h

yb
ri

d
 t

ri
p

lo
id

 s
ee

d
 s

iz
e.

 

 



 Chapter 2 – Heterosis in Arabidopsis thaliana diploid and triploid seed size  

 
  65 
 

 



 Chapter 2 – Heterosis in Arabidopsis thaliana diploid and triploid seed size  

 
  66 
 

 



 Chapter 2 – Heterosis in Arabidopsis thaliana diploid and triploid seed size  

 
  67 
 

 

 

Ta
b

le
 2

.5
. F

1
 h

yb
ri

d
 t

ri
p

lo
id

s 
so

rt
ed

 b
y 

h
ig

h
es

t 
m

id
-p

ar
en

t 
h

et
er

o
si

s 
(M

P
H

),
 b

es
t-

p
ar

en
t 

h
et

er
o

si
s 

(B
P

H
),

 a
n

d
 w

o
rs

t-
p

ar
en

t 

h
et

er
o

si
s 

(W
P

H
) 

fo
r 

se
ed

 s
iz

e.
 B

P
H

 f
o

r 
p

at
er

n
al

 e
xc

e
ss

 F
1

 h
yb

ri
d

 t
ri

p
lo

id
s 

(2
x 

X
 4

x)
 a

n
d

 W
P

H
 f

o
r 

m
at

e
rn

al
 e

xc
es

s 
F1

 h
yb

ri
d

 

tr
ip

lo
id

s 
(4

x 
X

 2
x)

 a
re

 h
ig

h
lig

h
te

d
 in

 g
re

en
. 

 



 Chapter 2 – Heterosis in Arabidopsis thaliana diploid and triploid seed size  

 
  68 
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Figure 2.14 Negative correlation between worst-parent heterosis (WPH) in F1 4x X 2x 

maternal excess hybrid triploids and best-parent heterosis (BPH) in F1 2x X 4x paternal 

excess hybrid triploids (r = - 0.282 p-value < 0.05). Correlation is significant at the 0.05 

level. 
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2.3.4 Parent-of-origin dependent heterosis in F1 seed size is observed in reciprocal F1 

hybrid diploid seeds. 

It is possible that the heterosis effects observed in F1 hybrid triploids is due to hybridity 

and/or genome dosage effects. To determine whether crosses of particular genetic 

backgrounds tend to generate heterosis effects independently of genome dosage effects, a 

series of inter-accession crosses to generate F1 hybrid diploid seeds were conducted. To 

generate F1 hybrid diploids, selected diploid accessions (Wei-0, Pro-0, Ga-0, Ren-1, and 

Fei-0) were reciprocally crossed to diploid tester line Ler-0, and the size of their seeds were 

measured (Table 2.6, Figure 2.17).  

The Ler-0 diploid had the smallest parental seeds (0.097 mm
2
), similar to Fei-0, Ga-0 and 

Pro-0 accessions (0.107 mm
2
, 0.105 mm

2
, and 0.109 mm

2
, respectively). Ren-1 and Wei-0 

had considerably larger seeds (0.132 mm
2
, and 0.128 mm

2
, respectively). The small-seeded 

Ler-0 produced small F1 hybrid diploid progeny as a female when sired by five different 

pollen donors. The reciprocal crosses showed that the Ler-0 males always sired bigger 

seeds (Figure 2.15, Figure 2.16).  

To determine which reciprocal F1 hybrid diploids have the largest parent-of-origin effect in 

seed size, the size of the smaller seeds (Ler-0 used as a maternal parent) was subtracted 

from the larger seeds (Ler-0 used as a paternal parent). As shown in Figure 2.19, Pro-0 

when crossed to Ler-0, produced F1 hybrid diploid offspring with the smallest differences 

in size between reciprocal F1 hybrids (Δ = 0.03mm
2
). This was also observed in the triploid 

background, where Pro-0 that was used as a maternal parent in a cross to a tetraploid Ler-0, 

produced the F1 2x X 4x triploid hybrids whose size did not significantly increase (Figure 

2.4, Figure 2.10). The accessions with the highest difference in seed size between 

reciprocal F1 diploid hybrids were: Fei-0 and Ga-0 (both Δ = 0.046mm
2
) (Figure 2.19).  

A series of seed clearings at different developmental stages (4-8 days after pollination – 

d.a.p.) were performed to visualize the three main components of the seed: embryo, 

endosperm and seed coat. Microscope images of reciprocal F1 hybrid diploids indicated 

that differences in seed size were due to the primary endosperm and ovule integument 

growth but not the embryo, which had a similar size in both smaller and larger types of 

seeds (Figure 2.18). The endosperm would eventually be consumed, being replaced by the 
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growing embryo, which constitutes most of the mature seed; therefore mature bigger seeds 

will have bigger embryos than smaller seeds (data not shown). 

The impact of cross direction on seed size heterosis was determined by identifying mid-

parent (MP), best-parent (BP) and worst-parent (WP) values for the diploid hybrid crosses 

(Table 2.6). Best-parents were the five different diploid accessions crossed to Ler-0 which 

had the smallest seeds; therefore Ler-0 was always the worst-parent (Table 2.6). All F1 

hybrid diploids sired by the Ler-0 father (A x L) showed strong best-parent heterosis, 

ranging from 12% (Pro-0) to 38% (Ga-0) (Figure 2.21). While best-parent heterosis 

indicates if F1 offspring has superior performance over the largest parent, subtractive 

heterosis identifies F1 offspring having worse performance than the smaller parent. It was 

found that, when Ler-0 was used as a female parent, Pro-0 and Fei-0 F1 hybrids had 

smaller seeds than the worst-parent (WPH = -5.1%, WPH = -1.8%, respectively) (Figure 

2.22, Table 2.6). Although Ga-0 and Wei-0 did not display worst-parent heterosis when 

they sired hybrid seeds from the Ler-0 mother, the seeds were smaller than the mid-parent 

value (Figure 2.20). Ren-1 did not show worst-parent heterosis but it did show mid-parent 

heterosis in L x A cross direction (Figure 2.20, Figure 2.22, Table 2.6). 
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Figure 2.15. Mean seed size of five different diploid accessions (A) crossed to diploid Ler-

0 (red line), and their reciprocal F1 hybrid diploid offspring (AxL and LxA). LxA – a cross 

where Ler-0 was used as a maternal parent and other diploid accession (A) was used as a 

paternal parent, AxL - a cross where a diploid accession (A) was used as a maternal parent 

and the Ler-0 was used as a paternal parent. Error bars represent SD.  

  

Figure 2.16. Mean seed size of five different diploid Accessions crossed to diploid Ler-0 

(red line), and their reciprocal F1 hybrid diploid offspring (AxL and LxA). LxA – a cross 

where Ler-0 was used as a maternal parent and other diploid accession (A) was used as a 

paternal parent, AxL - a cross where a diploid accession (A) was used as a maternal parent 

and the Ler-0 was used as a paternal parent. Error bars represent SD.  
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Fei-0 AxL LxA L A 

AxL 
 

0.0001 0.0001 0.0001 

LxA 
  

0.433* 0.0001 

L 
   

0.0001 

Ga-0 AxL LxA L A 

AxL 
 

0.0001 0.0001 0.0001 

LxA 
  

0.054* 0.008* 

L 
   

0.0001 

Pro-0 AxL LxA L A 

AxL 
 

0.0001 0.0001 0.0001 

LxA 
  

0.001* 0.0001 

L 
   

0.0001 

Ren-1 AxL LxA L A 

AxL 
 

0.0001 0.0001 0.0001 

LxA 
  

0.0001 0.0001 

L 
   

0.0001 

Wei-0 AxL LxA L A 

AxL 
 

0.0001 0.0001 0.0001 

LxA 
  

0.0001 0.0001 

L 
   

0.0001 

 

Table 2.7. ANOVA - ANalysis Of VAriance in seed size between groups of different 

diploid hybrids and their parental lines. Statistically non-significant differences in seed size 

are highlighted in bold and with an asterisks. Significance level is at p < 0.001. A – 

accession, L – Ler-0 (diploid), LxA – a cross where Ler-0 was used as a maternal parent 

and other diploid accession (A) was used as a paternal parent, AxL - a cross where a diploid 

accession (A) was used as a maternal parent and a Ler-0 was used as a paternal parent. 
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Figure 2.17. Seed size of F1 hybrid diploids and their diploid parents (L – Ler-0, A – 

Accessions: Ga-0, Pro-0, Ren-1, Wei-0, Fei-0). LxA – F1 hybrid diploid where Ler-0 was 

used as a maternal parent and other diploid accession (A) was used as a paternal parent, 

AxL – F1 hybrid diploid where a diploid accession (A) was used as a maternal parent and a 

Ler-0 was used as a paternal parent. Scale bar = 1mm  
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Figure 2.19. Differences in seed size between reciprocal F1 hybrid diploids (AxL – LxA). 

AxL - a cross where a diploid accession (A) was used as a maternal parent and the Ler-0 

was used as a paternal parent; LxA – a cross where Ler-0 was used as a maternal parent and 

other diploid accession (A) was used as a paternal parent. 
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Figure 2.20. Mid-parent heterosis for the F1 hybrid diploid seeds generated from AxL and 

LxA crosses, where A refers to diploid accession and L refers to diploid Ler-0. The circle 

indicates the mid-parent value, the triangle indicates the AxL F1 hybrid diploid seed size, 

the square indicates the LxA F1 hybrid diploid seed size. 
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Figure 2.21. Best-parent heterosis for the F1 hybrid diploid seeds generated from AxL and 

LxA crosses, where A refers to diploid accession and L refers to diploid Ler-0. The circle 

indicates the best-parent value, the triangle indicates the AxL F1 hybrid diploid seed size, 

the square indicates the LxA F1 hybrid diploid seed size. 

 

Figure 2.22. Worst-parent heterosis for the F1 hybrid diploid seeds generated from AxL 

and LxA crosses, where A refers to diploid accession and L refers to diploid Ler-0. The 

circle indicates the worst-parent value, the triangle indicates the AxL F1 hybrid diploid 

seed size, the square indicates the LxA F1 hybrid diploid seed size. 
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2.4 Discussion 

Seed size is an important agronomical trait, and both smaller and larger seeds could be of 

economic interest. Many food grains have been selected and bred for their size for centuries 

(Sundaresan, 2005). However, in certain species, smaller seeds are more desirable than 

bigger ones, e.g. in grapes, watermelon or tomato. Therefore, understanding mechanisms 

governing modulations in seed size is of highly practical value. 

One of the approaches to identify genes involved in the control of seed size and heterosis in 

Arabidopsis thaliana is to utilize the considerable natural variation in seed size in different 

accessions (Figure 2.7). Seed size has been determined for a large number of Arabidopsis 

thaliana accessions (Rowan et al., 2011, De Jong et al., 2009), and most recently 80 

accessions have been measured for seed size as a part of the 1001 genomes project 

(www.1001genomes.org) (Cao et al., 2011). Seeds with the most extreme differences in 

size are ideal for the generation of RIL populations for identifying underlying QTLs with a 

major effect on seed size (Rowan et al., 2011, Alonso-Blanco et al., 1999). Those regions 

become targets for further fine-mapping in order to identify the underlying genes. 

Alternatively, genome-wide association mapping tools can be applied to  search for DNA 

polymorphism associated with natural variation in seed size and heterosis (Atwell et al., 

2010), however  the sample size of 60 accessions as part of this research was not powerful 

enough to detect any significant SNPs (data not shown). 

Seed size is a result of a coordinated growth of sporophytic maternal tissue, and the two 

products of double fertilization: triploid endosperm and a diploid embryo. The rate and 

duration of endosperm proliferation in the early stage of seed development is one of the 

crucial determinants of the final seed size (Chaudhury et al., 2001). Crosses between 

diploid and tetraploid parents cause deviation from the normal 2:1 maternal : paternal 

genome ratio in the endosperm, leading to genomic imbalance and abnormal endosperm 

development (Dilkes and Comai, 2004). Seeds with paternal genome excess have 

endosperm that is characterized by accelerated mitosis and delayed cellularization, whereas 

doubled maternal genome causes reduced mitosis and precocious cellularization of 

endosperm (Scott et al., 1998).  

http://www.1001genomes.org/
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In the inter-ploidy isogenic crosses, paternal excess triploids were larger than their diploid 

parents in all four genetic backgrounds (C24, Col-0, Ler-0, and Zu); however the size of 

Col-0 triploids did not increase significantly compared to the other accessions (Figure 2.1, 

Table 2.1). Consistently with these results, it has been previously demonstrated that the 

average seed size of 2x X 4x paternal genome excess triploids is surprisingly similar to the 

diploid seed size in Col-0 background (Rowan et al., 2011). This could be explained by the 

fact that Col-0 accession used as a tetraploid pollen parent in inter-ploidy crosses causes a 

high rate of seed abortion (Dilkes et al., 2008). The maternally expressed TTG2 gene has 

been found to control seed viability in those crosses involving Col-0 tetraploid parent 

(Dilkes et al., 2008). 

Triploid seeds with doubled dosage of paternal genome are usually more vigorous than 

either parent. The role of endosperm in early seed development is to acquire maternal 

nutrients and transmit them to the embryo. Therefore, larger endosperm with over-

proliferated cells can accumulate more resources from the maternal parent and be more 

effective in provisioning the growing embryo (Scott et al., 1998). In this research, Ler-0 2x 

X 4x paternal excess triploids were found to be over 13% larger than the largest parent, 

followed by Zu (5%) and C24 (only 0,1%). Col-0 triploids did not have a heterotic effect 

over the best-parent, or the mid-parent (Table 2.2, Figure 2.4, Figure 2.5). Poor 

development of endosperm tissue in 4x X 2x maternal excess triploids leads to impaired 

resource acquisition and transmission to the embryo, which is manifested by decreased 

vigour and subtractive heterosis for seed size found in all four accessions. Notably, the Col-

0 triploids, which totally lost their heterotic effect in paternal excess, had a high level of 

subtractive heterosis (-24%) in maternal excess, and were the second best performing 

triploids after Ler-0 (WPH = -31%) (Figure 2.6). 

Inter-ploidy inter-accession crosses showed that both hybridization and polyploidization 

events have a strong impact on seed development manifested in altered seed size. These 

whole-genome changes lead to transgressive phenotypes, when F1 hybrid triploid seeds 

grow 66% larger than the best-parent or over 49% smaller than the worst-parent (Table 

2.5). Parental dosage effects led to expected seed size phenotypes, where a double dose of 

maternal genome resulted in reduced seed size, and increased paternal genome dosage 
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caused enlarged seeds (Figure 2.8). Moreover, a strong accession-specific response to 

inter-ploidy hybridizations has been observed, where some hybrids displayed better 

heterosis than the others, with two cases  where best-parent heterotic effects were 

completely lost (Pro-0 BPH = -3.7%, Ei-2 BPH = -9.76) (Table 2.5, Figure 2.12). The 

strength of heterotic response varies between hybrids and depends on the cross direction of 

inter-ploidy crosses (Table 2.5).  

A negative correlation (r = - 0.282 p-value < 0.05) between WPH and BPH suggest that 

there is a general relationship between expression of transgressive phenotypes in reciprocal 

inter-ploidy triploid (Figure 2.14). This means that the stronger best-parent heterosis in 2x 

X 4x triploids, the stronger worst-parent heterosis in 4x X 2x triploids. Exception from this 

was found in inter-ploidy isogenic cross (Col-0) and inter-ploidy hybrid crosses (Pro-0, Ei-

2, both crossed to Ler-0 tetraploid) where 4x X 2x maternal excess triploid seeds were 

significantly smaller than the smaller parent (WPH); however 2x X 4x paternal excess 

triploids did not display best-parent heterosis (BPH) (Table 2.2, Table 2.5). There was also 

one example of the F1 hybrid triploid (Hr-5) that lost its BPH but was still expressing high 

level of WPH (Table 2.5). This suggests that paternal excess effects can be decoupled from 

maternal excess effects and that both effects can be regulated by independent regulatory 

pathways.  

Inter-ploidy inter-accession hybridizations also showed that the maternal genotype largely 

explains the variation in seed size, as a significant correlation has been found between 

diploid accession and 2x X 4x paternal excess triploids (Figure 2.9, Table 2.3) (Meyer et 

al., 2004, Alonso-Blanco et al., 1999, de Jong and Scott, 2007). There was no relationship 

between seed size of the paternal parent and the seeds they sired -  4x X 2x maternal excess 

triploids (Figure 2.9) (De Jong et al., 2009). These results suggested that, although the 

increased size of the 2x X 4x hybrid triploid seeds is mediated by the excess of paternal 

genome dosage in endosperm, the maternal parent controls the extent to which the size is 

increased, i.e. the bigger the maternal diploid seed, the bigger the 2x X 4x paternal excess 

triploid offspring. This effect is not observed when the diploid accession is used as a 

paternal parent; therefore it is a ‗maternal effect‘.  
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It has been previously proposed that the variation in heterotic response is not entirely due to 

maternal effects during seed development or genetic distance between the parents but it is 

rather the result of interactions between the alleles of a subset of genes (Stokes et al., 2007). 

(Stokes et al., 2007) further reported that even accessions with higher relative genetic 

distance can have low or even subtractive level of heterosis, and in opposite, less related 

accessions can have increased vigour. This supports the finding that some inter-ploidy 

isogenic crosses produced more vigorous offspring than some inter-ploidy hybrids, e.g. F1 

2x X 4x isogenic Ler-0 triploid had BPH = 13%, while F1 2x X 4x hybrid Pna-17 triploid 

had only 3% BPH (Table 2.2, Table 2.5). 

In the balanced 2x X 2x crosses, the same genotypes can have different effects on seed size, 

depending if they are inherited maternally or paternally (Figure 2.16) (Dilkes and Comai, 

2004). Suppression of paternal genes during seed development leads to the very commonly 

observed maternal effects (Kinoshita et al., 1999, Vielle-Calzada et al., 2000). More rarely, 

silencing of maternal genes can also be observed, suggesting that paternal genotype can 

also affect seed size (Köhler et al., 2005). Paternal effects are small and difficult to detect, 

however, it was shown that crosses involving Ler-0 display particularly prominent paternal 

effects (House et al., 2010). Ler-0 used as a maternal parent produced on average the 

smallest seeds of all four different accessions, while Ler-0 crossed as a pollen donor always 

produced seeds with the largest size (House et al., 2010). A similar observation was 

reported by (Alonso-Blanco et al., 1999) who studied parent-of-origin effects on seed size 

using reciprocal crosses of accession Ler-0 and Cvi-0. This is consistent with the results 

from this research showing that Ler-0 mothers always give rise to smaller seeds than Ler-0 

fathers (Figure 2.15). This could be explained by the fact that the five different accessions 

used as a female parent were always bigger than the Ler-0 father and the increased size of 

the F1 AxL hybrid is due to maternal effects (Figure 2.15, Table 2.6). However, Fei-0 and 

Ga-0 accessions had very similar seed size to Ler-0, therefore a significantly increased seed 

size of those two F1 AxL hybrids could not be entirely explained by maternal effects. In 

fact, there is a possibility that the Ler-0 accession controls seed size through paternal 

effects. All Ler-0 fathers sired F1 diploid hybrid seeds showing best-parent heterosis, 

whereas in the reciprocal direction, no best-parent heterosis has been found (Figure 2.21). 
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In fact, there were two cases of subtractive heterosis (Fei-0, Pro-0) where F1 hybrid seeds 

were even smaller than the smaller parent (Figure 2.22).  

Epigenetic perspective complementary to the conventional models for the molecular basis 

of heterosis can be applied to explain the heterotic effects observed in crosses carried out 

during this research (Chandler and Stam, 2004). Heterosis in Arabidopsis thaliana seeds 

can be driven by the action of imprinted genes in endosperm, that are functionally non-

equivalent in maternal and paternal genomes (Haig and Westoby, 1991). Parental conflict 

over resource allocation has been proposed to account for the maternally controlled seed 

growth inhibition, and paternally induced endosperm overproliferation (Haig, 2000, de 

Jong and Scott, 2007). PHERES1 and MEDEA are imprinted genes that act antagonistically 

and show parent-specific gene expression (Grossniklaus et al., 1998, Köhler et al., 2003, 

Köhler et al., 2005). DNA methylation is essential for embryogenesis and seed 

development, and regulates genomic imprinting by repressing or activating gene 

transcription (Gehring et al., 2004). It has been shown that hypomethylation of either 

parental genome has a parent-of-origin effect on the seed size mimicking inter-ploidy 

phenotypes (Xiao et al., 2006). Maternal genome hypomethylation causes phenocopy of 

paternal excess triploid seeds and paternal genome hypomethylation leads to maternal 

excess triploid seeds phenotype (Adams et al., 2000). DNA methylation may be particularly 

important for regulation of genes and pathways that influence seed size as it is the case for 

the imprinted genes in the endosperm (Jullien et al., 2006b). The relationship between DNA 

methylation and epigenetic regulators (Polycomb group proteins) has been found in the 

parent-of-origin regulation of seed size (Hsieh et al., 2003).  

Heterosis in the size of hybrid maize embryo and endosperm has been demonstrated, and a 

number of genes that showed non-additive expression have been hypothesized to 

potentially underlie hybrid vigour (Jahnke et al., 2010, Stupar et al., 2007). Some of those 

genes corresponded to the histone variants and genes coding for chromatin modifying 

proteins, indicating possible relation of the hybrid state to epigenetic processes (Jahnke et 

al., 2010). Arabidopsis thaliana accessions display a high level of natural epigenetic 

variation, thus inter-accession and/or inter-ploidy crosses could potentially induce 
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chromatin mark modifications leading to heterosis (Banaei Moghaddam et al., 2010, 

Vaughn et al., 2007).  

 

2.5 Conclusions 

In this study, it has been demonstrated that a combination of certain genotypes and/or 

parental genome dosage can lead to a significant increase or decrease in seed size. Isogenic 

inter-ploidy crosses caused changes in seed development that led to altered seed size 

phenotypes. The results showed that vigorous offspring could be produced only through 

ploidy changes, and the extent to which seed size increases/decreases is genotype 

(accession) specific.  

Diploid inter-accession crosses showed that seed size can be controlled solely by parental 

genotypes, without altering genome dosage. They also demonstrated parent-of-origin 

dependent positive and subtractive heterosis.  

Inter-ploidy inter-accession crosses showed that both hybridization and polyploidization 

events have an impact on seed development manifested in altered seed size. However, only 

some triploid hybrids showed additive expression of heterosis (caused by altered genome 

dosage and hybridization), and some F1 offspring had milder heterosis than isogenic 

triploids or hybrid diploids alone.  

The maternal genotype largely explained the variation in the seed size, but evidence of 

paternal effects has also been presented. The overall pattern of heterosis observed in crosses 

carried out as part of this research is likely to be a result of allelic interactions from both 

maternal and paternal genomes. 
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3.1 Introduction  

Polyploid organisms frequently display serious reproductive defects which can vary in 

severity between organisms (Henry et al., 2007). Differences in polyploid reproduction are 

of evolutionary importance as polyploids can act as both evolutionary bridges between 

lineages of different ploidy or as reproductive barriers potentially underlying speciation 

events (Otto, 2007, Henry et al., 2007). Triploidy, in particular, is not tolerated in plants 

such as maize and poplar and is a leading cause of miscarriage in humans 

(Sankaranarayanan, 1979) but in certain plants and fish it is well-tolerated and may even be 

fixed in citrus and amphibians (Stöck et al., 2002). There are a number of important triploid 

crops where lack of fertility of F1 triploids is a key agronomic trait that generates seedless 

fruits. Such crops include banana, cucumber, watermelon and pineapple. While seedless 

fruits are a desirable trait, this can also represent a constraint to the breeding and 

improvement of triploid crops where fertility is a requirement for successful breeding 

programs (Lora et al., 2011).  

Ploidy alone can affect the fertility of polyploid plants, for example by control of the 

transition to flowering, meiotic efficiency, gametogenesis and the dosage tolerance of 

gametes, embryos and endosperms (Chen, 2007, Comai et al., 2003). Triploid plants of 

some species are largely infertile (e.g. triploid banana). However, there are also plant 

species where triploids can generate some viable gametes e.g. Arabidopsis thaliana, which 

produces viable seeds. While many wild and crop plants are polyploid (or have undergone 

ancestral paleopolyploidy events), understanding of the impact of genetic variation on the 

fertility of polyploid plants remains limited (Henry et al., 2005, Wendel, 2000). There is a 

need for greater understanding of how the interplay between hybridisation and polyploidy 

can differentially affect the fertility of polyploids. In particular, little is known regarding 

the tolerance of the gametes of selfed F1 triploid plants to genome and/or allelic dosage 

effects that could perturb transmission of dosage-sensitive regions of the genome to the 

next generation (Henry et al., 2007, McClintock, 1984, Birchler et al., 2001, Comai et al., 

2003).  
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It has also been observed that parent-of-origin dependent genome-dosage effects can affect 

the development of F1 triploid seeds obtained from inter-ploidy crosses of diploid and 

tetraploid A. thaliana (Lin, 1984, Scott et al., 1998, Johnston and Hanneman Jr, 1995). 

However, it is not known whether epigenetic parent-of-origin dependent effects on 

phenotype also affect later stages of development of F1 triploid plants. A. thaliana provides 

a useful model to investigate the fertility of both isogenic and hybrid F1 triploids, by 

facilitating dissection of the relative roles of triploidy (genome dosage) versus hybridity 

(allelic dosage).  

 

3.1.1 Research Objectives 

This chapter is focused on investigating the fertility of Arabidopsis thaliana reciprocal F1 

hybrid triploids. Given the variation in tolerance to ploidy changes and hybridization which 

can exist between plant species, it was hypothesised that genetic differences between 

Arabidopsis thaliana accessions could alter their fertility when such genomic changes were 

induced. 

The proportion of unfertilized ovules (%U) relative to the sum of all ovules in the mature 

silique (Σ) was screened in the self-pollinated reciprocal F1 hybrid triploids generated 

through inter-ploidy crosses between a tetraploid Ler-0 and 89 different diploid accessions. 

Additionally, %U and Σ arising from reproduction of four different reciprocal F1 isogenic 

triploids and five different reciprocal F1 hybrid diploids was also investigated.  

To determine the extent by which aberrant male gametogenesis could be linked to altered 

fertility in reciprocal F1 hybrid triploids, the viability of pollen grains produced by triploids 

with the highest and lowest fertility was tested. 
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3.2 Methodology and Materials  

3.2.1 Plant material 

Diploid plants of 89 wild inbred strains (accessions) of the 96 Nordborg Arabidopsis 

thaliana mapping panel (Nordborg et al., 2005) were grown from seeds provided by NASC 

(CS22564-CS22659). Tetraploid seeds originated from: Ler-0 Ueli Grossniklaus‘s lab 

(originally from Cold Spring Harbour Labs), Col-0 and C24 (from Luca Comai‘s lab, 

University of Washington), Zurich (from Ortrun Mittelsten Scheid‘s lab, GMI Vienna). All 

tetraploids were generated by colchicine doubling (Blakeslee, 1922). Seeds were surface 

sterilized by soaking in 5% v/v sodium hypochlorite, 0.05% v/v Triton-X solution (5 

minutes) and washed five times with sterile distilled water. Sterilized seeds were 

individually sown on plates of Murashige and Skoog medium containing 4.6 g L
-1

 MS salts, 

30 g L
-1

 sucrose and 8 g L
-1

 agarose (Murashige and Skoog, 1962). The seeded MS plates 

were incubated in a Percival Tissue Culture Cabinet under a 16:8 hr light: dark (21
0
C/18

0
C) 

regime until the fourth true leaf stage (Boyes et al., 2001b). Seedlings were transplanted to 

individual pots of soil (8 parts Westland multipurpose compost: 1 part perlite: 1 part 

vermiculite) and transferred to growth chambers to grow under fluorescent lamps at 200 

μmol m
-2

 s
-1

 at 21
0
C/18

0
C and a 16:8 hr light: dark photoperiod. 

  

3.2.2 Reciprocal crosses 

Plants were crossed reciprocally by manual emasculation and cross-pollination prior to 

anthesis under a Leica MZ6 dissecting microscope using Dumostar No. 5 tweezers. Mature 

siliques were harvested after 7 days. F1 plants were grown in randomized positions to 

minimize genotype-by-environment (G x E) interactions.  
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3.2.3 Flow cytometry 

All F1 triploids used in this study were confirmed to be eutriploid by flow cytometry using 

PAI PARTEC ploidy analyzer. Fresh leaf tissue (~300 mg) was macerated in a round petri 

dish with a razor blade for 1 min and incubated in nuclei extraction buffer (Cystain UV 

Precise P, Partec) for 5 min and the suspensions were filtered through nylon filters of 30 

µm mesh width. Nuclei were labelled with fluorescence dye (Cystain UV Precise P, Partec, 

according to manufacturer‘s instructions) and ploidy levels determined by direct 

comparison with standards.  

  

 3.2.4 Reproductive phenotypes 

All ploidy-confirmed F1 triploids and F1 hybrid diploids were allowed to self–pollinate and 

nearly-mature siliques were dissected under a Leica MZ6 microscope and photographed 

using a Canon Power Shot S50 camera. Five siliques were analyzed per F1 plant (for each 

of three individual F1 hybrid plants) and the silique contents scored for % unfertilized 

ovules (%U), which were identified as very small, white bodies (Meinke, 1994) as a 

proportion of all possible ovules (∑ of ovules), fertilized or not.              

 

 3.2.5 Alexander staining of pollen grains  

Anthers from young flowers were dissected and mounted on slides and a few drops of 

Alexander stain* (Alexander, 1969) added. A slide cover slip was added and light hand 

pressure applied. Pollen grains were observed after 24 hr under a Leica MZ6 light 

microscope and viable and inviable pollen grains scored (n =100 grains for each of three 

flowers from three biological replicates). The cytoplasm of viable pollen grains displays a 

red/purple colour, while that of the aborted grains is pale blue.  

*Alexander stain : Ethanol 95% (10 ml), Malachite green (1% in 95% Ethanol) (1 ml), 

Fuchsin acid (1% in water) (5 ml), Orange G (1% in water) (0.5 ml), Chloral hydrate 5g, 

Glacial acetic acid 2 ml, Glycerol 25 ml, Distilled water 50 ml. 
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3.2.6 Statistical analyses of heritability of triploid reproductive trait (U) 

Data for %U and ∑ were analyzed using linear mixed models in PROC Mixed in SAS 

(Littel et al., 1996) with accession and cross-direction as fixed factors and including their 

interaction. In this framework, (a) the contribution of parental genetic variation in triploid 

traits is indicated by a significant accession term, (b) parent-of-origin effects indicated by a 

significant cross direction term, and (c) genetic variation in parent-of-origin effects by 

significant accession X cross direction interaction. The significance of model terms was 

determined using standard Type 3 analysis and F-ratios (Littel et al., 1996). The 

contribution of parental genetic effects to triploid variability was also quantified under 

additional models considering accession as a random term in data split by cross-direction. 

Proportion of the triploid reproductive variation explained by the single-dose contribution 

of the natural accessions was calculated as the ratio of the among-accession variance 

component to the total phenotypic variability in triploid traits. This allowed the 

determination of the broad-sense heritability although this differs from standard broad-

sense heritability given the unequal parental genomic contributions. Similarly, single dose 

genetic correlations among triploid reproductive characters (in both cross directions) were 

estimated by the standard Pearson product-moment correlation of triploid line means. The 

significance of each genetic correlation was determined using a t-test after a Z 

transformation of the correlation coefficient. Levels of significance for phenotypic and 

genetic correlations were not adjusted for multiple tests. 
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3.3 Results 

3.3.1 Fertility (%U) of F1 isogenic triploids of A. thaliana varies by genotype      

 It is known that isogenic F1 triploids of Arabidopsis thaliana in the accession Col-0 are 

sub-fertile (Henry et al., 2005). Sub-fertility (unfertilized ovules) also occurs in isogenic F1 

triploids in the Ler-0, C24 and Zu genetic backgrounds, and the sub-fertility in the Col-0 

genetic background has been confirmed (Figure 3.1). Depending on genetic background, 

41 % to 62 % of ovules formed in the siliques of these selfed isogenic triploids remained 

unfertilized with Ler-0 and C24 triploids having the highest proportions of unfertilized 

ovules (%U) (Figure 3.1, Table 3.1). Within each genetic background, no statistically 

significant difference in fertility was found between any of the reciprocal pairs of F1 

triploids indicating no parent-of-origin effects (Figure 3.1). This demonstrates that in 

Arabidopsis thaliana, genetic background affects isogenic triploid fertility via mechanisms 

which do not vary by cross direction.  

 

Figure 3.1. Fertility of A. thaliana F1 isogenic triploids is determined by cross direction as 

well as parental genotype. Bars represent mean %U in four reciprocal F1 isogenic triploid 

lines (Col-0, Zu, C24 and Ler-0). Error bars represent standard error. Mean values were 

compared using Student‘s t-test and no significant differences were found in %U between 

pairs of reciprocal triploids (p-value < 0.05). 
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Table 3.1. Ovule fertility rates (%U) and total ovule number (∑) of reciprocal F1 isogenic 

triploids of A. thaliana illustrated by cross direction and as parental genotype. Mean values 

of %U and ∑ between pairs of reciprocal F1 triploids were compared using Student‘s t-test 

and significant differences found in ∑ are highlighted in bold and with an asterisks (p-value 

< 0.05). No significant differences were found in %U. 

 

3.3.2 Fertility (%U) of F1 hybrid triploids display epigenetic parent-of-origin effects 

To investigate the effect of hybridity (allelic variation) on the fertility of F1 hybrid 

triploids, a tetraploid Ler-0 line (LLLL) was reciprocally crossed to diploid lines of 89 

different accessions (AA). Where the tetraploid Ler-0 line was used as the female (seed) 

parent the resulting F1 hybrid triploid offspring had a 4x X 2x maternal genome excess 

(2m: 1p). In the reciprocal direction, the tetraploid Ler-0 line was used as the male (pollen) 

parent, producing a 2x X 4x paternal genome excess F1 hybrid triploid (1m: 2p). It should 

be noted that each reciprocal pair of F1 hybrid triploids have the same genetic composition 

(LLA in the former case, ALL in the latter; L refers to the tetraploid Ler-0 and A to a 

diploid accession), differing only according to whether the Ler-0 genomes were transmitted 

via the pollen or the ovules. 166 different F1 hybrid lines were validated as triploid by flow 

cytometry (data not shown). These were grown in triplicate and allowed to self-fertilize. 

Siliques were dissected to assess the relative proportions of unfertilized ovules (%U) in 

each line.  

 

 %U_2 x 4 %U_4 x 2 %U_Δ ∑_2 x 4 ∑_4 x 2 ∑_Δ 

Col-0 42.9 ± 9.8 42.6 ± 8.6 0.3 58.6 ± 7.4 42.5 ± 6.6 16.1* 

C24 62.2 ± 10 60 ± 4.9 2.2 48 ± 4.4 46.8 ± 5.1 1.1 

Zu 40.7 ± 7.2 42.6 ± 16.5 -1.9 23.8 ± 3.7 38.6 ± 12 -14.8* 

Ler-0 59.6 ± 7.1 55.6 ± 9.3 4 45.9 ± 4.9 42.7 ± 4.6 3.2 
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Similar to the analysis of F1 isogenic triploids, all F1 hybrid triploids produced many 

ovules which were unfertilized within the silique (Figure 3.2). The proportion of 

unfertilized ovules varied significantly by genotype, that is, between F1 hybrid triploids 

produced from parents of different diploid accessions (Table 3.2, Figure 3.3). In the most 

extreme case, 74.2% of the ovules formed by 1m: 2p F1 hybrid triploids generated from 

diploid Tamm-27 were unfertilized whilst only 39.7% of those formed by 1m: 2p F1 

triploids generated from diploid Pro-0 were unfertilized (Figure 3.3A). Triploids generated 

from diploid Tamm-27 in the reciprocal cross direction also had the highest rates of 

unfertilized ovules of the 2m: 1p triploids (76.4%) but in this case the highest ovule fertility 

was found in the 2m: 1p F1 hybrid triploids generated from the RMX-A02 accession 

(44.4%). In the 4x X 2x cross direction (2m: 1p), triploids generated from Pro-0 only had 

53.9% unfertilized ovules (Figure 3.3B). Depending on genotype, the F1 hybrid triploids 

generated in both cross directions displayed rates of unfertilized ovules that were both 

higher and lower than the isogenic F1 triploids generated only in the Ler-0 genetic 

background (Figure 3.3).  

 

 

Figure 3.2. Siliques produced by selfed inter-accession Arabidopsis thaliana triploids show 

high variability in the seed set. (A) Most of the ovules remain unfertilized - small, white 

atrophied bodies indicated by arrows. (B) Normal seeds, as set in the silique of the typical 

non-hybrid diploid accession are shown as a comparison.  
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In contrast to the isogenic triploids, it was found that the rate of ovule infertility frequently 

varied between genetically identical F1 hybrid triploids (LLA vs. ALL) generated in the 

two reciprocal cross directions. Such epigenetic parent-of-origin effects on the rate of ovule 

infertility were statistically significant (p < 0.05) in 26 pairs of reciprocal F1 hybrid 

triploids whilst the remainder had no significant difference (Figure 3.3C). However, the 

parent of origin difference observed was not always in the same direction: i.e. eleven F1 

hybrid triploids were more fertile as maternal excess 2m: 1p plants (e.g. CS22941), whilst 

fifteen F1 hybrid triploids displayed the opposite trend and were more fertile in the paternal 

excess 1m: 2p triploid (e.g. Fei-0) (Figure 3.3C, Table 3.3). Hence, not only is the range of 

F1 hybrid triploid fertility/infertility greater than indicated by analysis of isogenic F1 

triploid plants (Table 3.1) but the ovule fertility of inter-accession F1 hybrid triploids can 

also vary significantly via unknown epigenetic effects depending on whether the 

supernumerary Ler-0 genome was maternally or paternally inherited. To the author‘s 

knowledge, these represent the first evidence of epigenetic parent-of-origin effects 

controlling ovule fertility of selfed F1 hybrid triploid plants. 
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Figure 3.3. Fertility of Arabidopsis thaliana F1 hybrid triploids is determined by cross 

direction as well as parental genotype. Box-plots of %U are shown for (A) 78 paternal 

excess (2x X 4x) triploids and (B) 88 maternal excess (4x X 2x) triploids, each sorted in 

descending order of fertility. The median values, inter-quartile ranges and outliers are 

displayed. (C) Variation in fertility between the 77 pairs of hybrid triploids showing 

differences in mean %U per silique between triploids generated in the 4x X 2x and 2x X 4x 

cross direction. Accessions showing decreased fertility in the 2x X 4x cross direction 

(higher %U) are coloured in black and those with improved fertility (lower %U) are 

represented by white bars. Accessions in the centre of the figure show little difference in 

fertility between cross directions, and include the isogenic Ler-0 triploid (highlighted in red 

colour). Those with statistically significant (p < 0.05) differences between cross directions 

(non-parametric Mann-Whitney Test) are shaded (next page). 
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Accession ∑4 x 2 p-value ∑2 x 4 Accession %U 4 x 2 p-value %U 2 x 4 

BUR-0 60.8* < 0.001 53.1 CS22491 46.9 < 0.001 68.2* 

CIBC-17 48.1 < 0.001 72.3* FEI-0 71.7* < 0.001 52.3 

CT-1 79* < 0.001 60 GA-0 74.5* < 0.001 58.2 

FEI-0 73.5* < 0.001 55.5 LZ-0 62.8* < 0.001 49.3 

KIN-0 68.9* < 0.001 56.2 NOK-3 49.8 < 0.001 62.9* 

KZ-9 47.2 < 0.001 65.1* REN-1 50.9 < 0.001 68.9* 

LP2-2 72.4* < 0.001 58.9 RMX-A02 44.4 < 0.001 63.3* 

PRO-0 63.3* < 0.001 38.3 RMX-A180 54.4 < 0.001 70.4* 

Ra-0 43.7 < 0.001 63.9* CIBC-17 57.5 0.001 68.3* 

REN-11 35.8 < 0.001 53.8* MR-0 68.8* 0.001 54 

SE-0 65.6* < 0.001 54.4 LL-0 64* 0.002 54.4 

SORBO 74.2* < 0.001 54.7 NFA-8 53.3 0.002 66.5* 

SQ-1 33.3 < 0.001 62.1* SQ-8 49.2 0.002 64.4* 

WEI-0 56* < 0.001 39 CVI-0 72.7* 0.005 63.2 

C24 68.8* 0.001 49.4 OY-0 60.8* 0.005 49 

HR-10 73.5* 0.001 58.4 TS-1 58.6 0.006 68.6* 

NFA-10 48.9 0.001 61.1* TSU-1 63.6* 0.007 52.5 

PU2-23 49.7 0.001 70.4* Br-0 65* 0.011 49.3 

Tamm-27 65.1 0.002 77.2* Pna-17 50.2 0.011 63.5* 

CS22491 48.6 0.003 59.9* WEI-0 55.5* 0.012 41.7 

WT-5 40 0.003 53.4* EDEN-2 45.5 0.013 60.3* 

Ei-2 50.9 0.004 60* KZ-1 66.5* 0.016 57.6 

LP2-6 55.1 0.004 62.8* KONDARA 63* 0.024 55.1 

Gy-0 39.5 0.005 50.9* UOD-7 60.4* 0.033 44.5 

Pna-17 61.7* 0.005 53.8 ZDR-1 64.9* 0.04 46.2 

Uod-1 69.5* 0.008 61.1 PRO-0 53.9* 0.044 39.7 

OMO2-3 62.3* 0.011 54.5 Uod-1 66.6 0.049 71.1 
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MS-0 61.2* 0.012 46.9 NFA-10 54.6 0.052 58.5 

NFA-8 43.3 0.012 56.9* PNA-10 58.5 0.056 50.4 

UOD-7 56.5* 0.014 44.3 KZ-9 52.6 0.059 62.4 

WS-2 66.5* 0.014 54.2 Kas-1 55.9 0.074 65.8 

TSU-1 65.7* 0.016 56.9 SORBO 67.9 0.074 62.4 

Est-1 61* 0.017 52.1 HR-10 63 0.077 55.6 

LL-0 70* 0.031 59.3 KNOX-18 52 0.078 63.2 

Pu-2-7 61.2* 0.032 55.4 Est-1 53.8 0.08 59.7 

ND-1 45.6 0.036 54.5* MZ-0 49.2 0.085 43.7 

SQ-8 42.3 0.038 59* CIBC-5 63.5 0.089 58 

Got-22 54.1* 0.039 44.9 TAMM-2 62.1 0.104 68.3 

Kas-1 58.5 0.04 64.8* WT-5 53.4 0.11 47.8 

CVI-0 65.4 0.048 57.9 Ei-2 59.9 0.134 52.7 

Ler-0 45.9 0.05 42.7 LER-1 50.5 0.141 44.1 

GA-0 51.7 0.056 58.3 AN-1 48.4 0.158 41.5 

LZ-0 53.8 0.056 61.9 PU2-23 56.3 0.197 64 

KONDARA 61.5 0.062 50.9 RRS-7 60 0.213 54 

LER-1 46.1 0.064 49.9 SE-0 59.9 0.213 55.1 

ZDR-1 52.1 0.068 61.7 Ler-0 59.6 0.229 55.6 

RMX-A180 57.9 0.071 66.5 OMO2-3 52.6 0.234 56.2 

REN-1 58.1 0.074 53.9 SQ-1 58.9 0.245 63.9 

BOR-4 61.1 0.089 69.5 WS-2 61.5 0.25 64.7 

AN-1 48.4 0.101 43.4 ND-1 63.1 0.254 58.5 

OY-0 67.9 0.105 54.5 Van-0 53.5 0.254 49.2 

MT-0 64 0.129 56.1 Bor-1 62.5 0.272 57.9 

ZDR-6 50.9 0.135 39.5 Tamm-27 76.4 0.281 74.2 

TS-1 54.9 0.145 50.9 Col-0 55.5 0.29 44.2 

Col-0 49.1 0.205 42.3 SHAHDARA 69.7 0.321 67.3 
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EDEN-2 40.2 0.28 44 Ra-0 51.4 0.323 57.2 

MrK-0 52.8 0.289 50.6 MT-0 61 0.33 64.6 

RMX-A02 52.7 0.299 50.2 ZDR-6 55.5 0.351 51 

HR-5 56.7 0.326 52.5 MS-0 56.7 0.375 60.4 

Van-0 48.1 0.35 54.4 Pu-2-7 65.3 0.418 62 

Br-0 64.7 0.373 62.4 GU-0 56.5 0.419 60.6 

Bay-0 50.3 0.429 53.7 CT-1 63.6 0.43 61.2 

Knox-10 58.1 0.457 60.4 C24 56.1 0.457 57.8 

MR-0 62.1 0.467 64.7 HR-5 59.7 0.52 55.8 

TS-5 53.9 0.5 56.8 MrK-0 62.5 0.561 59.4 

NOK-3 60.5 0.533 54.1 Bay-0 61.2 0.589 63.4 

SHAHDARA 71.5 0.563 66.4 REN-11 57 0.596 55.2 

KZ-1 54.2 0.569 52.8 RRS-10 51.6 0.619 54.3 

MZ-0 44.8 0.589 42.6 KIN-0 61.7 0.678 62.7 

CIBC-5 56.5 0.62 55 Got-22 50.8 0.74 51.8 

VAR2-1 68.6 0.649 69.9 VAR2-1 58.5 0.752 59.2 

GU-0 54.9 0.724 55.2 LP2-6 58.5 0.775 59 

KNOX-18 47.3 0.771 49.9 Gy-0 53.7 0.803 54.2 

Bor-1 59.5 0.835 59.7 LP2-2 59.7 0.803 55.4 

PNA-10 57.2 0.852 58.7 TS-5 56.5 0.848 55.1 

RRS-10 53.1 0.884 50.8 BOR-4 56.6 0.852 55.9 

RRS-7 56.4 0.95 57.1 BUR-0 58 0.852 57.4 

TAMM-2 56.1 0.97 55.6 Knox-10 55.2 0.896 54.8 

Table 3.3. Pairs of reciprocal F1 hybrid triploids ranked in descending order according to 

the significance of the parent-of-origin effect on ovule number (∑) and % unfertilized 

ovules (%U). F1 hybrid triploids with significantly higher %U and ∑ in given cross 

direction (p < 0.05, Mann-Whitney test) are highlighted in bold type and with an asterisks. 

A reciprocal pair of Ler-0 isogenic F1 triploids is listed among the non-significantly 

different pairs of triploid F1 hybrids and is highlighted in grey colour. 
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3.3.3 Ovule number (Σ) shows genotype-dependent and parent-of-origin effects in 

Arabidopsis thaliana F1 triploids 

Previous studies in A. thaliana have shown differences in ovule number between diploid 

accessions of Cvi-0 and Ler-0, and their reciprocal F1 hybrid offspring (Alonso-Blanco et 

al., 1999). To investigate whether the range of differences detected in ovule fertility could 

be related to differences in the ability of triploid F1 hybrid genotypes to generate ovules, 

the sum of the fertilized and unfertilized ovules (∑) produced per silique for each isogenic 

(Table 3.1) and hybrid F1 triploid genotype (Table 3.3) has been calculated. The four 

different isogenic F1 triploid genotypes displayed some differences in ovule number. 

Similar ovule numbers were present in the siliques of the isogenic F1 triploids for three of 

the four genetic backgrounds tested, although they were lower in the Zu genetic 

background (e.g. in Zu genetic background, averaging c.24 ovules in siliques of the 1m: 2p 

triploid and 39 in the 2m: 1p triploid, as opposed to c.46 and 43 in the equivalent Ler-0 

triploids; Table 3.1). In two backgrounds, Col-0 and Zu, the reciprocal isogenic F1 

triploids displayed statistically significant difference in the number of ovules produced per 

silique (p < 0.05), with Col-0 producing more ovules in 1m:2p siliques and Zu in 2m:1p 

siliques (Figure 3.4, Table 3.1). Hence, for these two genetic backgrounds there is an 

epigenetic parent-of-origin effect on total ovule number obtained from selfed reciprocal F1 

triploids which are isogenic. 

Variation in total ovule number was found across F1 hybrid triploids generated from 

crossing diploid accessions with the Ler-0 tetraploid (Figure 3.5). As with %U, the total 

number of ovules (∑) varied significantly between F1 hybrid triploids produced from 

parents of different genetic backgrounds (Figure 3.5) with 39 reciprocal crosses indicating 

significant parent-of-origin effects on total ovule number between the reciprocal F1 hybrid 

triploids (Figure 3.5C). This indicates that genetic background of an F1 hybrid triploid can 

affect the number of ovules formed in carpels of triploid plants, and that some genetic 

backgrounds (both isogenic and hybrid) also show significant epigenetic parent-of-origin 

effects on ovule formation (Figure 3.5C). The F1 hybrid triploids generated in both cross 

directions displayed total ovule numbers that were both higher and lower than the isogenic 

F1 triploids in the Ler-0 genetic background (Figure 3.5).  
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Figure 3.4. Sum of ovules of Arabidopsis thaliana F1 isogenic triploids is determined by 

cross direction as well as parental genotype. Bars represent mean sum of ovules in four 

reciprocal F1 isogenic triploid lines (C24, Col-0, Ler-0, and Zu). Error bars represent 

standard error. Mean values were compared using Student‘s t-test and significant 

differences were marked by asterisks (p-value < 0.05). 

 

Figure 3.5. Sum of ovules (∑) for Arabidopsis thaliana F1 hybrid triploids is determined 

by cross direction as well as parental genotype. Box-plots of ∑ are shown for (A) 78 

paternal excess (2x X 4x) triploids and (B) 88 maternal excess (4x X 2x) triploids, each 

sorted in descending order of fertility. The median values, inter-quartile ranges and outliers 

are displayed. (C) Variation in ∑ between the 77 pairs of hybrid triploids showing 

differences in ∑ between reciprocal triploids. Accessions showing increased ∑ in the 2x X 

4x cross direction are coloured in black and those with decreased ∑ are represented by 

white bars. Accessions in the centre of the figure show little difference in ∑ between cross 

directions, and include the isogenic Ler-0 triploid (highlighted in red colour). Those with 

statistically significant (p < 0.05) differences between cross directions (non-parametric 

Mann-Whitney Test) are shaded (next page). 
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3.3.4 Fertility (%U) of triploid F1 hybrids involves a trade-off with ovule number (Σ) 

To determine the underlying basis of the variable reproductive success of Arabidopsis 

thaliana F1 hybrid triploids, phenotypic and genotypic associations between the traits were 

measured. As expected from the variation in fertility between different genetic 

backgrounds, mixed models detected significant genetic variation in both %U (proportion 

of unfertilised ovules) and the sum of ovules (∑). Significant associations with genetic 

variation were observed at p < 0.0001, with broad-sense heritabilities ranging from 0.15 - 

0.44 (Table 3.4). Importantly, there was considerable support for cross direction (p < 0.10) 

and accession X cross direction interaction effects (p < 0.001) for the measured phenotypes 

(Table 3.5, Figure 3.6). Also, the pattern of correlation of triploid reproductive characters 

within and among parental cross directions was investigated. For phenotypic correlations, 

there was a similar pattern under both cross directions consisting of a significant positive 

correlation between %U and the ∑ (r = 0.38). This suggests that a trade-off exists between 

the formation of ovules and their ability to be fertilized. For genetic correlations, there 

again was a similar pattern under both cross direction consisting of a positive genetic 

correlation between %U and the sum of ovules. Finally, despite highly similar patterns of 

genetic correlation among reproductive traits within a cross directions, generally low 

genetic correlations across directions were observed (Table 3.5). This result is not 

surprising given the fact that the consistent significant accessions X cross direction 

interaction effects on the reproductive traits was observed (Tom Juenger – personal 

communication). 

Trait 2 x 4 4 x 2 

% U 0.15 0.30 

∑ 0.35 0.44 

 

Table 3.4. Broad-sense heritabilities of proportions of Unfertilized ovules (%U) and the 

total number of ovules per silique (∑ of ovules) demonstrating the high level of heritability 

for variation in fertility. 
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Figure 3.6. Diagonal matrix presenting the phenotypic and genetic correlations among the 

%U and ∑ of ovules traits, split by cross direction. % U (female) refers to proportion of 

unfertilized ovules from selfed 2x X 4x paternal excess triploids, (male) – 4x X 2x maternal 

excess triploids. Ovules (female) refers to sum of ovules (fertilized or not)  produced by 2x 

X 4x paternal excess triploids, (male) - 4x X 2x maternal excess triploids. 
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Phenotypic Correlations    

 2x4 ∑ %U 

 ∑ 1 0.39 

 4x2 ∑ %U 

 ∑ 1 0.37 

Genetic Correlations    

 2x4 ∑ %U 

 ∑ 1 0.5 

 4x2 ∑ %U 

 ∑ 1 0.52 

 Across Direction  

  ∑_2x4 %U_2x4 

 ∑ _4 x2 0.21 0.12 

 %U_4x2 0.43 0.14 

 

Table 3.5. Phenotypic and genetic correlations between %U and the total number of ovules 

(∑) and the effect of parental origin in inter-accession hybrid Arabidopsis thaliana. 
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3.3.5 Differences in F1 hybrid triploid fertility (%U) are not due to hybrid dysgenesis 

manifest in diploids 

As differences in ovule formation and fertilization rates in F1 hybrid triploids could be a 

consequence of hybrid dysgenesis between Ler-0 and certain other accessions (Bomblies et 

al., 2010), it was necessary to determine if F1 hybrid diploids displayed any evidence of 

similar hybrid dysgenesis effects. These were derived from reciprocal crosses between 

diploid Ler-0 and five accessions: Wei-0, Pro-0, Ga-0 and Fei-0, representing the extremes 

of the fertility defect observed in 2m: 1p F1 hybrid triploids; and Ren-1 representing the 

most extreme fertility detects amongst the 1m: 2p F1 hybrid triploids (Figure 3.3). The rate 

of fertility defects was almost entirely ablated when the hybridisation occurred without a 

concomitant change in ploidy level. In fact, in all five F1 hybrid diploids at least 90% of 

ovules were successfully fertilized (Figure 3.7, Table 3.6). This indicates that the 

genotypic and parent-of-origin effects on fertility seen in the F1 hybrid triploids is due to a 

genome dosage effect rather than being a consequence of hybridity. 

 

Figure 3.7. Fertility of Arabidopsis thaliana F1 hybrid diploids is determined by cross 

direction as well as parental genotype. Bars represent mean %U produced by selfed F1 

hybrid diploids, generated by crosses between diploid (L) Ler-0 and five different diploid 

(A) accessions (Fei-0, Ga-0, Pro-0, Ren-1, Wei-0). Error bars represent standard error. 
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Accession %U_AxL  SD %U_LxA  SD AxL -LxA p-value 

Wei-0 3.9 ± 4.3 6.7 ± 6.4 -2.8 0.031* 

Ga-0 8.9 ± 7.1 4.6 ± 5.1 4.3 0.002* 

Pro-0 3.5 ± 3.6 3.9 ± 5.5 -0.4 0.686 

Fei-0 2.8 ± 3.4 1.6 ± 2.1 1.2 0.1 

Ren-1 3.7 ± 3.3 2.4 ± 2.7 1.3 0.13 

 

Table 3.6. Mean percentage of unfertilized ovules (%U) per silique in five pairs of 

reciprocal F1 hybrid diploids generated by crosses between diploid (L) Ler-0 and five 

different diploid (A) accessions. Differences between mean %U in two cross directions was 

tested by Mann-Whitney U test and the significance level was in 0.05. Significant 

differences between reciprocal crosses are highlighted in bold type and an asterisk. 

 

3.3.6 High proportion of unfertilized ovules (%U) identified in F1 triploids due to 

aberrant megagametogenesis or ovule development                                                             

 F1 A. thaliana triploids reproduce through gametes with a high tendency to aneuploidy, 

which leads to subsequent infertility (Henry et al., 2005). Especially, F1 hybrid triploid 

infertility could result from impaired pollen production as observed in A. thaliana X A. 

arenosa interspecific interploidy crosses (Comai et al., 2003). To determine the extent by 

which aberrant female and/or male gametogenesis was linked to altered fertility in 

reciprocal F1 hybrid triploids, the viability of pollen grains produced by triploids with the 

highest and lowest fertility was tested (Figure 3.8). These were the triploids with the lowest 

fertility (2m:1p triploids derived from Uod-1 and RMX-A180 (i) and 1m:2p derived from 

Cvi-0 and Ga-0 (iii)); those with the highest fertility (2m:1p derived from Wei-0, An-1, and 

Pro-0 (ii) and 1m:2p derived from RMX-A02 (iv)); those with the greatest fertility 

difference between reciprocal crosses (derived from CS22491, Fei-0 and Zdr-1 (v & vi); 

and those with the lowest such differences (derived from Bur-0 and Gy-0 (vii)). Triploids 

produced from the reciprocal crosses of these lines were also tested to identify parent-of-

origin effects in identical genetic backgrounds (Figure 3.3).  
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In most cases, pollen viability was reduced (Figure 3.8), suggesting that gametogenesis is 

indeed disrupted in triploids. However, no correlation was found between inviability of 

pollen and %U (r = - 0.24 in 1m: 2p triploids; r = -0.263 2m: 1p triploids, p > 0.05) (Figure 

3.9). For example, the triploids generated from accession Fei-0 have the largest observed 

difference in fertility of any pair of reciprocal triploids, but both had similar pollen viability 

of c. 97 % (Figure 3.3C, Figure 3.8). Furthermore, the proportion of viable pollen was 

never less than 50 % so was still in high excess over the number of available ovules. This 

suggests that there is no causal link between pollen viability and triploid fertility; although 

Alexander staining only distinguishes the presence of correct cytoplasm so may 

underestimate the rate of nuclear defects. It does, however, preclude the existence of pollen 

abortion following widespread meiotic catastrophe. Therefore, the high proportion of 

unfertilized ovules identified in triploids is most likely to occur due to aberrant 

megagametogenesis or ovule development.  

 

Figure 3.8. Pollen viability was determined for 13 reciprocal inter-accession Arabidopsis 

thaliana hybrid triploids. Data for male excess (2 x 4) triploids are represented by black 

bars, data for female excess (4 x 2) triploids are represented by white bars. Standard errors 

are shown. 
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Figure 3.9. Pollen viability was correlated against %U and the association found to be non-

significant (r = -0.24 in the 2 x 4 cross direction and r = -0.262 in the 4 x 2 cross direction, 

p > 0.05). Lines of best fit are shown.  

 

 

Figure 3.10. Alexander staining indicates rates of pollen inviability in inter-accession 

hybrid Arabidopsis thaliana triploids. Inviable pollen is visible as pale, shrunken grains 

(indicated by the arrow) in A – 4x X 2x and B – 2x X 4x hybrid triploids. C - anther from 

diploid accession shows only viable pollen which appears as plump, purple grains. Scale 

bars = 100 µm. 
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3.4 Discussion  

In this chapter, fertility of F1 Arabidopsis thaliana triploids has been examined 

incorporating many different genotypes and it was found that there are strong genetic and 

heritable affects on their reproductive success (Figure 3.3, Table 3.2, Table 3.4). 

Strikingly, many of the pairs of triploids generated by crossing the same accessions in two 

reciprocal directions differ in reproductive success (Figure 3.3C, Table 3.3). These parent-

of-origin effects may cause greater fertility in either the paternal excess (1m : 2p) or 

maternal excess (2m : 1p) triploids. This may result from the impact of altered genome 

balance in ways encountered by triploids but not by polyploids with equal parental 

contributions. These could include altered response to maternal affects (Grossniklaus et al., 

1998) involving either the embryo and the endosperm, epigenetic effects such as 

differential DNA methylation (Simon et al., 2005) or misregulation of transposable 

elements, or result from imbalance of dosage-sensitive genes (Birchler et al., 2001). Dosage 

effects are known to alter endosperm of A. thaliana polyploids (Scott et al., 1998) and 

could therefore affect the fitness of the resulting plant, including its subsequent fertility. In 

addition, both maternal and paternal genomes have been shown to influence seed 

development in diploids, and such phenomena would presumably be altered by changes to 

the parental genome dosage. For example, maternal affects control endosperm development 

via regulation of the rate of cell cycling during the cell division stage in Z. mays, A. 

thaliana and P. sativum (Leblanc et al., 2002, Lemontey et al., 2000). Less well-defined 

maternal effects have been reported to alter aspects of phenotype throughout the plant‘s life 

cycle, such as tiller architecture in some grasses (Roach and Wulff, 1987). A. thaliana also 

exhibits paternal effects over embryogenesis due to the delivery of untranslated paternal 

mRNA encoding the SHORT SUSPENSOR protein kinase (Bayer et al., 2009). 

It has been identified that under conditions in which ovule production is limited, 

presumably by the tendency of triploid organisms to produce aneuploid gametes, there is a 

trade-off between rate of ovule production and the success of fertilization (Table 3.5). This 

could occur due to a reduction in the vigour of triploid A. thaliana and consequent 

reduction in photosynthate. Additionally, the female gametophytes formed by triploids may 

require higher resource investment during their development and therefore compete with 
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each other. Competition between fertilized offspring has frequently been described  

(Greenway and Harder, 2007) but in triploids similar effects may occur between developing 

ovules as well. As many wild plants produce higher ovule numbers in order to take 

advantage of variable pollen supplies (Burd et al., 2009), such competition effects could 

also be widespread in diploid species under certain conditions. This could be particularly 

relevant for reproductive success if, as expected, subsequent seed size is also to be affected 

by ovule number (Alonso-Blanco et al., 1999). It is likely that the relationship between 

female gametophytes and the parental plant are of key importance as it has been determined 

that the pollen grains produced by triploid A. thaliana are still largely viable, and that this 

trait cannot explain variation in fecundity of different triploids (Figure 3.8).  

A consequence of the described variation in reproductive success of different triploids 

(Figure 3.3) is that polyploidy could act differently on populations within a species, 

supporting the link between polyploidy and speciation (Rick and Barton, 1954). Such 

variation also occurs in agriculturally important species – for example, cherry tomato 

produce more aneuploids than triploids of the San Marzano variety (Rick and Barton, 1954, 

Rick and Notani, 1961). Such triploid tomatoes are normally sterile, but when seed fertility 

is recovered in parthenocarpic lines, fruit dry-mass is significantly increased (Habashy et 

al., 2004). The parent-of-origin dependent phenotypes observed in this study could also 

shed light on similar phenomena in cucumber in which desirable triploids can only be 

generated if the excess genome is paternally inherited and show decreased pollen fertility 

and seedlessness (Mackiewicz et al., 1998). As greater effects on reproduction were 

observed in hybrid than isogenic triploids, our data also provide a model for understanding 

of transgressive variation (Rick and Notani, 1961) and potentially heterosis (Birchler et al., 

2003, Lippman and Zamir, 2007). Being able to select for altered fertility could allow the 

adaptation of apomixis for agricultural use (Spillane et al., 2004) or aid the breeding of 

triploid Musa varieties which vary greatly in fertility (Ortiz and Vuylsteke, 2004). 

Discussed results provide a framework for studying the genetics of fertility in triploids 

crops such as these. Understanding fertility of hybrid triploids will allow a greater 

understanding of speciation events involving polyploids, and how parental genomes 

interact during sexual reproduction of organisms of any ploidy level.  
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3.5 Conclusions         

In this chapter, F1 triploid plants generated from inter-ploidy crosses of different accessions 

of Arabidopsis thaliana were shown to be fertile but reproduce with reduced and varied 

rates of success. Also, identification of novel parent-of-origin dependent genome dosage 

effects which control both fertility and ovule number in selfed F1 hybrid triploids was 

demonstrated. It was further shown that the variation in F1 triploid fertility is heritable and 

involves a trade-off between ovule number (Σ) and ovule fertility (%U) which is largely 

unaffected by pollen viability.  
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4.1 Introduction  

Triploidy can result from the spontaneous fusion of an unreduced 2x gamete with a regular 

1x gamete in the diploid individual, or from inter-ploidy hybridization between diploid and 

tetraploid individuals (Ramsey and Schemske, 1998). Flowering plants easily tolerate 

polyploidy but inter-ploidy crosses result in parent-of-origin dependent abnormal seed 

development, often followed by abortion (Leitch and Bennett, 1997, Scott et al., 1998, 

Birchler, 1993). The reason for low frequency of viable progeny in some triploid species 

can be explained by the phenomenon of triploid block (Köhler et al., 2010, Marks, 1966), in 

which triploid embryos abort because of abnormal endosperm development. Those which 

survive often exhibit reduced reproductive fitness (Satina et al., 1938, Vinkenoog et al., 

2003). In other species, such as Arabidopsis thaliana, inter-ploidy crosses produce viable 

and sub-fertile triploids which may act as evolutionary bridges between different ploidy 

levels (Henry et al., 2005). Genetic control of inter-ploidy and intra-specific hybrid lethality 

has been dissected in Arabidopsis thaliana and Drosophila melanogaster (Bomblies and 

Weigel, 2007, Brideau et al., 2006). 

Post-fertilization barriers encountered by Arabidopsis thaliana triploids are sensitive to 

ploidy and to the epigenetic status of the mating plants (Martienssen, 2010). Triploid seed 

phenotypes strongly suggest that endosperm failure is the main cause of post-zygotic 

lethality following inter-ploidy crosses and extent of endosperm growth determines final 

seed size (Haig and Westoby, 1991, Birchler, 1993). The Endosperm Balance Number 

(EBN) term describes the pattern of dosage-dependent incompatibility. Each species has a 

specific EBN, and all successful crosses require a 2:1 maternal to paternal EBN ratio in the 

hybrid endosperm. EBN varies independently of ploidy, and inter-specific crossability was 

found to depend on EBN, not ploidy (Lin, 1984, Johnston and Hanneman Jr, 1995, Carputo 

et al., 1997). Disruption of this ratio causes imbalanced expression of maternally and 

paternally derived genomes leading to endosperm breakdown and failure of seed 

development (Dilkes and Comai, 2004). According to the differential dosage hypothesis, 

any differential parental contribution of a dosage-dependent regulator of viability can affect 

the triploid block (Dilkes and Comai, 2004).  
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It has been proposed that inter-ploidy cross phenotypes can be attributed to the disrupted 

balance of active copies of parentally imprinted genes in the seed (Haig and Westoby, 

1991, Gehring et al., 2004, Baroux et al., 2002). There is strong support for the MEDEA 

maternally expressed imprinted gene to control seed development defects following 2x X 

4x inter-ploidy crosses, providing the molecular basis for dosage sensitivity (Erilova et al., 

2009). The disruption of imprinting via DNA hypomethylation can lead to inter-ploidy 

failure by destroying coordinated parental programs in the seed and in the integument 

(Adams et al., 2000, Baroux et al., 2007) .  Also, maternal and paternal genomes contribute 

differing small interfering RNA (siRNA) that play role in heterochromatin reprogramming 

in the reproductive cells, as well as in the products of double fertilization, the embryo and 

the endosperm (Martienssen, 2010). Imprinting and reprogramming are associated with the 

activity of transposable elements (TE) that can influence the expression of neighbouring 

genes, and thus explain aspects of hybridization failure (Slotkin and Martienssen, 2007).  

 

4.1.1 Research Objectives 

In this chapter, four reciprocal inter-ploidy isogenic crosses (Col-0, C24, Ler-0, and Zu) 

and 77 reciprocal inter-ploidy, intra-specific hybridizations were carried out to generate a 

panel of F1 triploids (isogenic and hybrid). All F1 hybrid and isogenic triploids were 

allowed for self-fertilization and their F2 offspring was screened for post-zygotic seed 

lethality. It was sought to determine if natural variation found in diploid accessions of 

Arabidopsis thaliana can significantly affect triploid post-zygotic lethality. It was also 

investigated if the rates of F2 seed abortion differ between pairs of reciprocal triploids, 

subject to epigenetic parent-of-origin effects. 
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4.2 Methodology and Materials  

4.2.1 Plant material 

Diploid plants of 89 wild inbred accessions of Arabidopsis thaliana were grown from seeds 

provided by NASC (CS22564-CS22659). Tetraploid seeds originated from: Ler-0 Ueli 

Grossniklaus‘s lab (originally from Cold Spring Harbour Labs), Col-0 and C24 (from Luca 

Comai‘s lab, University of Washington), Zurich (from Ortrun Mittelsten Scheid‘s lab, GMI 

Vienna). All tetraploids were generated by colchicine doubling (Blakeslee, 1922). Seeds 

were surface sterilized by soaking in 5% v/v sodium hypochlorite, 0.05% v/v Triton-X 

solution (5 minutes) and washed five times with sterile distilled water. Sterilized seeds were 

individually sown on plates of Murashige and Skoog medium containing 4.6 g L
-1

 MS salts, 

30 g L
-1

 sucrose and 8 g L
-1

 agarose (Murashige and Skoog, 1962). The seeded MS plates 

were incubated in a Percival Tissue Culture Cabinet under a 16:8 hr light: dark (21
0
C/18

0
C) 

regime until the fourth true leaf stage (Boyes et al., 2001b). Seedlings were transplanted to 

individual pots of soil (8 parts Westland multipurpose compost: 1 part perlite: 1 part 

vermiculite) and transferred to growth chambers to grow under fluorescent lamps at 200 

μmol m
-2

 s
-1

 at 21
0
C/18

0
C and a 16:8 hr light: dark photoperiod.  

4.2.2 Reciprocal crosses 

Plants were crossed reciprocally by manual emasculation and cross-pollination prior to 

anthesis under a Leica MZ6 dissecting microscope using Dumostar No. 5 tweezers. Mature 

siliques were harvested after 7 days. F1 plants were grown in randomized positions to 

minimize genotype-by-environment (GxE) interactions. 

4.2.3 Flow cytometry 

All F1 triploids used in this study were confirmed to be eutriploid by flow cytometry using 

the PAI PARTEC ploidy analyzer. Fresh leaf tissue (~300 mg) was macerated in a round 

petri dish with a razor blade for 1 min and incubated in a nuclei extraction buffer (Cystain 

UV Precise P, Partec) for 5 min and the suspensions filtered through nylon filters of 30 µm 

mesh width. Nuclei were labeled with fluorescence dye (Cystain UV Precise P, Partec, 

according to manufacturer‘s instructions) and ploidy levels determined by direct 

comparison with diploid standard.  



 Chapter 4 – Post-zygotic lethality in Arabidopsis thaliana F1 triploids   

 
  121 
 

 4.2.4 Reproductive phenotypes 

All ploidy-confirmed F1 triploids and F1 hybrid diploids were allowed to self–pollinate and 

nearly-mature siliques were dissected with fine tweezers under a Leica MZ6 microscope. 

Five siliques were analyzed per F1 plant (for each of three individual F1 hybrid plants) and 

the silique contents scored for % aborted seeds (%A), calculated as a proportion of aborted 

seeds to all possible ovules in the silique (A/∑). Aborted seeds (A) were identified as those 

with a shrunken appearance, brown coloration and, usually, reduced size in the maturing 

silique, when compared with normal seeds (N) (Meinke, 1994). 

4.2.5 Statistical analyses of heritability of triploid reproductive trait (A) 

Data for %A and ∑ were analyzed using linear mixed models in PROC Mixed in SAS 

(Littel et al., 1996) with accession and cross-direction as fixed factors including their 

interaction. In this framework, the contribution of parental genetic variation in triploid traits 

is indicated by a significant accession term, parent-of-origin effects indicated by a 

significant cross direction term, and genetic variation in parent-of-origin effects by 

significant accession X cross direction interaction. The significance of model terms was 

determined using standard Type 3 analysis and F-ratios (Littel et al., 1996). The 

contribution of parental genetic effects to triploid variability was also quantified under 

additional models considering accession as a random term in data split by cross-direction. 

A proportion of the triploid reproductive variation explained by the single-dose 

contribution of the natural accessions was calculated as the ratio of the among-accession 

variance component to the total phenotypic variability in triploid traits. This allowed the 

determination of the broad-sense heritability although this differs from standard broad-

sense heritability given the unequal parental genomic contributions. Similarly, single dose 

genetic correlations among triploid reproductive characters (in both cross directions) were 

estimated by the standard Pearson product-moment correlation of triploid line means. The 

significance of each genetic correlation was determined using a t-test after a Z 

transformation of the correlation coefficient. Levels of significance for phenotypic and 

genetic correlations were not adjusted for multiple tests. 
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4.3 Results 

4.3.1 Variation in the rates of post-zygotic lethality (%A) in selfed Arabidopsis 

thaliana isogenic triploids depends upon the genotype and parent-of-origin     

 In order to investigate the effects of polyploidy on Arabidopsis thaliana post-zygotic 

lethality, isogenic F1 triploids were generated by inter-ploidy reciprocal crosses in four 

genetic backgrounds (C24, Col-0, Ler-0 and Zu). It was found that triploid reproduction 

was impaired compared to diploids, which have an almost entirely normal seed set, whether 

selfed or hybrid (Figure 4.1, Figure 4.5). In addition to F2 seeds which appeared to have 

developed normally and a number of ovules that remained unfertilized, triploid siliques 

contained varied proportions of aborted F2 seeds. The rates of post-zygotic lethality within 

F2 seed sets varied depending on the genetic background and parental genome dosage 

(Table 4.1, Figure 4.1). Col-0 2x X 4x paternal excess triploids, which experience severe 

lethality following inter-ploidy crosses (Dilkes et al., 2008), surprisingly produced the 

lowest proportion of aborted F2 seeds (6.9%) after self-fertilization. The seed abortion in 

the reciprocal direction was significantly higher (20.7%, p-value = 0.001). Within the other 

three genetic backgrounds (C24, Ler-0 and Zu) no statistically significant difference in seed 

abortion was found between the reciprocal pairs of F1 triploids indicating no parent-of-

origin effects (Table 4.1). Ler-0 reciprocal triploids had the highest F2 seed lethality, 

exceeding 22% (Figure 4.1).  
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Figure 4.1. Post-zygotic lethality in selfed isogenic triploids of A. thaliana is determined 

by cross direction as well as parental genotype. Bars represent mean %A (aborted seeds) in 

four reciprocal F1 isogenic triploid lines (C24, Col-0, Ler-0 and Zu). Error bars represent 

standard error.  

 

Table 4.1. Aborted seeds (%A) in selfed reciprocal isogenic triploids of A. thaliana 

illustrated by cross direction and parental genotype. Mean values of %A and SD (standard 

deviation) between pairs of reciprocal triploids were compared using a non-parametric test 

(Mann-Whitney U) and significant differences are highlighted in bold and marked with an 

asterisks (p-value < 0.05). 

 

 %A_2 x 4 %A_4 x 2 %A_Δ p-value 

Col-0 6.9 ± 6.6 20.7 ± 6.25 -14 0.001* 

C24 12.4  ± 5.35 12.2 ± 4.43 0.15 0.983 

Zu 16.6  ± 6.49 16.7 ± 8.24 -0.1 0.912 

Ler-0 25.3 ± 5.26 22.8 ± 5.98 2.51 0.237 
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4.3.2 F1 hybrid triploids display genetic and epigenetic parent-of-origin effects on seed 

lethality (%A) 

To investigate the effect of hybridity (allelic variation) on the fertility of F1 hybrid 

triploids, a tetraploid Ler-0 line was reciprocally crossed to 89 different diploid accessions 

to generate up to 166 F1 hybrid triploid plants with different genotypes. Relative 

percentage of seed abortion per triploid line (%A) was calculated as a proportion of aborted 

seeds to all ovules in the silique (A/∑) (Table 4.2, Figure 4.2). By comparing these scores, 

it was possible to demonstrate that, similarly to the analysis of F1 isogenic triploids, the 

proportion of aborted seeds varied significantly by genotype, that is, between F1 hybrid 

triploids produced from parents of different diploid accessions (Table 4.2, Figure 4.3). 

Paternal excess triploids produced higher proportion of aborted F2 seed (max.A= 44%, Pro-

0) (Table 4.2), compared to the triploids generated from the 4x X 2x cross, whose  highest 

post-zygotic lethality was ~10% lower (max.A=34%, EDEN-2, Mz-0, CS22491) (Table 

4.2). The lowest frequency of post-zygotic seed abortion was similar in hybrid triploids 

produced in both cross directions (min.A_2x4=7%, RMX-A180 and min.A_4x2=9%, 

Tamm-27), and in isogenic triploids generated in Col-0 background in the 2x X 4x cross 

direction (7%) (Table 4.1, Table 4.2). 

  

 

Figure 4.2. F1 hybrid triploids of Arabidopsis thaliana have many fertility defects 

compared to their diploid parents. Some of the seeds abort in the triploid silique (A) – 

brown, shrunken seeds indicated by arrows. 
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Similarly to F1 isogenic Col-0 triploids, it was found that the rate of seed abortion 

frequently varied between genetically identical F1 hybrid triploids generated in the two 

reciprocal cross directions. Such epigenetic parent-of-origin effects on the rate of post-

zygotic lethality were statistically significant (p < 0.05) in 29 pairs of reciprocal F1 hybrid 

triploids, whilst the remaining 48 had no significant difference (Figure 4.3C, Table 4.5). 

However, the parent-of-origin difference observed was not always in the same direction: 

i.e. 18 F1 hybrid triploids produced more aborted seeds as maternal excess 4x X 2x plants 

(e.g. CS22491), whilst 11 F1 hybrid triploids displayed the opposite trend and produced 

more aborted seeds in the paternal excess 2x X 4x triploid (e.g. Pro-0) (Figure 4.3C, Table 

4.5). CS22491 represented one of the most extreme cases of parent-of-origin effects (p-

value < 0.001), producing over 34% of aborted F2 seeds formed by 4x X 2x F1 hybrid 

triploids whilst only 16% of those formed by 2x X 4x F1 triploids (Table 4.5). Pro-0 is an 

example of a reciprocal extreme effect (p-value < 0.001), where 44% of F2 seeds were 

aborted in 2x X 4x F1 triploid siliques, while only 24% of F2 seeds were aborted in 4x X 

2x F1 hybrid triploids. To author‘s knowledge, these represent the first evidence of 

epigenetic parent-of-origin effects controlling seed lethality of selfed F1 hybrid triploid 

plants. 

Figure 4.3 Post-zygotic lethality in Arabidopsis thaliana F1 hybrid triploids is determined 

by cross direction as well as parental genotype. Box-plots of %A are shown for A) 78 

paternal excess (2x X 4x) and B) 88 maternal excess (4x X 2x) F1 hybrid triploids, each 

sorted in descending order of seed abortion. C) Variation in seed abortion between the 77 

pairs of hybrid triploids for which reciprocal crosses were analyzed, showing differences in 

%A per silique. Accessions showing increased %A in the 2x X 4x cross direction are 

coloured in black and those showing increased seed abortion in the 4x X 2x cross direction 

are represented by white bars. Accessions in the centre of the figures are those showing 

little or no difference in %A between cross directions, and include the isogenic Ler-0 

triploid (highlighted in red colour). Those with statistically significant (p < 0.05) 

differences between cross directions (non-parametric Mann-Whitney Test) are shaded (next 

page). 
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Accession %A_2x4  SD Accession %A_4x2  SD 

PRO-0 43.9 ± 17.6 EDEN-2 34.5 ± 13.1 

Col-0 42.1 ± 29.9 MZ-0 34.5 ± 14.3 

WEI-0 39.4 ± 13.7 CS22491 34.3 ± 11.2 

UOD-7 32.9 ± 16.9 RMX-A02 32.6 ± 8.4 

ZDR-1 32.7 ± 23.4 KZ-9 30.2 ± 14.5 

AN-1 32.6 ± 18.1 NFA-8 30.1 ± 9.4 

MZ-0 31.9 ± 8.3 LER-1 28.6 ± 7.1 

LER-1 30.4 ± 8.4 RRS-10 28 ± 11.6 

KONDARA 29.2 ± 13.1 ZDR-6 27.6 ± 14.9 

PNA-10 28.3 ± 11.1 KNOX-18 27.4 ± 17.9 

ZDR-6 28.1 ± 11.9 Ra-0 27.1 ± 13.2 

Got-22 28.1 ± 15.4 Spr1-2 27 ± 7.5 

Knox-10 25.8 ± 1.7 Got-7 25.8 ± 11.6 

FEI-0 25.6 ± 18.5 NOK-3 25.8 ± 9.1 

Ler-0 25.3 ± 5.3 Pna-17 25.5 ± 11 

CIBC-5 25.2 ± 5.4 Knox-10 25.2 ± 5.3 

KZ-1 25.1 ± 11.7 Got-22 25.2 ± 8.1 

RRS-10 24.8 ± 13.3 GU-0 25.2 ± 9.5 

EDEN-2 23 ± 10.5 Yo-0 25.2 ± 8.4 

MS-0 23 ± 11.2 Ag-0 24.9 ± 7.8 

HR-10 22.7 ± 17.8 REN-11 24.7 ± 10.3 

OMO2-3 22.4 ± 8.6 PRO-0 24.4 ± 5 

Kas-1 22.1 ± 9.4 PNA-10 24.1 ± 7.1 

WT-5 22 ± 7.8 SQ-8 23.8 ± 13.4 

MR-0 22 ± 10.4 BUR-0 23.7 ± 7.4 

KIN-0 21.9 ± 7.9 Ei-2 23.5 ± 10 

Ei-2 21.5 ± 6.9 NFA-10 23.4 ± 6 

HR-5 20.9 ± 7 TS-5 23.4 ± 6.8 

Gy-0 20.3 ± 9 Ull2-3 23.2 ± 12 

OY-0 20.1 ± 6 CIBC-17 23 ± 6.9 

Van-0 19.7 ± 5 Ler-0 22.8 ± 6 

LZ-0 19.5 ± 8.9 AN-1 22.8 ± 12.3 

RRS-7 19.2 ± 7.2 WT-5 22.8 ± 9.4 

Bay-0 19.2 ± 6.1 Est-1 22.4 ± 9.1 

SQ-1 19.1 ± 5.5 OMO2-3 21.9 ± 7.3 

BOR-4 19 ± 9.1 Gy-0 21.7 ± 6.6 

WS-2 18.8 ± 7.8 LP2-6 21.6 ± 7.4 

Est-1 18.7 ± 5.9 WEI-0 21.6 ± 8.6 

KNOX-18 18.6 ± 7.7 RMX-A180 21.4 ± 8.4 

NFA-10 18.5 ± 9 Col-0 21.3 ± 12.6 

NOK-3 18.5 ± 16.4 ND-1 21.2 ± 9.7 

LL-0 18.5 ± 7 PU2-23 21.1 ± 13 

SQ-8 18.3 ± 6.9 Kas-1 21.1 ± 6.8 

Pna-17 18 ± 8 REN-1 20.7 ± 9.5 

CT-1 17.9 ± 7.6 SQ-1 20.6 ± 12.3 
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KZ-9 17.7 ± 4.5 TAMM-2 20.4 ± 9.4 

PU2-23 17.5 ± 4.5 MrK-0 20.4 ± 5.4 

C24 17.3 ± 8.4 MT-0 20.1 ± 9.5 

ND-1 17.1 ± 11 TS-1 20 ± 9.7 

LP2-2 17 ± 7.1 CIBC-5 19.9 ± 6.7 

Pu-2-7 16.9 ± 5.6 Van-0 19.9 ± 7 

CVI-0 16.9 ± 7.1 Edi-0 19.9 ± 4.5 

MT-0 16.9 ± 6.8 LP2-2 19.7 ± 8.3 

RMX-A02 16.6 ± 6.8 OY-0 19.6 ± 10.5 

TSU-1 16.3 ± 6 BOR-4 19.1 ± 5 

Bil-5 16 ± 8.6 EDEN-1 18.9 ± 5.6 

TS-5 15.9 ± 5.1 WS-2 18.9 ± 7.5 

TAMM-2 15.8 ± 7.5 Omo2-1 18.6 ± 6.8 

CS22491 15.8 ± 4.7 CT-1 18.5 ± 5.1 

Ra-0 15.6 ± 5.4 Pu-2-7 18 ± 7.9 

LP2-6 15.4 ± 4.4 UOD-7 17.8 ± 11.1 

GU-0 15.4 ± 5.4 SE-0 17.1 ± 5.1 

MrK-0 15.4 ± 6.4 HR-5 16.9 ± 8.1 

Br-0 15.2 ± 7.2 LZ-0 16.9 ± 8.4 

REN-11 15 ± 6.3 MS-0 16.8 ± 6.6 

GA-0 14.8 ± 5.3 KZ-1 16.6 ± 6.7 

Bor-1 14.7 ± 7 Bay-0 16.4 ± 8.4 

BUR-0 14.3 ± 4.6 Ull2-5 16.2 ± 4.9 

VAR2-1 14.1 ± 7.7 KONDARA 16 ± 8.4 

SORBO 13.9 ± 7 C24 15.9 ± 5.4 

SE-0 13.7 ± 6.8 MR-0 15.6 ± 9.5 

NFA-8 13.2 ± 6.5 RRS-7 15.4 ± 6 

Tamm-27 13.1 ± 6.9 ZDR-1 15.4 ± 9.1 

CIBC-17 12.4 ± 6.5 SHAHDARA 15.2 ± 6.8 

REN-1 12.3 ± 4.4 Br-0 15.1 ± 7.5 

TS-1 11.1 ± 4.1 LL-0 15.1 ± 5.2 

SHAHDARA 9.7 ± 2.5 Ws-0 14.8 ± 8.3 

Uod-1 8.8 ± 3.4 VAR2-1 14.5 ± 7.2 

RMX-A180 7.4 ± 4.4 Bor-1 14.5 ± 8.1 

EDEN-1 N.D.   KIN-0 13.7 ± 6.6 

Lov-5 N.D.   SORBO 13.4 ± 4.7 

Spr1-2 N.D.   CVI-0 12.9 ± 6.3 

Omo2-1 N.D.   FEI-0 12.3 ± 4.4 

Ull2-5 N.D.   Lov-5 11.7 ± 4.5 

Ull2-3 N.D.   GA-0 11.7 ± 4.9 

Got-7 N.D.   HR-10 11.6 ± 8 

Ws-0 N.D.   TSU-1 11.6 ± 5 

Yo-0 N.D.   Uod-1 10.2 ± 3.7 

Ag-0 N.D.   Tamm-27 9.5 ± 4.3 

Edi-0 N.D.   Bil-5 N.D.   
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Table 4.2. Siliques produced by Arabidopsis thaliana F1 hybrid triploids contain variable 

percentages of aborted seeds (A). Mean %A were calculated for each F1 hybrid triploid 

genotype from each reciprocal cross direction and sorted in descending order. Data from 

isogenic Ler-0 triploids is included and highlighted in grey. Standard deviation (SD) from 

the mean is included for all values. 

 

The variable viability of F2 seeds showed strong correlation with genetic variation between 

the parental accessions. There was a significant heritable variation in %A, and the total 

number of ovules (potential seed set in F1 hybrid triploid silique, ∑), with broad-sense 

heritabilities ranging from 0.27 - 0.44, p < 0.0001 (Table 4.3). Importantly, considerable 

support for cross direction (p < 0.1) and accession x cross direction interaction effects (p < 

0.001) have been detected (Table 4.4, Figure 4.4). Also the pattern of phenotypic and 

genetic correlation of triploid reproductive defects within and among parental cross 

directions was investigated. For phenotypic correlations, a similar pattern under both cross 

directions consisting of negative correlation was found (Table 4.4, Figure 4.4). For genetic 

correlations, again a similar pattern under both cross direction consisting of large negative 

genetic correlations was observed (Table 4.4). Finally, despite similar patterns of genetic 

correlation within a cross direction, generally low genetic correlations across directions was 

found (Table 4.4). This result is not surprising given the fact that significant accessions x 

cross direction interaction effects on the %A and ∑ has consistently been observed (Tom 

Juenger – personal communication).  

 

Trait 2 x 4 4 x 2 

% A 0.3 0.27 

∑ 0.35 0.44 

 

Table 4.3. Broad-sense heritabilities of proportions of Aborted seeds (%A), and the total 

number of ovules per silique (∑) demonstrate a high level of heritability for seed abortion. 
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Phenotypic Correlations    

 2x4 ∑ %A 

 ∑ 1 -0.43 

 4x2 ∑ %A 

 ∑ 1 -0.41 

Genetic Correlations    

 2x4 ∑ %A 

 ∑ 1 -0.6 

 4x2 ∑ %A 

 ∑ 1 -0.61 

 Across Direction  

  ∑_2x4 %A_2x4 

 ∑ _4 x2 0.21 -0.13 

 %A_4x2 -0.37 0.2 

 

Table 4.4. Phenotypic and genetic correlations between %A and the total number of ovules 

(∑) and the effect of parental origin in inter-accession hybrid Arabidopsis thaliana. 
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Figure 4.4. Diagonal matrix presenting the phenotypic and genetic correlations among the 

traits, split by cross direction. % Aborted (female) refers to proportion of aborted F2 seeds 

from selfed 2x X 4x paternal excess triploids, (male) – 4x X 2x maternal excess triploids. 

Sum (female) refers to sum of ovules (fertilized or not) produced by 2x X 4x paternal 

excess triploids, (male) - 4x X 2x maternal excess triploids. 
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Accession %A_4x2 p-value %A_2x4 4x2 - 2x4 

CIBC-17 23* < 0.001 12.4 10.6 

CS22491 34.3* < 0.001 15.8 18.5 

NFA-8 30.1* < 0.001 13.2 16.9 

PRO-0 24.4 < 0.001 43.9* -19.5 

RMX-A02 32.6* < 0.001 16.6 16 

RMX-A180 21.4* < 0.001 7.4 14 

BUR-0 23.7* 0.001 14.3 9.4 

UOD-7 17.8 0.001 32.9* -15.1 

WEI-0 21.6 0.001 39.4* -17.8 

REN-11 24.7* 0.002 15 9.7 

GU-0 25.2* 0.003 15.4 9.8 

Ra-0 27.1* 0.003 15.6 11.5 

FEI-0 12.3 0.004 25.6* -13.3 

KONDARA 16 0.004 29.2* -13.2 

EDEN-2 34.5* 0.005 23 11.5 

TS-1 20* 0.005 11.1 8.9 

KIN-0 13.7 0.006 21.9* -8.2 

REN-1 20.7* 0.006 12.3 8.4 

NOK-3 25.8* 0.008 18.5 7.3 

TS-5 23.4* 0.008 15.9 7.5 

KZ-1 16.6 0.012 25.1* -8.5 

KZ-9 30.2* 0.013 17.7 12.5 

LP2-6 21.6* 0.024 15.4 6.2 

MrK-0 20.4* 0.024 15.4 5 

ZDR-1 15.4 0.024 32.7* -17.3 

HR-10 11.6 0.028 22.7* -11.1 

TSU-1 11.6 0.031 16.3* -4.7 

CIBC-5 19.9 0.033 25.2* -5.3 

NFA-10 23.4* 0.034 18.5 4.9 

Col-0 21.3 0.051 42.1 -20.8 

SE-0 17.1 0.068 13.7 3.4 

CVI-0 12.9 0.085 16.9 -4 

Pna-17 25.5 0.089 18 7.5 

Bay-0 16.4 0.093 19.2 -2.8 

MR-0 15.6 0.101 22 -6.4 

GA-0 11.7 0.12 14.8 -3.1 

ND-1 21.2 0.12 17.1 4.1 

Tamm-27 9.5 0.12 13.1 -3.6 
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AN-1 22.8 0.13 32.6 -9.8 

TAMM-2 20.4 0.141 15.8 4.6 

PNA-10 24.1 0.146 28.3 -4.2 

HR-5 16.9 0.164 20.9 -4 

LL-0 15.1 0.165 18.5 -3.4 

RRS-7 15.4 0.171 19.2 -3.8 

SHAHDARA 15.2 0.186 9.7 5.5 

MS-0 16.8 0.202 23 -6.2 

KNOX-18 27.4 0.206 18.6 8.8 

Ler-0 22.8 0.237 25.3 -2.5 

Est-1 22.4 0.257 18.7 3.7 

LP2-2 19.7 0.29 17 2.7 

Uod-1 10.2 0.309 8.8 1.4 

PU2-23 21.1 0.341 17.5 3.6 

SQ-8 23.8 0.342 18.3 5.5 

LER-1 28.6 0.481 30.4 -1.8 

MT-0 20.1 0.494 16.9 3.2 

LZ-0 16.9 0.548 19.5 -2.6 

OY-0 19.6 0.548 20.1 -0.5 

RRS-10 28 0.633 24.8 3.2 

C24 15.9 0.655 17.3 -1.4 

Ei-2 23.5 0.657 21.5 2 

Got-22 25.2 0.694 28.1 -2.9 

Van-0 19.9 0.771 19.7 0.2 

MZ-0 34.5 0.787 31.9 2.6 

SQ-1 20.6 0.787 19.1 1.5 

VAR2-1 14.5 0.797 14.1 0.4 

OMO2-3 21.9 0.821 22.4 -0.5 

Bor-1 14.5 0.836 14.7 -0.2 

Gy-0 21.7 0.868 20.3 1.4 

WT-5 22.8 0.868 22 0.8 

ZDR-6 27.6 0.868 28.1 -0.5 

Knox-10 25.2 0.896 25.8 -0.6 

Pu-2-7 18 0.901 16.9 1.1 

Br-0 15.1 0.912 15.2 -0.1 

BOR-4 19.1 0.917 19 0.1 

Kas-1 21.1 0.965 22.1 -1 

WS-2 18.9 0.973 18.8 0.1 

CT-1 18.5 0.983 17.9 0.6 

SORBO 13.4 0.983 13.9 -0.5 
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Table 4.5. Pairs of reciprocal triploids ranked in descending order by the extent of parental 

impact on triploid fertility as determined by differences in %A in each cross direction. 

Statistically significant differences (Mann-Whitney U Test) are listed, with those of p < 

0.05 considered as significant. Triploids with significantly higher %A in given cross 

direction are highlighted in bold and with an asterisks. A pair of Ler-0 isogenic triploids is 

listed among those triploid hybrids with no significant difference in %A. 

 

4.3.3 Differences in post-zygotic lethality (%A) in selfed F1 hybrid triploids are not 

due to hybrid dysgenesis effects in diploids 

To confirm that observed post-zygotic lethality in F1 hybrid triploid siliques is specific to 

genotypic effects seen in the polyploid state, %A was also determined in diploid F1 

hybrids. These were derived from reciprocal crosses between diploid Ler-0 and five 

accessions: Ga-0 and Fei-0, representing the extremes of the fertility defect (%A F2 seeds) 

observed in 4x X 2x F1 hybrid triploids; and Ren-1, Wei-0, and Pro-0, representing the 

most extreme fertility defects (%A F2 seeds) amongst the 2x X 4x F1 hybrid triploids 

(Figure 4.3). The rate of fertility defects was almost entirely ablated when the 

hybridization occurred without polyploidization. In fact, in all five F1 hybrid diploids only 

at most 2% of F2 seeds were aborted (Figure 4.5, Table 4.6). This indicates that the 

genotypic and parent-of-origin effects on seed lethality (%A F2 seeds) seen in the F1 

hybrid triploids are due to a genome dosage effect rather than being a consequence of 

hybrid dysgenesis. 
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Figure 4.5 Seed abortion in Arabidopsis thaliana F1 hybrid diploids is determined by cross 

direction as well as parental genotype. Bars represent mean %A produced by selfed F1 

hybrid diploids, generated by crosses between diploid (L) Ler-0 and five different diploid 

(A) accessions (Fei-0, Ga-0, Pro-0, Ren-1, Wei-0). Error bars represent standard error. 

 

Accession %N_AxL  SD %N_LxA  SD 
Difference 

AxL -LxA 
p-value 

Wei-0 1 ± 1.88 0.8 ± 1.2 0.2 0.776 

Ga-0 0.3 ± 0.6 0.3 ± 0.68 0 0.894 

Pro-0 1.9 ± 0.59 0.5 ± 0.54 1.4 0.016* 

Fei-0 2 ± 3.35 0.6 ± 1.03 1.4 0.178 

Ren-1 0.3 ± 3.37 0.2 ± 1.16 0.1 0.499 

 

Table 4.6. Mean percentage of aborted seeds (%A) per silique in five pairs of reciprocal F1 

hybrid diploids. Differences between the mean %A in two cross directions was tested by 

the Mann-Whitney U test and the significance level was at 0.05. 
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4.4 Discussion  

The strength of post-zygotic lethality can vary within species and can lead to reproductive 

isolation and speciation (Burton and Husband, 2000, Yamauchi et al., 2004).  Arabidopsis 

thaliana accession Col-0 experiences particularly severe seed lethality when diploid 

females are mated to tetraploid males, while Ler-0 is more permissive (Dilkes et al., 2008). 

The maternal effect transcription factor TTG2 has been found to affect the rate of post-

zygotic lethality caused by 2x X 4x inter-ploidy crosses involving Col-0 accession (Dilkes 

et al., 2008). Also, misregulation of imprinted genes such as MEDEA has been proposed to 

cause developmental defects in seeds with unbalanced parental genome contributions 

(Erilova et al., 2009). 

The general little post-zygotic lethality in Arabidopsis thaliana inter-ploidy crosses allows 

surviving F1 triploids to reproduce, and therefore act as triploid bridges giving rise to stable 

polyploid offspring (Ramsey and Schemske, 1998, Husband, 2004, Henry et al., 2005, 

Burton and Husband, 2001). Reproductive patterns in isogenic Col-0 and hybrid Col-0/Wa-

1 F1 triploids have been investigated by (Henry et al., 2005). These two classes of triploids 

were found to be fertile and produce significantly more normal seeds as hybrids (75%) than 

as isogenics (65%), however their reproductive success was impaired compared to their 

diploid and tetraploid parents (~ 100% normal seeds) (Henry et al., 2005). These data 

suggest that isogenic Col-0 triploids experience more severe reproductive barriers due to 

post-zygotic seed lethality than triploid hybrids. This also shows that polyploidy can affect 

post-zygotic lethality even in the absence of allelic diversity (hybridization) and thus form 

isolated populations (Soltis et al., 2007). 

In this chapter, four isogenic reciprocal triploids (Col-0, C24, Ler-0, and Zu) have been 

allowed for self-fertilization in order to investigate the rates of post-zygotic lethality in the 

F2 seed generation. It has been found that the rates of seed abortion varied depending on 

the accession and the %A (proportion of aborted F2 seeds in a silique) was ranging between 

7 and 25% (Table 4.1). Such accession-dependent variation in the frequency of seed 

abortion has been also found in the former F1 generation, following 2x X 4x inter-ploidy 

crosses (Dilkes et al., 2008, Scott et al., 1998).  
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Col-0 triploids originating from a 2x X 4x inter-ploidy cross, known to have the highest 

frequency of F1 seed lethality (~80%) (Dilkes et al., 2008), have surprisingly been found to 

produce the lowest frequency of aborted F2 seeds (Table 4.1, Figure 4.1). This could be 

explained by preferential production of diploid female gametes and haploid male gametes 

(like in the 4x X 2x inter-ploidy cross). However, a significantly increased proportion of F2 

seed abortion in the reciprocal Col-0 triploids would act against this hypothesis. In the 

remaining three genetic backgrounds (C24, Ler-0, Zu), there was no significant differences 

in F2 seed failure between reciprocal triploids (Table 4.1). The highest degree of post-

zygotic seed abortion was observed in Ler-0 triploids, regardless of the cross direction. 

Similar frequency of post-zygotic lethality was also observed in F1 2x X 4x Ler-0 inter-

ploidy crosses (Dilkes et al., 2008). 

This demonstrates that in Arabidopsis thaliana, genetic background affects isogenic triploid 

reproduction via mechanisms which may vary by cross direction. This also shows that 

lethality arises due to the parental genome dosage, in the absence of allelic diversity 

(hybridization). 

In this chapter, post-zygotic lethality has been also examined in hybrid triploids 

incorporating many different genotypes and a strong genetic and heritable link to 

reproductive defects has been found (Figure 4.3, Table 4.2, Table 4.3). Phenotypic 

negative correlation found between the proportions of %A and sum of all ovules (Σ) 

suggests that the smaller numbers of ovules produced in the silique, the more seeds are 

likely to abort post-fertilization. This shows that there is a crosstalk between triploid 

reproductive pathways controlling ovule development and post-zygotic lethality, such as 

e.g. maternal effects (Table 4.4).  

Paternal excess triploids produced higher proportions of aborted F2 seeds (max.A= 44%, 

Pro-0) (Table 4.2), consistently with the higher F1 seed lethality in the 2x X 4x  inter-

ploidy crosses in many other species (Ramsey and Schemske, 1998). To compare, the 

highest post-zygotic lethality in the triploids generated from the 4x X 2x cross was about 

10% lower (max.A=34%, EDEN-2, Mz-0, CS22491) (Table 4.2). The lowest frequency of 

post-zygotic seed abortion was similar in hybrid triploids produced in both cross directions 

(min.A_2x4 = 7%, RMX-A180 and min.A_4x2 = 9%, Tamm-27), and in isogenic triploids 



 Chapter 4 – Post-zygotic lethality in Arabidopsis thaliana F1 triploids   

 
  138 
 

generated in Col-0 background in the 2x X 4x cross direction (7%) (Table 4.1, Table 4.2). 

Therefore, the range of F2 seed abortion was found to be greater than indicated by analysis 

of isogenic F1 triploid plants, as the rates of post-zygotic lethality were either higher or 

similar to the isogenic F1 triploids (Table 4.1, Table 4.2).  

Reduction in viability of F2 seed in Arabidopsis thaliana triploids can be associated with 

production of aneuploid gametes spanning a wide range of genome contents (Henry et al., 

2005, Ramsey and Schemske, 1998). Fertilization of aneuploid gametes is likely to lead to 

more severe post-zygotic lethality than inter-ploidy crosses because of a requirement for the 

balanced dosage of many factors (Birchler et al., 2001). For example, imprinted factors 

required for endosperm proper development may limit viability of aneuploid endosperm 

(Vinkenoog et al., 2003). The extent of reproductive defects varies between different 

triploids in ways which are under genetic control, but remain poorly understood (Henry et 

al., 2007). The SDI locus has been proposed to control aneuploid survival by buffering the 

effects of dosage imbalance introduced by triploid reproduction (Henry et al., 2007).  

It is striking that Arabidopsis thaliana triploids, generated by reciprocal crosses, both 

isogenic and hybrid, frequently differed in post-zygotic lethality (Table 4.1, Table 4.5). 

These parent-of-origin effects caused greater seed abortion in the F1 triploids from the 4x X 

2x cross direction or, the 2x X 4x cross direction, and as such define a likely epigenetic 

effect. Also one pair of reciprocal hybrid diploids (Pro-0) showed a significant difference in 

the frequency of seed abortion, with Pro-0 X Ler-0 having more aborted seeds (2%) than 

Ler-0 X Pro-0 (0.5%). However, the highest frequency of post-zygotic lethality found in 

hybrid diploids was only 2% (Table 4.6, Figure 4.5). This indicates that the genotypic and 

parent-of-origin effects on seed lethality seen in the F1 triploids are not a consequence of 

hybrid dysgenesis.  

Genetic basis for post-zygotic lethality in polyploids include dosage sensitivity, maternal 

effects (sporophytic, cytoplasmic, gametophytic), or/and genomic imprinting (Dilkes and 

Comai, 2004, Adams et al., 2000, Scott et al., 1998, Erilova et al., 2009). These parental 

affects often result from challenges encountered by triploids but not seen in other 

polyploids. It is likely that each of these effects may be involved in observed variation in 

F2 seed lethality.  
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4.5 Conclusions 

In this chapter, a considerable heritable variation in post-zygotic F2 seed lethality has been 

identified in a panel of F1 triploids (isogenic and hybrid) generated from inter-ploidy 

reciprocal crosses of different accessions of Arabidopsis thaliana. This post-zygotic 

lethality in F1 triploid siliques is specific to genotypic effects in the polyploid state, and 

was confirmed not to be a consequence of dysgenesis between diploid accessions. 

 The F2 seed abortion often significantly differed between reciprocal triploids and as such 

defined novel parent-of-origin dependent genome dosage effects.   

Phenotypic negative correlation found between the proportions of %A and the sum of all 

ovules (Σ) suggests that there is a crosstalk between triploid reproductive pathways 

controlling ovule development and post-zygotic lethality.  

 

 

 



 

 

 
 

CHAPTER 5 – Post-fertilization effects on seed development in 

Arabidopsis thaliana F1 triploids 
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5.1 Introduction 

Triploid reproduction is complicated by the fact that three sets of chromosomes must be 

resolved into two poles during meiosis which often results in non-disjunction of chromatids 

and chromosomes (Ramsey and Schemske, 1998). This causes uneven chromosome 

numbers in gametes and subsequent zygotes. Some types of aneuploidy can lead to post-

zygotic lethality due to the disrupted balance of dosage sensitive genes and their products in 

endosperm (Birchler, 1993) (Chapter 4). Surviving progeny often display dramatic 

phenotypical and developmental changes, such as extreme dwarfism or sterility, however in 

some cases they can be advantageous and even be selected for (Chapter 3) (Ramsey and 

Schemske, 2002, Hughes et al., 2000).  

Sensitivity to aneuploidy can differ significantly between species but it can also differ 

between varieties of the same species, e.g. tomato and barley (Rick and Notani, 1961, 

Ramage, 1960). This suggests also that different Arabidopsis thaliana accessions can have 

different levels of tolerance to aneuploidy. A SENSITIVE TO DOSAGE IMBALANCE (SDI) 

locus affecting aneuploid survival in Arabidopsis thaliana triploids was mapped using 

recombinant inbred populations (RILs) from a Col-0/Wa-1 hybrid triploid (Henry et al., 

2005). Ploidy-dependent transmission distortion at this locus suggested a role for SDI in 

buffering the dosage effects in aneuploids (Henry et al., 2007).  

Aneuploids are very frequent in polyploid populations and support the role of triploid 

bridges in neopolyploid formation (Ramsey and Schemske, 1998, Ramsey and Schemske, 

2002). Viable aneuploids act as vectors for gene flow between triploid and tetraploid 

populations as triploid progeny drift towards stable diploid or tetraploid forms, whilst 

inviable aneuploids may lead to polyploid speciation (Soltis et al., 2004). 

Due to the recent advances in genotyping and sequencing technology, genome-wide 

association (GWA) studies have become a useful approach for studying the genetics of 

natural variation and traits of agricultural importance (Atwell et al., 2010). Linkage 

disequilibrium (LD), the basis for GWA studies, is the non-random association of alleles at 

different loci explaining genetic variation in natural populations. Associations, known as 

linkage disequilibria, typically exist between very closely linked loci which tend to be 
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inherited together (as haplotypes) more often than alleles at unlinked loci. LD mapping 

(GWA) allows identification of sequence variants that correlate with a given phenotype 

across a large number of populations of unrelated individuals, and thus can be applied to 

determine the genetic basis of phenotypic variation, such as triploid reproductive rates 

(Myles et al., 2009, Aranzana et al., 2005, Weigel and Nordborg, 2005). 

 

5.1.1 Research Objectives 

This chapter is focused on investigating the mechanisms of reproductive success in 

Arabidopsis thaliana reciprocal F1 hybrid triploids. Given the variation in tolerance to 

ploidy changes and hybridization which can exist between plant species, it was 

hypothesised that genetic differences between Arabidopsis thaliana accessions could alter 

their reproductive fitness when such genomic changes were induced. 

The proportion of normal seed development (%N) was screened in the seed-set of self-

pollinated reciprocal F1 hybrid triploids generated through inter-ploidy crosses between a 

tetraploid Ler-0 and 89 different diploid accessions. Additionally, %N arising from 

reproduction of four different reciprocal F1 isogenic triploids and five different reciprocal 

F1 hybrid diploids was also investigated.  

The diploid accessions of Arabidopsis thaliana which were used to generate reciprocal F1 

hybrid triploids have been characterized for single nucleotide polymorphisms (SNPs) at 

over 1.4 million genomic positions (Magnus Nordborg lab, unpublished data). This allowed 

the use of a genome-wide association (GWA) approach to determine the genetic basis of 

phenotypic variation in F1 hybrid triploid reproduction (%N) through the identification of 

sequence variants (SNPs) that correlate with %N across different Arabidopsis thaliana 

accessions. 
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5.2 Methodology and Materials  

5.2.1 Plant material 

Diploid plants of 89 wild inbred accessions of the 96 Nordborg Arabidopsis thaliana 

mapping panel (Nordborg et al., 2005) were grown from seeds provided by NASC 

(CS22564-CS22659). Tetraploid seeds originated from: Ler-0 Ueli Grossniklaus‘s lab 

(originally obtained from Cold Spring Harbor Lab), Col-0 and C24 (from Luca Comai‘s 

lab, University of Washington), Zurich (from Ortrun Mittelsten Scheid‘s lab, GMI Vienna); 

All tetraploids used were generated by colchicine doubling (Blakeslee, 1922). Seeds were 

surface sterilized by soaking in 5% v/v sodium hypochlorite; 0.05 % v/v Triton-X solution 

(5 min), and washed five times with sterile distilled water. Sterilized seeds were 

individually sown on plates of Murashige and Skoog medium containing 4.6 g L
-1

 MS salts, 

30 g L
-1

 sucrose and 8 g L
-1

 agarose (Murashige and Skoog, 1962). Seeded MS plants were 

incubated in a Percival Tissue Culture Cabinet under a 16:8 hr light: dark (21 °C/18 °C) 

regime until the fourth true leaf stage (Boyes et al., 2001a). Seedlings were transplanted to 

individual pots of soil (8 parts Westland multipurpose compost (Dungannon, N. Ireland): 1 

part perlite: 1 part vermiculite) and transferred to growth chambers to grow under 

fluorescent lamps at 200 μmol m
-2

 s
-1

 at 21 °C/18 °C and a 16:8 hr light:dark photoperiod.  

 

5.2.2 Reciprocal crosses 

Plants were crossed reciprocally by manual emasculation and cross-pollination prior to 

anthesis under a Leica MZ6 dissecting microscope using Dumostar No. 5 tweezers. Mature 

siliques were harvested after 7 days. F1 plants were grown in randomized positions to 

minimize genotype-by-environment (G x E) interactions. 
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5.2.3 Flow cytometry 

All F1 triploid plants used in this study were confirmed to be eutriploid by flow cytometry 

using a PAI PARTEC ploidy analyzer. Fresh leaf tissue (~300 mg) was macerated in a 

round petri dish with a razor blade for 1 min and incubated in a nuclei extraction buffer 

(Cystain UV Precise P, Partec) for 5 min and the suspensions were filtered through nylon 

filters of 30 µm mesh width. Nuclei were labelled with fluorescence dye (Cystain UV 

Precise P, Partec, according to manufacturer‘s instructions) and ploidy levels determined by 

direct comparison with a diploid standard.  

  5.2.4 Reproductive phenotypes 

All ploidy-confirmed F1 (hybrid and  isogenic) triploids and F1 hybrid diploids were 

allowed to self–pollinate and nearly-mature siliques were dissected with fine tweezers 

under a Leica MZ6 microscope. Five siliques were analyzed per F1 plant (for each of three 

individual F1 hybrid plants) and the silique contents scored for % normal seeds (%N), 

calculated as a proportion of normal seeds to all possible ovules in the silique (N/∑). 

Normal seeds (N) were identified as those with a green and plump appearance (Meinke, 

1994). 

5.2.5 Statistical analyses of heritability of triploid reproductive trait (N) 

Data for %N and ∑ were analyzed using linear mixed models in PROC Mixed in SAS 

(Littel et al., 1996) with accession and cross-direction as fixed factors, and including their 

interactions. In this framework, the contribution of (a) parental genetic variation in triploid 

traits is indicated by a significant accession term, (b) parent-of-origin effects indicated by a 

significant direction term, and (c) genetic variation in parent-of-origin effects by significant 

accession X cross direction interaction. The significance of model terms was determined 

using standard Type 3 analysis and F-ratios (Littel et al., 1996). The contribution of 

parental genetic effects to triploid variability was also quantified under additional models 

considering accession as a random term in data split by cross-direction. Proportion of the 

triploid reproductive variation explained by the single-dose contribution of the natural 

accessions was calculated as the ratio of the among-accession variance component to the 

total phenotypic variability in triploid traits. This allowed the determination of the broad-

sense heritability although this differs from the standard broad-sense heritability given the 
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unequal parental genomic contributions. Similarly, single dose genetic correlations among 

triploid reproductive characters (in both cross directions) were estimated by the standard 

Pearson product-moment correlation of triploid line means. The significance of each 

genetic correlation was determined using a t-test after a Z transformation of the correlation 

coefficient. Levels of significance for phenotypic and genetic correlations were not adjusted 

for multiple tests. 

5.2.6 Single Seed Ploidy Analysis 

DNA content of ~90 single seeds per triploid parent were measured in relation to diploid 

Col-0 control seeds, as described in (Matzk et al., 2001), with modifications specific to 

Arabidopsis thaliana species. Briefly, seeds were homogenized in a 96-deep well plate 

containing 80µl of nuclei extraction buffer (0.1 M citric acid monohydrate, 0.5% Tween 20, 

-mercaptomethanol, pH 2.5) and three metal balls of 3 mm diameter, for 1min. 100µl of 

DNA staining buffer (Na2HPO4, 0.4M DAPI, pH 8.5) was added and the suspensions were 

filtered through a nylon filter of 30 µm mesh width. 80µl of the filtrate and additional 80µl 

of staining buffer was mixed in a new 96-well plate. Fluorescence intensity of DAPI 

stained nuclei from individual embryos was measured using a high throughput Ploidy 

Analyser PAII PARTEC equipped with a multiplex 96-well plate Robby-Well autoloader. 

Flomax software was used to analyse obtained genome content profiles (PARTEC GmbH). 

5.2.7 Genome-wide association mapping 

A GWA approach was used to find a correlation between the measured variation in triploid 

reproductive character (%N) and 1.4 million genome-wide SNP polymorphisms determined 

for the diploid accessions of Arabidopsis thaliana. A mixed-model implemented in the 

program EMMA was used to control for population structure (Atwell et al., 2010, Yu et al., 

2005b). Regions of significance were defined as the distance between the nearest adjacent 

non-significant SNPs flanking each significant SNP (p < 0.01). Genes located 120 kb 

upstream and downstream of significant SNPs were considered as candidate loci for 

explaining the normal seed phenotype (%N) in F1 hybrid triploids after self-pollination. 

The genes were identified using TAIR (http://www.arabidopsis.org/). 

http://www.arabidopsis.org/
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5.3 Results 

5.3.1 Proportion of normal seeds (%N) set from selfed F1 isogenic triploids of 

Arabidopsis thaliana varies by genotype and displays epigenetic parent-of-origin 

effects in Col-0 

Isogenic F1 triploids of the Arabidopsis thaliana Col-0 accession are fertile, however they 

do not perform as well as their diploid and tetraploid parents in terms of producing normal 

F2 seeds (Henry et al., 2005). To determine whether the % normal F2 seeds obtained from 

isogenic F1 triploids of differing genetic background (accession) differs, four reciprocal 

isogenic F1 triploid lines were generated (Col-0, C24, Ler-0, and Zu) and allowed to self-

fertilize and set F2 seeds.  Depending on genetic background and parental genome dosage, 

the proportions of normal seeds (%N) varied between 17% and 50%, with Col-0 and Zu 

having the highest levels (Figure 5.1, Table 5.1). The paternal excess Col-0 F1 triploids 

produced significantly more normal F2 seeds than Col-0 reciprocal triploids (%N_2x4 = 

50, %N_4x2 = 37, p-value < 0.05) indicating a parent-of-origin effect. Col-0 was the most 

fertile triploid line (Figure 5.1).Within the other three genetic backgrounds (Ler-0, C24, 

Zu), no statistically significant difference in reproductive success was found between the 

reciprocal pairs of F1 triploids indicating no parent-of-origin effects (Figure 5.1, Table 

5.1).  
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Figure 5.1. Reproductive success of Arabidopsis thaliana F1 isogenic triploids is 

determined by cross direction as well as parental genotype. Bars represent mean %N 

(normal seeds) in four reciprocal F1 isogenic triploid lines (C24, Col-0, Ler-0 and Zu). 

Error bars represent standard error (SE).  2 X 4 = selfed paternal excess F1isogenic triploid; 

4 X 2 = selfed maternal excess F1 isogenic triploid 

 

Table 5.1. Normal seeds (%N) in reciprocal F1 isogenic triploids of Arabidopsis thaliana 

illustrated by cross direction and parental genotype. Mean values of %N between pairs of 

reciprocal triploids were compared using non-parametric test (Mann-Whitney U) and 

significant differences are highlighted in bold and with an asterisks (p-value < 0.05). 

 %N_2 x 4 %N_4 x 2 %N_Δ p-value 

Col-0 50.1 ± 12.6 36.7 ± 8 13.4 0.04* 

C24 25.4 ± 6.4 27.8 ± 5.7 -2.4 0.419 

Zu 42.7 ± 9.5 40.6 ± 18.8 2.05 0.739 

Ler-0 19.1 ± 8.6 17.6 ± 7.5 1.5 0.534 
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5.3.2 Proportion of normal seeds (%N) set from selfed of F1 hybrid triploids depends 

on the genetic background and displays epigenetic parent-of-origin effects. 

To investigate the effect of hybridity (allelic variation) on the reproductive success of F1 

hybrid triploids, a tetraploid Ler-0 line was reciprocally crossed with 89 different diploid 

accessions to generate up to 166 different F1 hybrid triploid genotypes. Similar to the 

analysis of F1 isogenic triploids, all F1 hybrid triploids produced reduced proportions of 

normal F2 seeds within the silique (Figure 5.2). The proportion of normal seeds (%N) 

varied significantly between F1 hybrid triploids produced from parents of different diploid 

accessions (Table 5.2, Figure 5.3). Depending on the genotype, the F1 hybrid triploids 

generated in both cross directions displayed rates of viable seeds that were either lower or 

similar to the isogenic F1 triploids (Table 5.1, Table 5.2). Hence, Arabidopsis thaliana 

triploids are able to self-fertilize to produce viable seeds in all genetic backgrounds, but do 

so with variable, reduced rates of success.  

Generally, higher rates of normal seeds were produced by 2x X 4x paternal excess triploids, 

ranging from 12% in Kas-1 to 35% in Br-0. A slightly lower range of viable seeds was 

observed in 4x X 2x hybrid triploids – 10% in Ws-0 to 29% in An-1 (Table 5.2). The trend 

towards higher %N from F1 triploids from the 2x X 4x cross was consistent with data from 

the isogenic triploids – the %N range in 2x X 4x triploids was 19 – 50%, and was higher 

than in 4x X 2x, where it was 17 – 41% (Table 5.1).  

Consistent with the general trend showing that 2x X 4x triploids produce more viable seeds 

(higher %N), 18 paternal excess F1 hybrid triploids were found to reproduce significantly 

better than reciprocal maternal excess F1 hybrid triploids, whilst 9 maternal excess F1 

hybrid triploids reproduced significantly better than in paternal excess (Table 5.3). The 

remaining pairs of reciprocal triploids reproduced with the same rates of success regardless 

of the cross direction (Figure 5.3C). Hence, while the reciprocal F1 hybrid triploids 

generated by some accessions displayed epigenetic parent-of-origin effects, other reciprocal 

F1 hybrid triploid genotypes did not display any significant epigenetci parent-of-origin 

effect.  
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Figure 5.2. Siliques produced by selfed inter-accession Arabidopsis thaliana triploids show 

high variability in the seed set. (A) Some of the seeds develop normally. (B) Normal seeds, 

as set in the silique of the typical non-hybrid diploid accession are shown as a comparison.  

 

 

Figure 5.3. Reproduction of Arabidopsis thaliana F1 hybrid triploids is determined by 

cross direction as well as parental genotype. Box-plots of %N are shown for (A) 78 paternal 

excess (2x X 4x) triploids and (B) 88 maternal excess (4x X 2x) triploids, each sorted in 

descending order of reproductive success. The median values, inter-quartile ranges and 

outliers are displayed. (C) Variation in fertility between the 77 pairs of hybrid triploids 

showing differences in mean %N per silique between triploids generated in the 4x X 2x and 

2x X 4x cross direction. Accessions showing decreased reproduction in the 2x X 4x cross 

direction (higher %N) are coloured in black and those with improved reproduction (lower 

%N) are represented by white bars. Accessions in the centre of the figure show little 

difference in reproductive success between cross directions. Those with statistically 

significant (p < 0.05) differences between cross directions (non-parametric Mann-Whitney 

Test) are shaded (next page).  
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Accession %N_2x4  SD Accession %N_4x2  SD 

Br-0 35.5 ± 20.9 AN-1 28.8 ± 9.1 

LZ-0 31.2 ± 3.6 REN-1 28.3 ± 5.2 

TSU-1 31.2 ± 10.2 C24 28 ± 5.7 

SE-0 31.2 ± 7.7 VAR2-1 27.1 ± 5.8 

Van-0 31 ± 8.2 SQ-8 27.1 ± 6.5 

OY-0 30.9 ± 5.2 Van-0 26.6 ± 7.1 

WT-5 30.2 ± 9.3 MS-0 26.6 ± 5.9 

REN-11 29.7 ± 9.6 OMO2-3 25.6 ± 6.5 

TS-5 29 ± 3.7 HR-10 25.5 ± 4.9 

BUR-0 28.3 ± 6.2 TSU-1 24.7 ± 6.9 

LP2-2 27.6 ± 15 KIN-0 24.7 ± 7.2 

Bor-1 27.5 ± 4.9 RRS-7 24.6 ± 6.6 

Ra-0 27.2 ± 7.4 Gy-0 24.6 ± 7 

LL-0 27.2 ± 6.6 NOK-3 24.4 ± 6.7 

GA-0 27 ± 9 RMX-A180 24.3 ± 7.7 

RRS-7 26.8 ± 8.6 Pna-17 24.3 ± 5.3 

VAR2-1 26.7 ± 4.4 BOR-4 24.3 ± 8.7 

AN-1 25.9 ± 11.5 Got-22 24.1 ± 7.1 

Ei-2 25.8 ± 8.2 Est-1 23.8 ± 6 

LP2-6 25.5 ± 6 WT-5 23.7 ± 5.8 

LER-1 25.5 ± 5.4 HR-5 23.4 ± 6.6 

Gy-0 25.4 ± 10.6 Uod-1 23.2 ± 5.5 

MrK-0 25.3 ± 7.9 Col-0 23.2 ± 5.9 

BOR-4 25.1 ± 6.3 RMX-A02 23 ± 6.8 

C24 24.9 ± 8.3 Bor-1 23 ± 6.4 

MZ-0 24.5 ± 6.3 Kas-1 23 ± 7.7 

ND-1 24.4 ± 7.2 SE-0 23 ± 5.5 

MR-0 24.1 ± 6.2 WEI-0 22.9 ± 5.3 

GU-0 24 ± 5.5 PU2-23 22.6 ± 9.8 

SORBO 23.7 ± 6.8 Bay-0 22.4 ± 6.5 

HR-5 23.2 ± 7 NFA-10 22 ± 5.4 

NFA-10 23 ± 5 UOD-7 21.8 ± 8.7 

SHAHDARA 23 ± 4.1 PRO-0 21.7 ± 10.4 

UOD-7 22.6 ± 11.2 Ra-0 21.4 ± 8.9 

RMX-A180 22.2 ± 4.9 TS-1 21.4 ± 9.1 

FEI-0 22.1 ± 9.2 Got-7 21.3 ± 8.4 

HR-10 21.7 ± 9.3 LER-1 20.9 ± 10 

Est-1 21.6 ± 9.2 LL-0 20.9 ± 6.3 

OMO2-3 21.5 ± 4.3 KONDARA 20.9 ± 8.3 

PNA-10 21.3 ± 6.5 KNOX-18 20.7 ± 12.7 

ZDR-1 21.1 ± 4.2 LP2-2 20.6 ± 7 

Pu-2-7 21.1 ± 5.6 SQ-1 20.6 ± 7.7 

RRS-10 20.9 ± 7.9 RRS-10 20.4 ± 6.2 

ZDR-6 20.9 ± 8.5 Spr1-2 20.4 ± 6.1 

CT-1 20.9 ± 4.3 LZ-0 20.2 ± 5.4 
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NFA-8 20.3 ± 8 Ull2-3 20.1 ± 9.1 

TS-1 20.2 ± 6.5 TS-5 20.1 ± 8.2 

RMX-A02 20.1 ± 7 EDEN-2 20 ± 9.7 

Got-22 20.1 ± 7.6 LP2-6 19.9 ± 11.3 

Uod-1 20.1 ± 6.8 Br-0 19.9 ± 6.5 

KZ-9 19.9 ± 5.5 ZDR-1 19.7 ± 7.8 

CVI-0 19.9 ± 5.8 Knox-10 19.6 ± 3.9 

Knox-10 19.4 ± 5.3 Yo-0 19.6 ± 6.7 

CIBC-17 19.3 ± 4.3 OY-0 19.6 ± 6.3 

Ler-0 19.1 ± 7.6 WS-2 19.6 ± 9 

WEI-0 18.9 ± 10 CIBC-17 19.5 ± 7.3 

REN-1 18.7 ± 6.8 MT-0 18.9 ± 8.2 

Pna-17 18.5 ± 7.1 CS22491 18.8 ± 9.6 

MT-0 18.5 ± 6.4 SORBO 18.7 ± 4 

NOK-3 18.5 ± 5.1 REN-11 18.3 ± 12.3 

PU2-23 18.4 ± 4.5 GU-0 18.3 ± 5.9 

KNOX-18 18.1 ± 6.9 BUR-0 18.3 ± 4.7 

Bay-0 17.4 ± 5.8 CT-1 17.9 ± 9.5 

SQ-8 17.3 ± 5.4 Edi-0 17.6 ± 3.5 

KZ-1 17.3 ± 8 Ler-0 17.6 ± 8.7 

SQ-1 17 ± 5.6 PNA-10 17.5 ± 6.9 

Bil-5 16.8 ± 0.9 TAMM-2 17.5 ± 7 

CIBC-5 16.8 ± 7.5 Ag-0 17.3 ± 5.1 

EDEN-2 16.6 ± 6.9 KZ-9 17.2 ± 11.3 

MS-0 16.6 ± 4.6 MrK-0 17.1 ± 6.4 

WS-2 16.5 ± 8.6 KZ-1 17 ± 3.7 

PRO-0 16.4 ± 10.4 ZDR-6 16.9 ± 9 

CS22491 16.1 ± 4.4 Pu-2-7 16.8 ± 6.7 

TAMM-2 15.9 ± 6.2 Ei-2 16.7 ± 7.4 

KONDARA 15.7 ± 8 NFA-8 16.6 ± 5.1 

KIN-0 15.3 ± 8.7 CIBC-5 16.6 ± 3.9 

Col-0 13.7 ± 8.5 MZ-0 16.3 ± 7.7 

Tamm-27 12.7 ± 3.4 FEI-0 16 ± 3.7 

Kas-1 12.1 ± 1.9 ND-1 15.7 ± 6.7 

EDEN-1 N.D.   MR-0 15.6 ± 3.5 

Lov-5 N.D.   SHAHDARA 15.1 ± 7 

Spr1-2 N.D.   CVI-0 14.4 ± 5.5 

Omo2-1 N.D.   Tamm-27 14.2 ± 5.2 

Ull2-5 N.D.   Lov-5 14 ± 2.3 

Ull2-3 N.D.   Ull2-5 13.9 ± 4.2 

Got-7 N.D.   GA-0 13.8 ± 4.9 

Ws-0 N.D.   Omo2-1 13.5 ± 4.1 

Yo-0 N.D.   EDEN-1 12.9 ± 4.6 

Ag-0 N.D.   Ws-0 9.7 ± 6.8 

Edi-0 N.D.   Bil-5 N.D.   
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Table 5.2. Siliques produced by Arabidopsis thaliana F1 hybrid triploids contain variable 

percentages of normal seeds (N). Mean %N were calculated for each F1 hybrid triploid 

genotype from each reciprocal cross direction and sorted in descending order for each trait. 

Data from isogenic Ler-0 triploids is included and highlighted in a grey colour. Standard 

deviation (SD) from mean is included. 
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Accession %N_4x2 p-value %N_2x4 

BUR-0 18.3 < 0.001 28.3* 

GA-0 13.8 < 0.001 27* 

LZ-0 20.2 < 0.001 31.2* 

MR-0 15.6 < 0.001 24.1* 

OY-0 19.6 < 0.001 30.9* 

SQ-8 27.1* < 0.001 17.3 

MS-0 26.6* 0.001 16.6 

REN-1 28.3* 0.001 18.7 

Col-0 23.2* 0.002 13.7 

Kas-1 23* 0.002 12.1 

ND-1 15.7 0.002 24.4* 

SE-0 23 0.004 31.2* 

TS-5 20.1 0.004 29* 

REN-11 18.3 0.005 29.7* 

KIN-0 24.7* 0.006 15.3 

Ei-2 16.7 0.008 25.8* 

MrK-0 17.1 0.009 25.3* 

MZ-0 16.3 0.011 24.5* 

NOK-3 24.4* 0.012 18.5 

GU-0 18.3 0.015 24* 

CVI-0 14.4 0.016 19.9* 

LL-0 20.9 0.021 27.2* 

C24 28* 0.028 24.9 

SHAHDARA 15.1 0.032 23* 

FEI-0 16 0.033 22.1* 

Bor-1 23 0.044 27.5* 

Pna-17 24.3* 0.044 18.5 

Bay-0 22.4 0.049 17.4 

WT-5 23.7 0.051 30.2 

Ra-0 21.4 0.058 27.2 

KONDARA 20.9 0.059 15.7 

Van-0 26.6 0.059 31 

OMO2-3 25.6 0.064 21.5 

NFA-8 16.6 0.069 20.3 

SORBO 18.7 0.071 23.7 

TSU-1 24.7 0.078 31.2 

LER-1 20.9 0.089 25.5 

Pu-2-7 16.8 0.101 21.1 

Br-0 19.9 0.114 35.5 

Uod-1 23.2 0.13 20.1 

RMX-A02 23 0.135 20.1 

Got-22 24.1 0.146 20.1 

KZ-9 17.2 0.174 19.9 

LP2-2 20.6 0.206 27.6 

HR-10 25.5 0.211 21.7 
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LP2-6 19.9 0.223 25.5 

PRO-0 21.7 0.229 16.4 

SQ-1 20.6 0.229 17 

WS-2 19.6 0.237 16.5 

PU2-23 22.6 0.277 18.4 

PNA-10 17.5 0.319 21.3 

Est-1 23.8 0.325 21.6 

RRS-7 24.6 0.372 26.8 

EDEN-2 20 0.395 16.6 

WEI-0 22.9 0.418 18.9 

ZDR-6 16.9 0.443 20.9 

RMX-A180 24.3 0.468 22.2 

Ler-0 17.6 0.534 19.1 

Tamm-27 14.2 0.534 12.7 

CT-1 17.9 0.561 20.9 

TAMM-2 17.5 0.584 15.9 

KNOX-18 20.7 0.648 18.1 

AN-1 28.8 0.648 25.9 

UOD-7 21.8 0.663 22.6 

MT-0 18.9 0.724 18.5 

Knox-10 19.6 0.76 19.4 

NFA-10 22 0.762 23 

VAR2-1 27.1 0.767 26.7 

CS22491 18.8 0.787 16.1 

BOR-4 24.3 0.803 25.1 

TS-1 21.4 0.836 20.2 

KZ-1 17 0.839 17.3 

ZDR-1 19.7 0.852 21.1 

CIBC-5 16.6 0.906 16.8 

HR-5 23.4 0.917 23.2 

CIBC-17 19.5 0.934 19.3 

RRS-10 20.4 0.983 20.9 

Gy-0 24.6 1 25.4 

Table 5.3. Pairs of reciprocal F1 hybrid triploids ranked in descending order according to 

the significance of the parent-of-origin effect on normal seeds (N). F1 hybrid triploids with 

significantly higher %N in a given cross direction (p < 0.05, Mann-Whitney test) are 

highlighted in bold with asterisks. The reciprocal pair of Ler-0 isogenic F1 triploids is 

listed among the pairs of triploid F1 hybrids which are not significantly different from each 

other. 
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The normal (% N) F2 seeds obtained from Arabidopsis thaliana F1 hybrid triploids showed 

strong links to genetic variation between the parental accessions. Mixed models detected 

significant genetic variation in both %N and the sum of ovules (∑), with broad-sense 

heritabilities ranging from 0.19 – 0.44, p < 0.0001 (Table 5.4). In addition, considerable 

support for cross direction (p < 0.1), and accession x cross direction interaction effects (p < 

0.001) was detected. Also the pattern of correlation of the triploid reproductive characters 

(%N, ∑) within and among parental cross directions was investigated. For both phenotypic 

and genetic correlations, there was no relationship between %N and the sum of ovules ∑ 

(Table 5.5, Figure 5.4). Finally, low genetic correlation across cross directions was found 

(Tom Juenger – personal communication). 

 

 

Figure 5.4. Diagonal matrix presenting the phenotypic and genetic correlations among the 

%N and ∑ traits, split by cross direction. % Normal (female) refers to proportion of normal 

F2 seeds from selfed 2x X 4x paternal excess triploids, (male) – 4x X 2x maternal excess 

triploids. Sum (female) refers to sum of ovules (fertilized or not) produced by 2x X 4x 

paternal excess triploids, (male) - 4x X 2x maternal excess triploids. 
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Trait 2 x 4 4 x 2 

% N 0.25 0.19 

∑ 0.35 0.44 

 

Table 5.4. Broad-sense heritabilities of proportions of normal seeds (%N) and the total 

number of ovules per silique (∑) demonstrating the high level of heritability for normal 

seed development. 

 

Phenotypic Correlations    

 2x4 ∑ %N 

 ∑ 1 -0.01 

 4x2 ∑ %N 

 ∑ 1 -0.04 

Genetic Correlations    

 2x4 ∑ %N 

 ∑ 1 -0.04 

 4x2 ∑ %N 

 ∑ 1 0.06 

 Across Direction  

  ∑_2x4 %N_2x4 

 ∑ _4 x2 0.21 0.01 

 %N_4x2 -0.22 0.04 

 

Table 5.5. Phenotypic and genetic correlations between %N and the total number of ovules 

(∑) and the effect of parental origin in inter-accession hybrid Arabidopsis thaliana. 
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5.3.3 Low levels of % N F2 seed from selfed F1 hybrid triploids is not due to hybrid 

dysgenesis  

Decreased reproductive success of F1 hybrid triploids could be a consequence of hybrid 

dysgenesis between Ler-0 and some accessions (Bomblies et al., 2010). Hence, it was 

necessary to determine if F1 hybrid diploids displayed any evidence of hybrid dysgenesis 

effects that could lead to low levels of % N F2 seeds. To test whether the changes in %N F2 

seeds is specific to genotypic effects manifest only in the polyploid state, %N was also 

determined in diploid F1 hybrids. The reciprocal F1 hybrid diploids were derived from 

reciprocal crosses between diploid Ler-0 and five accessions: Wei-0, Fei-0, and Ren-1, 

representing the extremes of % N F2 seed set observed in 4x X 2x F1 hybrid triploids; and 

Ga-0 and Pro-0, representing the most extreme % N F2 seed set amongst the 2x X 4x F1 

hybrid triploids (Figure 5.3). In all of the F1 hybrid diploids tested (including reciprocal 

F1s) there was no evidence of any significant impairment of % N F2 seed set due to hybrid 

dysgenesis at the diploid level. In all five F1 hybrid diploids at least 91% of ovules were 

successfully fertilized, and developed into normal F2 seeds (Figure 5.5, Table 5.6). This 

indicates that the genotypic and parent-of-origin effects on the rates of normal seed 

production (%N F2 seeds) seen in the F1 hybrid triploids is due to a genome dosage effect 

rather than being a consequence of hybridity. 
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Figure 5.5. Reproductive success of Arabidopsis thaliana F1 hybrid diploids is determined 

by cross direction as well as parental genotype. Bars represent mean %N produced by 

selfed F1 hybrid diploids, generated by crosses between diploid Ler-0 and five different 

diploid accessions (Fei-0, Ga-0, Pro-0, Ren-1, Wei-0). Error bars represent standard error 

(SE). 

 

Accession %N_AxL  SD %N_LxA  SD AxL -LxA p-value 

Wei-0 95 ± 4.75 92 ± 6.9 3.2 0.023* 

Ga-0 91 ± 7.25 95 ± 5.1 -4.3 0.002* 

Pro-0 95 ± 3.47 96 ± 2.9 -1 0.099 

Fei-0 95 ± 4.61 98 ± 5.5 -2.6 0.007* 

Ren-1 96 ± 4.11 97 ± 2.6 -1.4 0.106 

 

Table 5.6. Mean percentage of normal seeds (%N) per silique in five pairs of reciprocal F1 

hybrid diploids. Differences between mean %N in two cross directions was tested by the 

Mann-Whitney U test and the significance level was at 0.05. 
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5.3.4 Selfed Arabidopsis thaliana triploids produce normal (N) F2 seeds with varied 

DNA content 

Arabidopsis thaliana single seed flow cytometric analysis (Matzk et al., 2000) has been 

used to identify ploidy of surviving F2 embryos. The Arabidopsis thaliana endosperm 

tissue is transient and is consumed by the growing embryo during seed development, 

leaving only a single layer of cells at maturity (Brown et al., 1999). Therefore a strong flow 

cytometry peak represented embryo DNA content and not any other seed components.   

The DNA content of the F2 seed offspring from different F1 hybrid triploids and from Ler-

0 F1 isogenic triploids were compared to determine the extent of DNA content variability 

in the F2 N seed set from different F1 triploid genotypes. The distribution of ploidy (DNA 

content) levels in most cases was not as expected from triploid meiosis, as calculated by 

Henry et al., (2005) (Figure A). The DNA content of F2 seeds varied considerably, with 

most F1 triploids producing F2 seed offspring with a wide range of ploidy levels and others 

with much more restricted ranges (Figure 5.6, Figure 5.7). Many ploidy distributions were 

bimodal, where first peak was usually in around 2.0 – 2.4 genome content class, and the 

other one in around 3.0 – 3.4 class, consistent with previous observations of Col-0 isogenic 

and Col-0 X Wa-1 hybrid triploids (Figure B) (Henry et al., 2005). However, some of the 

triploids analysed in this study seemed to preferentially produce offspring only in the lower 

ploidy class (Pro-0 in 4x X 2x, Knox-10 in 2x X 4x, and Uod-1 in both cross directions). 

Very few F2 seed progeny with higher genome content (e.g around 3.6 – 4.0) were 

detected, but some rare instances were observed e.g. EDEN-2 from 2x X 4x cross direction. 

Some accessions appeared particularly variable in terms of DNA content of F2 seeds. For 

instance, Lp2-6 produced some normal (N) F2 seeds higher than pentaploid, and other F2 

seeds less than diploid when the F2 seeds were derived from the 4x X 2x cross direction 

(Figure 5.7). There were a few histograms that resembled the shape of an expected genome 

content distribution (Figure A). These included Ga-0 in 2x X 4x and Lp2-6 in 4x X 2x 

cross direction.  
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There were also differences in the ploidy distribution of the F2 seeds generation produced 

from some reciprocal F1 triploids, i.e. highlighting possible epigenetic grandparent-of-

origin and/or dosage effects which can also be evident in the F2 seed offspring. In Ga-0, for 

example, the F2 offspring of the 4x X 2x triploids, fell mainly into the 2.2 genome content 

class, whilst the offspring of the triploid from the reciprocal cross was equally distributed 

between the 2.2 and 4.4 class (Figure 5.7) . 

 

 

Figure A. Expected distribution of genome sizes in the F2 progeny from a triploid. Above 

each bar are indicated the number of euploid (E) and aneuploid (A) types contained in each 

genome content class. Image reproduced from (Henry et al., 2005). 

 

 

Figure B. Distribution of genome contents in the aneuploid swarms produced by the Col-0 

isogenic and Col-0 X Wa-1 hybrid triploids. Image reproduced from (Henry et al., 2005). 
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Figure 5.7. Distribution of F2 embryo DNA content from 19 pairs of reciprocal F1 hybrid 

triploids and F1 isogenic Ler-0 triploids (n = ~90).  
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5.3.5 GWAS identifies two SNPs associated with %N F2 seeds set from selfed 

Arabidopsis thaliana F1 triploids 

As analysis of triploid Arabidopsis thaliana indicates that reproductive success and ploidy 

levels associated with viable progeny vary by parental genotype, a GWAS approach was 

employed to identify loci associated with tolerance of F1 triploid reproduction and parent-

of-origin effects. Hypothetically, such loci could be important for influencing the tolerance 

of Arabidopsis thaliana to triploidy, and help to explain the tendency of some F1 triploids 

to display parent-of-origin effects (Figure 5.3C). For this purpose, a Genome-Wide 

Association (GWA) mapping was employed with the Efficient Mixed-Model Association 

(EMMA) approach that corrects for population structure, as was successfully used for the 

identification of genes controlling flowering time and other phenotypes (Atwell et al., 2010, 

Zhao et al., 2007). While association mapping is most powerful when candidate genes 

associated with the trait have already been identified (Zhao et al., 2007, Ehrenreich et al., 

2009), unbiased GWAS (without candidate genes) can also be employed for gene discovery 

and hypothesis generation.  

In the GWAS approach, it was sought to determine statistical associations between a 

genome-wide sampling of SNP polymorphism and triploid reproduction traits (e.g. %N, 

%U, %A, ∑) . To identify loci associated with a %N F2 seed set (from selfed F1 triploid) 

trait, a significance cut-off of p < 0.01 for the SNPs was applied. Using this cut-off, 

genome-wide analyses of peaks associated with the %N trait, indicated many non-

significant (p > 0.01) peaks across the genome (Figure 5.8). However, two highly 

significant SNPs associated with % N F2 seeds were identified by GWAS. One significant 

SNP associated with %N in the 4x X 2x cross was found on chromosome 1, and one SNP 

associated with %N in the 2x X 4x cross was found on chromosome 4 (Figure 5.8, Table 

5.7). These loci identified by GWAS have been termed MATERNAL OVERDOSE 

TRIPLOID (MOT) and PATERNAL OVERDOSE TRIPLOID (POT) respectively. 
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Chromosomes Position p-value Phenotype Locus 

1 20021220 <10 
-7

 %N_4x2 MOT 

4 14941541 <10
-8

 %N_2x4 POT 

 

Table 5.7. SNPs significantly associated with the production of normal seeds by 

Arabidopsis thalianaF1 hybrid triploids.  

To identify candidate genes, that may be genetically linked to the SNP which is associated 

with the %N F2 seed set, all genes 120 kb upstream and 120 kb downstream of the each 

significant SNP were identified. Using this approach, the gene list containing possible 

candidates for explaining the variation in the 2x X 4x paternal excess triploid reproductive 

success (%N) are listed in Table 5.8. They include 73 genes located on the long arm of 

chromosome 4 in the 240 kb window overlapping the significant SNP in the POT locus 

(position 14941541; Table 5.7, Figure 5.9). While it remains challenging to identify causal 

loci from GWAS studies (and recognising that the causal loci could be in promoter regions 

or in non-coding RNAs), four of the 73 genes appear to be particularly interesting in terms 

of their relevance to seed development, and thus more attention is focused on them.  

1) The At4g30580 gene is located only 7 kb upstream from the SNP and encodes a 

plastidic lysophosphatidic acid acyltransferase (LPAAT), critical for chloroplast 

phosphatidic acid biosynthesis. The null allele is embryo lethal (Kim and Huang, 

2004, Yu et al., 2004, Li-Beisson et al., 2010).  

2) The adjacent gene – At4g30590 – encodes an early nodulin-like protein 12 

(ENODL12) that is anchored in the membrane. It was found to be expressed in the 

embryo sac (Steffen et al., 2007, Yu et al., 2005a, Johnston et al., 2007).  

3) The At4g30860 gene encodes a member of the trxG protein family. This gene 

contains a SET domain which is known to be involved in modification of histone 

tails by methylation. Over-expression of this gene results in pleiotropic 

developmental defects (Przybilski et al., 2005, Springer et al., 2003, Baumbusch et 

al., 2001, Cartagena et al., 2008).  
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4) Finally, the At4g30930 gene was identified, which encodes a ribosomal RPL21M 

protein that is localized to the mitochondrion and is involved in karyogamy during 

female gametophyte development and fertilization. Mutants display defects in both 

male and female gametophyte development such as collapsed pollen and female 

gametophytes with unfused central cells (Portereiko et al., 2006b).  

The expression pattern of these selected candidate genes can be seen in Appendix B. 

In relation to the other significant SNP in the MOT locus, seventy four genes were found on 

the second arm of chromosome 1 in the 240 kb window of the significant SNP (position 

20021220) associated with the variation in the reproductive success (%N) of 4x X 2x 

maternal excess triploids (Table 5.7, Table 5.9, Figure 5.9). The significant SNP itself was 

located inside a non-coding region (intron) of a gene of unknown function (At1g53640) 

expressed in a seed and 19 other plant structures. In addition to At1g53640, five genes have 

been selected as promising candidates for controlling the variation in F1 triploid 

reproductive success.  

1) The At1g53500 gene (MUM4) encodes a putative rhamnose synthase, an enzyme 

required for the synthesis of the pectin, the major component of Arabidopsis 

thaliana mucilage. MUM4 is involved in seed coat mucilage cell development and 

mutant analyses suggest that this gene is required for complete mucilage synthesis, 

cytoplasmic rearrangement and seed coat development (Usadel et al., 2004, Western 

et al., 2001, Western et al., 2004, Young et al., 2008, Arsovski et al., 2009, Shi et 

al., 2011).  

2) The At1g53650 gene is located 7.8 kb downstream of the significant SNP and it 

encodes a putative RNA-binding protein containing the PAB2 domain, which 

facilitates binding to PABC (C-terminal domain of poly(A) binding) proteins 

(Bravo et al., 2005, Tiwari et al., 2008).  

3) The At1g53860 gene is known to encode the remorin family protein and could 

support a possible link between triploid reproduction and DNA methylation 

(Penterman et al., 2007). 
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4)  The  At1g53690 gene encodes a protein of unknown function that is homologous to 

At5g41010, which encodes a non-catalytic subunit common to nuclear DNA-

dependent RNA polymerases II, IV and V (Ream et al., 2009).  

5) The At1g53910 gene encodes a member of the ERF (ethylene response factor) 

subfamily of the ERF/AP2 transcription factor family (RAP2.12). The protein 

contains one AP2 domain (Okamuro et al., 1997, Kim et al., 2006).  

The expression patterns of these selected candidate genes can be seen in Appendix B. 

Significantly, the MOT  locus identified by the significant SNP mapped on chromosome 1, 

lies roughly 850 kb upstream of the marker most closely associated with the SDI locus 

(Henry et al., 2007). The SDI locus has been characterized as the locus controlling 

sensitivity to dosage imbalance; however the actual gene underlying its action has yet to be 

cloned. Thus, it is possible that the gene(s) responsible for the %N F2 seed trait within the 

MOT  locus may be the same gene(s) within the SDI  locus that is responsible for sensitivity 

to dosage imbalance (Table 5.9). 
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AGI Coordinates   Strand Distance 

from the 

SNP (bp) 

Description 

AT4G30280 14825808 - 14827047 - -114494 Encodes a xyloglucan 

endotransglucosylase/hydrolase 

with only the 

endotransglucosylase activity 

towards xyloglucan and non-

detectable endohydrolytic 

activity. Expressed in the mature 

or basal regions of both the main 

and lateral roots, but not in the tip 

of these roots where cell division 

occurs. 

AT4G30290 14828712 - 14830016 - -111525 Encodes a xyloglucan 

endotransglucosylase/hydrolase 

with only the 

endotransglucosylase activity 

towards xyloglucan and non-

detectable endohydrolytic 

activity. Expressed throughout 

both the main and the lateral root, 

with intensive expression at the 

dividing and elongating regions. 

Is expressed in lateral root 

primordia but expression ceases 

after lateral root begins to grow. 

AT4G30300 14831005 - 14831550 - -109991 member of NAP subfamily 

AT4G30310 14831861 - 14835214 + -106327 FGGY family of carbohydrate 

kinase; FUNCTIONS IN: 

carbohydrate kinase activity, 

phosphotransferase activity, 

alcohol group as acceptor; 

INVOLVED IN: carbohydrate 

metabolic process; LOCATED 

IN: chloroplast 

AT4G30320 14835833 - 14836318 + -105223 CAP (Cysteine-rich secretory 

proteins, Antigen 5, and 

Pathogenesis-related 1 protein) 

superfamily protein 

AT4G30330 14836548 - 14838020 - -103521 Small nuclear ribonucleoprotein 

family protein 

AT4G30340 14838291 - 14841067 - -100474 Encodes a diacylglycerol kinase. 

Applying a specific diacylglycerol 

kinase inhibitor to the growth 

media resulted in reduced root 

elongation and plant growth. 

Gene is expressed throughout the 

plant but is strongest in flowers 

and young seedlings. 

AT4G30350 14847740 - 14851143 + -90398 Double Clp-N motif-containing P-

loop nucleoside triphosphate 

hydrolases superfamily protein 

AT4G30360 14854811 - 14858003 - -83538 Member of Cyclic nucleotide 
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gated channel family 

AT4G30370 14858490 - 14859503 - -82038 RING/U-box superfamily protein; 

FUNCTIONS IN: zinc ion 

binding; INVOLVED IN: 

response to chitin 

AT4G30380 14860486 - 14860994 + -80547 Encodes a Plant Natriuretic 

Peptide (PNP). PNPs are a class 

of systemically mobile molecules 

distantly related to expansins; 

their biological role has remained 

elusive. 

AT4G30390 14862009 - 14863185 - -78356 Unknown protein 

AT4G30400 14866946 - 14868628 + -72913 RING/U-box superfamily protein; 

FUNCTIONS IN: zinc ion 

binding; INVOLVED IN: 

response to karrikin 

AT4G30410 14871109 - 14872176 - -69365 Sequence-specific DNA binding 

transcription factors 

AT4G30420 14877069 - 14878914 + -62627 Nodulin MtN21 /EamA-like 

transporter family protein 

AT4G30430 14878783 - 14880331 - -61210 Member of TETRASPANIN 

family 

AT4G30440 14881855 - 14883480 - -58061 UDP-D-glucuronate 4-epimerase 

AT4G30450 14886027 - 14886675 - -54866 Glycine-rich protein 

AT4G30460 14888980 - 14889802 - -51739 Glycine-rich protein 

AT4G30470 14894105 - 14896815 + -44726 NAD(P)-binding Rossmann-fold 

superfamily protein; 

FUNCTIONS IN: coenzyme 

binding, binding, cinnamoyl-CoA 

reductase activity, catalytic 

activity; INVOLVED IN: lignin 

biosynthetic process, cellular 

metabolic process, metabolic 

process 

AT4G30480 14897346 - 14899121 + -42420 Encodes one of the 36 carboxylate 

clamp (CC)-tetratricopeptide 

repeat (TPR) proteins 

AT4G30490 14899034 - 14902144 - -39397 AFG1-like ATPase family 

protein; FUNCTIONS IN: 

ATPase activity, ATP binding 

AT4G30500 14903487 - 14904917 + -36624 Protein of unknown function 

AT4G30510 14905137 - 14907592 - -33949 Homolog of yeast autophagy 18 

(ATG18) B (G18B) 

AT4G30520 14908000 - 14911307 - -30234 Leucine-rich repeat protein kinase 

family protein; FUNCTIONS IN: 

protein serine/threonine kinase 

activity, protein kinase activity, 

ATP binding; INVOLVED IN: 

protein amino acid 

phosphorylation; LOCATED IN: 

endomembrane system 
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AT4G30530 14920534 - 14922494 + -19047 Encodes a gamma-glutamyl 

peptidase, outside the GGT 

family, that can hydrolyze 

gamma-glutamyl peptide bonds. 

AT4G30540 14923327 - 14925106 + -16435 Class I glutamine 

amidotransferase-like superfamily 

protein; FUNCTIONS IN: 

catalytic activity 

AT4G30550 14925410 - 14926861 + -14680 Class I glutamine 

amidotransferase-like superfamily 

protein; FUNCTIONS IN: 

catalytic activity, acyltransferase 

activity; INVOLVED IN: L-

methionine biosynthetic process 

from homoserine via O-succinyl-

L-homoserine and cystathionine; 

LOCATED IN: endomembrane 

system, cytoplasm 

AT4G30560 14926834 - 14930156 - -11385 Member of Cyclic nucleotide 

gated channel family 

AT4G30570 14930677 - 14931951 - -9590 Glucose-1-phosphate 

adenylyltransferase family 

protein; FUNCTIONS IN: 

transferase activity, 

nucleotidyltransferase activity; 

INVOLVED IN: biosynthetic 

process 

AT4G30580 14932334 - 14934528 - -7013 Encodes a plastidic 

lysophosphatidic acid 

acyltransferase (LPAAT). Is 

critical for chloroplasts 

phosphatidic acid biosynthesis. 

The null allele is embryo lethal. 

AT4G30590 14935623 - 14936562 - -4979 Early nodulin-like protein 12 

(ENODL12); FUNCTIONS IN: 

electron carrier activity, copper 

ion binding; LOCATED IN: 

anchored to membrane 

AT4G30600 14937840 - 14941018 - -523 Signal recognition particle 

receptor alpha subunit family 

protein; FUNCTIONS IN: 

nucleoside-triphosphatase 

activity, signal recognition 

particle binding, GTP binding, 

GTPase activity, nucleotide 

binding; INVOLVED IN: 

intracellular protein transport, 

protein targeting, SRP-dependent 

cotranslational protein targeting to 

membrane; LOCATED IN: 

endoplasmic reticulum, signal 

recognition particle, endoplasmic 

reticulum targeting 
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AT4G30610 14944129 - 14948605 + 2588 Encodes a secreted glycosylated 

serine carboxypeptidase with 

broad substrate preference that is 

involved in brassinosteroid 

signalling via BRI1. It is 

proteolytically processed in vivo 

by a separate as yet unidentified 

protease 

AT4G30620 14948586 - 14950072 - 7045 Uncharacterised BCR, YbaB 

family COG0718; LOCATED IN: 

chloroplast, chloroplast envelope 

AT4G30630 14950638 - 14952376 + 9097 Unknown protein 

AT4G30640 14952670 - 14953682 + 11129 RNI-like superfamily protein 

AT4G30650 14954320 - 14954968 + 12779 Low temperature and salt 

responsive protein family; 

INVOLVED IN: response to salt 

stress, response to cold, 

hyperosmotic salinity response, 

defence response to fungus; 

LOCATED IN: endomembrane 

system, integral to membrane 

AT4G30660 14955373 - 14956171 + 13832 Low temperature and salt 

responsive protein family; 

INVOLVED IN: response to cold, 

hyperosmotic salinity response; 

LOCATED IN: endomembrane 

system, integral to membrane 

AT4G30662 14955909 - 14956790 - 14368 Unknown protein 

AT4G30670 14957358 - 14957962 - 15817 Putative membrane lipoprotein 

AT4G30680 14958687 - 14960321 - 17146 Initiation factor eIF-4 gamma, 

MA3; 

AT4G30690 14960646 - 14962466 + 19105 Translation initiation factor 3 

protein; FUNCTIONS IN: 

translation initiation factor 

activity; INVOLVED IN: 

translational initiation; 

LOCATED IN: cell wall, 

chloroplast 

AT4G30700 14962493 - 14965015 - 20952 Pentatricopeptide repeat (PPR) 

superfamily protein 

AT4G30710 14965200 - 14969763 - 23659 Family of unknown function 

(DUF566) 

AT4G30720 14971906 - 14975519 - 30365 Encodes a putative 

oxidoreductase/electron carrier 

detected in the chloroplast stroma 

that is essential to ensure a correct 

electron flow through the 

photosynthetic chain and, hence, 

photosynthesis efficiency and 

normal growth. Mutations in the 

Col-0 allele result in pale green 

pigmentation and defective 

growth. 
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AT4G30730 14976418 - 14976732 - 34877 Unknown protein 

AT4G30740 14979246 - 14979521 - 37705 Unknown protein 

AT4G30750 14981186 - 14982354 - 39645 Unknown protein 

AT4G30760 14982522 - 14983421 + 40981 Putative endonuclease or glycosyl 

hydrolase 

AT4G30770 14985641 - 14986872 - 44100 Putative membrane lipoprotein 

AT4G30780 14990341 - 14993069 - 48800 Unknown protein 

AT4G30790 14993086 - 14997785 - 51545 INVOLVED IN: autophagy 

AT4G30800 15001134 - 15002671 + 59593 Nucleic acid-binding, OB-fold-

like protein 

AT4G30810 15003451 - 15006212 + 61910 Serine carboxypeptidase-like 29 

(scpl29); FUNCTIONS IN: 

serine-type carboxypeptidase 

activity; INVOLVED IN: 

proteolysis; LOCATED IN: 

vacuole 

AT4G30820 15006489 - 15008546 + 64948 Cyclin-dependent kinase-

activating kinase assembly factor-

related / CDK-activating kinase 

assembly factor-related; 

INVOLVED IN: cell cycle; 

LOCATED IN: nucleus 

AT4G30825 15009605 - 15012319 + 68064 Tetratricopeptide repeat (TPR)-

like superfamily protein; 

INVOLVED IN: cell cycle; 

LOCATED IN: nucleus 

AT4G30830 15015267 - 15016977 - 73726 Protein of unknown function 

AT4G30840 15017615 - 15019735 - 76074 Transducin/WD40 repeat-like 

superfamily protein;LOCATED 

IN: chloroplast 

AT4G30845 15019877 - 15020509 + 78336 Unknown protein;LOCATED IN: 

chloroplast 

AT4G30850 15020182 - 15022445 - 78641 Heptahelical transmembrane 

protein homologous to human 

adiponectin receptors and 

progestin receptors 

AT4G30860 15024472 - 15027616 + 82931 Encodes a member of the trxG 

protein family. Contains a SET 

domain which is known to be 

involved in the modification of 

histone tails by methylation. 

Interacts physically with AMS, 

but the implications of this 

interaction are unknown. 

Overexpression results in 

plieotrophic developmental 

defects. 

AT4G30870 15028427 - 15032634 + 86886 Encodes an Arabidopsis homolog 

of the endonuclease MSU81. T-

DNA insertion lines of AtMSU81 

have a deficiency in homologous 
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recombination in somatic cells but 

only after genotoxic stress. 

Crosses with a 

hyperrecombinogenic mutant of 

the AtRecQ4A helicase resulting 

in synthetic lethality in the double 

mutant 

AT4G30872 15032978 - 15033256 - 91437 Other RNA 

AT4G30880 15035207 - 15035843 + 93666 Bifunctional inhibitor/lipid-

transfer protein/seed storage 2S 

albumin superfamily protein; 

FUNCTIONS IN: lipid binding; 

INVOLVED IN: lipid transport; 

LOCATED IN: endomembrane 

system 

AT4G30890 15036052 - 15039281 - 94511 Encodes a ubiquitin-specific 

protease 

AT4G30900 15039432 - 15042311 + 97891 DNAse I-like superfamily protein 

AT4G30910 15042413 - 15045315 - 100872 Cytosol aminopeptidase family 

protein; FUNCTIONS IN: 

manganese ion binding, 

metalloexopeptidase activity, 

aminopeptidase activity; 

INVOLVED IN: proteolysis, 

protein metabolic process; 

LOCATED IN: chloroplast; 

EXPRESSED IN: guard cell 

AT4G30920 15046457 - 15049373 - 104916 Encodes LAP2, an 

aminopeptidase playing key roles 

in senescence, stress response and 

amino acid turnover 

AT4G30930 15049824 - 15051665 - 108283 Encodes a ribosomal RPL21M 

protein that is localized to the 

mitochondrion and is involved in 

karyogamy during female 

gametophyte development and 

fertilization. Mutants display 

defects in both male and female 

gametophyte development (i.e. 

collapsed pollen and female 

gametophytes with unfused 

central cells). 

AT4G30935 15051814 - 15054042 - 110273 Member of WRKY Transcription 

Factor; Group I 

AT4G30940 15054873 - 15056826 + 113332 BTB/POZ domain with 

WD40/YVTN repeat-like protein; 

FUNCTIONS IN: voltage-gated 

potassium channel activity; 

INVOLVED IN: potassium ion 

transport; LOCATED IN: 

voltage-gated potassium channel 

complex, membrane; 

EXPRESSED IN: leaf whorl, 

male gametophyte, flower, pollen 
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tube; EXPRESSED DURING: L 

mature pollen stage, M 

germinated pollen stage, 4 

anthesis 

AT4G30950 15056975 - 15059794 - 115434 Chloroplastic enzyme responsible 

for the synthesis of 16:2 and 18:2 

fatty acids from galactolipids, 

sulpholipids and 

phosphatidylglycerol. Uses 

ferredoxin as electron donor. 

Gene mutation resulted in reduced 

level of unsaturated fatty acids 

leading to susceptibility to 

photoinhibition 

Table 5.8. Genes located 120 kb upstream (-) and 120 kb downstream (+) of a SNP 

significantly associated with the production of normal F2 seeds by Arabidopsis thaliana 

triploids generated from 2x X 4x inter-ploidy crosses. 
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AGI Coordinates Strand 

Distance 

from the 

SNP (bp) 

Description 

AT1G53345 19902495 - 19903700 + -117520 

Unknown protein,  EXPRESSED 

DURING: 4 anthesis, F mature 

embryo stage 

AT1G53350 19903899 - 19907515 + -113705 

Disease resistance protein (CC-

NBS-LRR class) family; 

FUNCTIONS IN: ATP binding; 

INVOLVED IN: apoptosis, 

defence response 

AT1G53360 19907517 - 19908548 + -112672 
F-box associated ubiquitination 

effector family protein 

AT1G53366 19909840 - 19909977 - -111243 Unknown protein 

AT1G53370 19910516 - 19911646 + -109574 
F-box and associated interaction 

domains-containing protein 

AT1G53380 19913076 - 19916517 - -104703 
Plant protein of unknown function 

(DUF641) 

AT1G53390 19918047 - 19923807 + -97413 

Non-intrinsic ABC protein 12 , P-

loop containing nucleoside 

triphosphate hydrolases 

superfamily protein; 

FUNCTIONS IN: ATPase 

activity, coupled to 

transmembrane movement of 

substances; LOCATED IN: 

plasma membrane 

AT1G53400 19924752 - 19926631 + -94589 

Ubiquitin domain-containing 

protein; INVOLVED IN: N-

terminal protein myristoylation 

AT1G53410 19925839 - 19925910 - -95310 
Pre-tRNA; tRNA-Cys (anticodon: 

GCA) 

AT1G53420 19926626 - 19931494 - -89726 

Leucine-rich repeat 

transmembrane protein kinase; 

FUNCTIONS IN: protein 

serine/threonine kinase activity, 

kinase activity, ATP binding; 

INVOLVED IN: transmembrane 

receptor protein tyrosine kinase 

signalling pathway, protein amino 

acid phosphorylation 

AT1G53430 19935163 - 19941088 + -80132 

Leucine-rich repeat 

transmembrane protein kinase; 

FUNCTIONS IN: kinase activity; 

INVOLVED IN: protein amino 

acid phosphorylation 

AT1G53440 19945959 - 19951562 + -69658 

Leucine-rich repeat 

transmembrane protein kinase; 

FUNCTIONS IN: kinase activity; 

INVOLVED IN: protein amino 

acid phosphorylation 

AT1G53450 19951006 - 19954115 - -67105 Unknown protein 

AT1G53460 19954490 - 19956632 - -64588 
Ran BP2/NZF zinc finger-like 

superfamily protein 
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AT1G53470 19958587 - 19961578 + -59642 

Mechanosensitive channel of 

small conductance-like 4 (MSL4); 

INVOLVED IN: transmembrane 

transport 

AT1G53480 19963047 - 19964712 - -56508 

Encodes MRD1 (mto 1 

responding down). Down-

regulated in mto1-1 mutant that 

over-accumulates soluble 

methionine. 

AT1G53490 19963267 - 19966952 + -54268 RING/U-box superfamily protein 

AT1G53500 19966944 - 19969757 - -51463 

Encodes a putative NDP-L-

rhamnose synthase, an enzyme 

required for the synthesis of the 

pectin rhamnogalacturonan I, the 

major component of Arabidopsis 

mucilage. Gene is involved in 

seed coat mucilage cell 

development. Mutant analyses 

suggest that MUM4 is required 

for complete mucilage synthesis, 

cytoplasmic rearrangement and 

seed coat development. 

AT1G53510 19970664 - 19974393 - -46827 Member of MAP Kinase 

AT1G53520 19976415 - 19977955 - -43265 

Chalcone-flavanone isomerase 

family protein; FUNCTIONS IN: 

chalcone isomerase activity, 

intramolecular lyase activity; 

INVOLVED IN: cellular amino 

acid derivative biosynthetic 

process, flavonoid biosynthetic 

process; LOCATED IN: 

chloroplast stroma, chloroplast; 

AT1G53530 19978146 - 19980084 + -41136 

Peptidase S24/S26A/S26B/S26C 

family protein; FUNCTIONS IN: 

serine-type peptidase activity, 

peptidase activity; INVOLVED 

IN: proteolysis 

AT1G53540 19980462 - 19981109 + -40111 

HSP20-like chaperones 

superfamily protein, heat shock 

protein 17.4 

AT1G53541 19981385 - 19981495 - -39725 Unknown protein 

AT1G53542 19981628 - 19981813 + -39407 Unknown protein 

AT1G53543 19981969 - 19982124 + -39096 Unknown protein 

AT1G53550 19983411 - 19984637 + -36583 F-box family protein 

AT1G53560 19984742 - 19985983 - -35237 Ribosomal protein L18ae family 

AT1G53570 19987191 - 19991135 + -30085 MEK kinase (MAP3Ka) 

AT1G53580 19991275 - 19993334 - -27886 

Mononuclear Fe(II)-containing 

member of the b-lactamase fold 

superfamily. ETHE1 is 

homodimeric in solution, exhibits 

low-level esterase activity, and 

specifically binds a single Fe(II) 
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atom in the active site. 

AT1G53590 19996315 - 20000265 + -20955 
Calcium-dependent lipid-binding 

(CaLB domain) family protein 

AT1G53600 20001263 - 20003416 + -17804 
Tetratricopeptide repeat (TPR)-

like superfamily protein 

AT1G53610 20008996 - 20009320 - -11900 Unknown protein 

AT1G53620 20011429 - 20011925 - -9295 Unknown protein 

AT1G53625 20014410 - 20014923 - -6297 Unknown protein 

AT1G53633 20017389 - 20017932 - -3288 Unknown protein 

AT1G53635 20019293 - 20019799 - -1421 Unknown protein 

AT1G53640 20020885 - 20025461 - 0 Unknown protein 

AT1G53645 20026147 - 20028635 - 4927 
Hydroxyproline-rich glycoprotein 

family protein 

AT1G53650 20029029 - 20031566 - 7809 

RNA-binding protein, putative, 

similar to RNA-binding protein 

GB:AAA86641 .Contains PAB2 

domain which facilitates binding 

to PABC proteins. 

AT1G53660 20034032 - 20035946 + 12812 
Nucleotide/sugar transporter 

family protein 

AT1G53670 20036641 - 20038219 + 15421 

Methionine sulfoxide reductase B 

1 (MSRB1); FUNCTIONS IN: 

peptide-methionine-(S)-S-oxide 

reductase activity; INVOLVED 

IN: response to oxidative stress, 

N-terminal protein 

myristoylation; LOCATED IN: 

chloroplast stroma, chloroplast 

AT1G53680 20038358 - 20039117 + 17138 
Encodes glutathione transferase 

belonging to the tau class of GSTs 

AT1G53683 20039463 - 20039616 - 18243 
Encodes a microRNA that targets 

several HAP2 family members 

AT1G53687 20041518 - 20041734 + 20298 
Encodes a microRNA that targets 

several HAP2 family members 

AT1G53690 20042640 - 20043344 - 21420 

Protein of unknown function that 

is homologous to At5g41010, 

which encodes a non-catalytic 

subunit common to nuclear DNA-

dependent RNA polymerases II, 

IV and V 

AT1G53700 20048586 - 20050115 + 27366 

The WAG1 and its homolog, 

WAG2 each encodes a protein-

serine/threonine kinase that are 

nearly 70% identical to PsPK3 

protein. All three together with 

CsPK3 belong to PsPK3-type 

kinases. 
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AT1G53705 20050475 - 20051451 - 29255 

Aminoacyl-tRNA ligases; 

nucleotide binding; ATP binding; 

FUNCTIONS IN: nucleotide 

binding, aminoacyl-tRNA ligase 

activity, ATP binding; 

INVOLVED IN: translation, 

tRNA aminoacylation for protein 

translation; LOCATED IN: 

endomembrane system, cytoplasm 

AT1G53708 20052393 - 20053195 + 31173 ROTUNDIFOLIA like 9 (RTFL9) 

AT1G53710 20053161 - 20056396 - 31941 

Calcineurin-like metallo-

phosphoesterase superfamily 

protein; FUNCTIONS IN: 

hydrolase activity, protein 

serine/threonine phosphatase 

activity 

AT1G53720 20056533 - 20059638 + 35313 

Encodes a cyclophilin, member of 

a family of modular proteins 

consisting of a peptidyl-prolyl 

cis– trans isomerase (PPIase) 

domain, followed by an RNA 

recognition motif (RRM), and a 

C-terminal domain enriched in 

charged amino acids. Interacts 

with SCL33/SR33 and with a 

majority of Arabidopsis SR 

proteins and the largest subunit of 

RNA polymerase II. Localizes to 

the nucleus, but it does not 

significantly co-localize with SR 

proteins in nuclear speckles. 

AT1G53730 20061701 - 20065713 + 40481 

STRUBBELIG-receptor family 6 

(SRF6); FUNCTIONS IN: protein 

serine/threonine kinase activity, 

protein kinase activity, ATP 

binding; INVOLVED IN: 

transmembrane receptor protein 

tyrosine kinase signaling 

pathway, protein amino acid 

phosphorylation 

AT1G53750 20065714 - 20068466 - 44494 
26S proteasome AAA-ATPase 

subunit RPT1a (RPT1a) mRNA 

AT1G53760 20068968 - 20071096 - 47748 

Unknown protein; LOCATED IN: 

mitochondrion, plasma 

membrane, plastid, membrane 

AT1G53770 20071311 - 20073758 - 50091 
O-fucosyltransferase family 

protein 

AT1G53780 20073996 - 20078228 - 52776 

Peptidyl-prolyl cis-trans 

isomerases; hydrolases; 

nucleoside-triphosphatases; ATP 

binding; nucleotide binding; 

ATPases;  INVOLVED IN: 

protein folding, protein catabolic 

process 
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AT1G53785 20077798 - 20079002 - 56578 
Unknown protein; LOCATED IN: 

mitochondrion 

AT1G53800 20081699 - 20084500 + 60479 Unknown protein 

AT1G53801 20083211 - 20084173 - 61991 
Potential natural antisense gene, 

locus overlaps with AT1G53800 

AT1G53815 20090249 - 20090962 - 69029 F-box family protein 

AT1G53820 20091491 - 20092423 + 70271 

RING/U-box superfamily protein; 

FUNCTIONS IN: zinc ion 

binding 

AT1G53830 20098522 - 20100889 + 77302 Encodes a pectin methylesterase 

AT1G53840 20101445 - 20103667 + 80225 Encodes a pectin methylesterase 

AT1G53850 20103953 - 20106015 - 82733 

Encodes alpha5 subunit of 20s 

proteosome involved in protein 

degradation and RNA degradation 

AT1G53860 20107107 - 20109511 - 85887 Remorin family protein 

AT1G53870 20112262 - 20113522 + 91042 
Protein of unknown function 

(DUF567) 

AT1G53880 20115069 - 20118485 + 93849 

Eukaryotic translation initiation 

factor 2B (eIF-2B) family protein; 

FUNCTIONS IN: GTP binding, 

translation initiation factor 

activity; INVOLVED IN: 

translational initiation, cellular 

metabolic process 

AT1G53885 20119723 - 20120458 + 98503 
Protein of unknown function 

(DUF581) 

AT1G53887 20122426 - 20122866 - 101206 Unknown protein 

AT1G53890 20124827 - 20126109 + 103607 
Protein of unknown function 

(DUF567) 

AT1G53900 20127634 - 20131050 + 106414 

Eukaryotic translation initiation 

factor 2B (eIF-2B) family protein; 

FUNCTIONS IN: GTP binding, 

translation initiation factor 

activity; INVOLVED IN: 

translational initiation, cellular 

metabolic process 

AT1G53903 20132288 - 20133017 + 111068 
Protein of unknown function 

(DUF581) 

AT1G53910 20135112 - 20136970 + 113892 

Encodes a member of the ERF 

(ethylene response factor) 

subfamily B-2 of ERF/AP2 

transcription factor family 

(RAP2.12). The protein contains 

one AP2 domain. 

AT1G53920 20137712 - 20139637 + 116492 
Contains lipase signature motif 

and GDSL domain 

AT1G53930 20140411 - 20140887 - 119191 Ubiquitin-like superfamily protein 
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Table 5.9. Genes located 120 kb upstream (-) and 120 kb downstream (+) of a SNP 

significantly associated with the production of normal F2 seeds by Arabidopsis thaliana F1 

triploids generated from 4x X 2x inter-ploidy crosses. 
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Figure 5.9. Genes located 120 kb upstream and 120 kb downstream of the SNPs 

significantly associated with the production of normal seeds by Arabidopsis thaliana F1 

triploids generated from 4x X 2x (Chromosome 1) and 2x X 4x (Chromosome 4) inter-

ploidy crosses. 
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5.4 Discussion  

Isogenic F1 triploids generated from the Col-0 accession displayed different % N F2 seed 

characteristics to isogenic F1 triploids from the other three accessions (Ler-0, C24, Zu). 

These were (1) highest % N F2 seed from F1 isogenic Col-0 plants and (2) parent-of-origin 

effects on % N F2 seed-set between paternal excess versus maternal excess F1 isogenic 

triploids (Figure 5.1, Table 5.1). Previously, 2x X 4x inter-ploidy Col-0 crosses have been 

shown to result in low levels of normal (N) F1 isogenic triploid seeds due to extreme 

lethality (~80% aborted) observed in F1 triploid seeds. In contrast, Ler-0 inter-ploidy 2x X 

4x crosses produced around 80% of viable (N) F1 seeds (Dilkes et al., 2008). In this study, 

the % of normal (N) F2 seeds obtained from surviving isogenic F1 triploids of Col-0 and 

Ler-0 also displayed differences. The surviving Col-0 F1 triploids yielded the highest % of 

normal (N) F2 seeds, while the surviving Ler-0 F1 triploids yielded the lowest % of normal 

(N) F2 seeds (Figure 5.1). The observations of Dilkes et al, (2008) suggest that there is a 

block to F1 seed development from isogenic inter-ploidy crosses of Arabidopsis thaliana 

which differs between accessions (i.e. the block to F1 seed development displays a higher 

penetrance in the Col-0 inter-ploidy cross). It may be possible that F1 triploid seeds having 

survived the more extreme block in the Col-0 background have a higher propensity to yield 

normal F2 seeds when selfed (Figure 5.1, Table 5.1). 

The reproductive performance of triploids has been studied in diploids of the Col-0 

accession crossed with colchicine-doubled Col-0, and Wa-1 natural tetraploids. They were 

shown to be fertile with CWW hybrid triploids producing significantly more plump 

(normal) seeds than the CCC isogenic triploid (Henry et al., 2005). In this study, analysis of 

reproduction in four isogenic triploids (Col-0, C24, Ler-0, and Zu) revealed that between 

17% and 50% of all ovules in a stigma gave rise to normal seeds (Table 5.1). The 

remaining ovules were either left unfertilized or aborted due to post-zygotic lethality. In 

contrast to Henry et al, (2005) who only studied one isogenic (Col-0) and one hybrid (Col-

0/Wa-1) F1 triploid line, hybrid F1 triploids used in this study appeared to experience 

stronger reduction in normal seed production than isogenic triploids, with %N ranging from 

10 to 35%. However, compared to the F1 Ler-0 isogenic triploids, which produced 

approximately 18% of normal F2 seeds, F1 hybrid triploids showed both improved and 
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decreased reproductive performance (N% F2 seeds) depending on the diploid accession 

used as the other parent (Table 5.2, Table 5.4, Figure 5.3).  

As decreased reproductive success of F1 hybrid triploids could be a consequence of hybrid 

dysgenesis between Ler-0 and some other accessions (Bomblies et al., 2010), it was 

determined that F1 hybrid diploids displayed no such evidence and they produced over 

91% of normal seeds regardless of the cross direction (Table 5.5).   

This study demonstrates that the fertility (i.e. % N F2 seeds) of inter-accession F1 hybrid 

triploids can vary significantly between F1 hybrid triploids via some genetic (between 

accessions) and epigenetic effects (between reciprocal F1 triploids) (Table 5.3). To the 

author‘s knowledge this represents the first evidence of epigenetic parent-of-origin effects 

controlling normal F2 seed development from selfed F1 hybrid triploid plants.  

Both isogenic (Col-0) and hybrid (Col-0 X Wa-1) triploids have been previously shown to 

produce a swarm of viable aneuploid F2 offspring after they were allowed to self-pollinate 

(Henry et al., 2005). The F2 progeny spanned a wide range of DNA content, including 

diploids, triploids, tetraploids and aneuploids consisting of complex karyotypes of 

intermediate genome content. The distribution of the F2 isogenic family consisted of more 

individuals in higher genome content class (3.6 - 4.2), while more F2 hybrid progenies fell 

in the lower 3.2 – 3.4 class (Figure B). The genome content distributions of F2 progeny 

deviated from the expected theoretical distribution (random chromosome segregation and 

absence of selection, Figure A). Higher than expected frequency of euploid progeny 

observed in both cases, suggested that there was a strong selection against aneuploidy or 

aneuploid gamete formation (Henry et al., 2005). This occurred under the control of a 

single major-effect locus (SDI) and demonstrated that Arabidopsis thaliana is a species in 

which triploids can indeed act as bridges between populations with different stable ploidies 

(Henry et al., 2007).  
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In this chapter, the ploidy distribution in samples of ~90 seeds produced by 19 pairs of 

reciprocal hybrid triploids and one pair of isogenic Ler-0 triploids was determined. It was 

demonstrated that genome content distributions varied between triploids with different 

levels of reproductive success. A full model of this process for Arabidopsis thaliana would 

incorporate both the tendency to euploidy seen over generations (Henry et al., 2005), but 

also the existence of occasional more drastically altered individuals, for example the 

existence of F2 seeds as large as pentaploid or apparently lower than diploid (Figure 5.7). 

Variation in triploid reproductive success may depend upon the tendency of gametes to 

experience reduced ploidy levels caused by meiotic defects. Distribution of aneuploidy 

types in triploid offspring varies between genotypes (Figure 5.6, Figure 5.7), and may 

therefore have differing effects on plant fertility during the evolution of a lineage. This 

tendency to genome loss or retention displays genetic variation in the response to 

polyploidy and supports the well-established link between polyploidy and speciation (Soltis 

and Soltis, 2009). Aneuploid syndrome has a strong phenotypic effect in the next 

generation, indicating roles in triploid reproduction for a combination of maternal effects, 

signalling between the parental plants, and, potentially, elements of epigenetic inheritance. 

This tendency of aneuploids and polyploids to differ transgressively from their parents has 

been well-marked in hybrids (Rapp et al., 2009) and in heterosis (Chen, 2010) and is 

particularly notable in invasive species (Ainouche et al., 2009, Blair and Hufbauer, 2010). 

Polyploidy and aneuploidy are known to induce variation of epigenetic regulation and 

epigenetic silencing may result from dosage imbalance (Matzke et al., 1999, Pikaard, 2001, 

Mittelsten Scheid et al., 2003, Mittelsten Scheid et al., 1996). An SDI locus could possibly 

be linked to a specific dosage-sensitive gene or encode a regulator mediating a genome-

wide epigenetic response to dosage imbalance (Henry et al., 2007). 

A GWA study was used in order to find a correlation between the measured variation in 

triploid reproductive character (%N) and genome-wide SNP polymorphisms determined for 

the diploid accessions (Nordborg et al., 2005). Arabidopsis thaliana populations are heavily 

structured which causes the possibility of increased false-positive results (Zhao et al., 

2007). Statistical methods used to control population structure include a mixed-model 

approach (EMMA) which has been proved to perform well in Arabidopsis thaliana (Yu et 
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al., 2005b, Atwell et al., 2010, Kang et al., 2008a). Little evidence for population structure 

in p-values led to the conclusion that false-positives generated from population structure 

had little confounding effect on this study.    

Even though the power of this analysis was limited due to the relatively low sample size 

used (88 4x X 2x triploids and 78 2x X 4x triploids), two SNPs significantly associated 

with the production of viable seeds by reciprocal hybrid triploids have been identified 

(Figure 5.8). Different SNPs associated with the %N trait in triploids generated from 

reciprocal inter-ploidy crosses suggest that parent-of-origin dosage effects can have trans-

generational effects on reproduction. This shows that the locus MOT associated with the 

SNP on chromosome 1 controls the 4x X 2x Maternal Overdose Triploid reproduction but 

does not have any significant impact on the 2x X 4x paternal overdose triploid reproductive 

success. Reciprocally, a locus POT controlling F2 seed viability in the 2x X 4x Paternal 

Overdose Triploids associated with the SNP on chromosome 4 does not significantly 

impact the 4x X 2x maternal overdose triploid reproduction. This observation justified the 

selection of most promising candidate genes based on the link between triploid 

reproduction and epigenetic regulation, maternal/paternal effects, dosage sensitivity or 

genomic imprinting, etc (Table 5.8, Table 5.9). 

Five candidate genes explaining the variation in reproductive success of 4x X 2x F1 

maternal excess triploids are located on the bottom arm of chromosome 1 (Figure 5.9). 

They have been selected among 74 associated genes spanning a 120 kb range up- and 

downstream of the significant SNP. They include a gene (At1g53500) involved in the seed 

coat mucilage and a (At1g53910) ERF transcription factor containing a AP2 domain 

(potential maternal effects through the control of integuments and seed coat), a gene 

(At1g53650) encoding RNA-binding protein containing a PAB2 domain, interacting with 

the known MPC imprinted gene (MATERNALLY EXPRESSED PAB C-TERMINAL), and 

At1g53860 and At1g53690 genes which may be involved in gene expression control via 

DNA (de)methylation and DNA-dependent RNA polymerase II, IV and V activity. 
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1) Fertilization of the angiosperm ovule initiates differentiation of the maternal 

sporophytic tissues of integuments to form the seed coat. The seed coat layers can 

undergo a number of specializations that aid embryo nutrition, seed dispersal, 

germination, and seed longevity. Seed coat epidermis also produce a hydrophilic 

polysaccharide slime, known as mucilage, which promotes the seed hydration and 

germination, prevents the gas exchange, and helps in attachment to soil substrates 

and animal vectors (Arsovski et al., 2009). At1g53500 – MUM4 encodes a UDP-L-

rhamnose synthase (RHM2) required for the production of the primary mucilage 

pectin RG I (Usadel et al., 2004, Western et al., 2004). Other genes known to affect 

seed coat mucilage include: TRANSPARENT TESTA GLABRA1 (TTG1), TTG2, 

GLABRA2 (GL2), APETALA2 (AP2), ABERRANT TESTA SHAPE, and ABSCISIC 

ACID DEFICIENT1 (Western et al., 2001). Expression studies suggest that MUM4 

is developmentally regulated in the seed coat by AP2, TTG1, and GL2 (Western et 

al., 2004).  

2) In Arabidopsis thaliana, the homeotic gene APETALA2 (AP2) has been shown to 

control processes during flower development such as the establishment of flower 

meristem identity, regulation of floral organogenesis and the temporal and spatial 

regulation of flower homeotic gene activity. Genetic studies have shown that AP2 is 

also required for normal ovule and seed development. At1g53910 – ERF/AP2 

(ethylene response factor) transcription factor belongs to the RAP2 (related to AP2) 

family of DNA-binding protein because it contains an AP2 domain (Okamuro et al., 

1997). Another ERF/AP2 gene which regulates ovule development and floral organ 

growth is ANT (AINTEGUMENTA). ERF-like genes appear to be involved in 

responses to biotic and environmental stress, although their precise functions are 

largely unknown (Kim et al., 2006).  

3) The MATERNALLY EXPRESSED PAB C-TERMINAL (MPC) imprinted gene 

encodes the C-terminal domain of poly(A) binding proteins (PABC) (Tiwari et al., 

2008). Imprinting in plants has dramatic consequences on seed development, 

affecting seed size, morphogenesis, and viability (Gehring et al., 2004). Reduction 

of MPC expression results in seed abortion, decreased seed size, and embryo and 

endosperm abnormalities. Poly(A) binding proteins (PABPs) are known to play 
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roles in mRNA stability and translation by binding the poly(A) tails of mRNAs 

through N-terminal RNA recognition motifs (Bravo et al., 2005). The At1g53650 

gene encodes a RNA-binding protein containing a PAB2 domain which facilitates 

binding to PABC. The PABC domain is an independent region that mediates 

protein–protein interactions, thus the At1g53650 gene product can interact with 

MPC. 

4) In Arabidopsis thaliana, cytosine methylation is important for genomic imprinting 

and genome defence against transposable elements, therefore most DNA 

methylation is located at transposon-rich heterochromatic regions (Chan et al., 

2005). DNA methylation is a stable epigenetic mark, but active demethylation 

mediated by the DEMETER (DME) or ROS1 has been observed in Arabidopsis 

thaliana. Demethylation by DME establishes genomic imprinting in the Arabidopsis 

thaliana endosperm by targeting genes such as: MEDEA (MEA), FWA, and FIS2. In 

vegetative tissue, the default state for these genes is methylated however, in the 

reproductive central cell, DME excises a 5-methylcytosine at MEA, FWA and FIS2, 

establishing hypomethylated, transcriptionally active alleles of these genes. A DME 

demethylation functions to protect endogenous genes from potentially deleterious 

methylation (Penterman et al., 2007). At1g53860 – encodes a remorin family 

protein that was identified as one of the 179 discrete loci throughout the genome 

that undergo DME DNA demethylation. Those loci represented sites where two 

opposing pathways, DNA methylation and demethylation, converge (Penterman et 

al., 2007). 

5) RNA polymerases, Pol I – V, are enzymes that are central to nuclear gene 

expression each of which is composed of between 12 and 17 subunits. They play 

non-redundant roles in siRNA-directed DNA methylation and gene silencing in 

plants (Ream et al., 2009). At1g53690 encodes a protein of unknown function; 

however the gene is homologous to At5g41010 which is known to express a non-

catalytic subunit (NRPB12) of nuclear DNA-dependent RNA polymerases. Pol IV 

and Pol V share numerous small subunits with Pol II, including NRPB12 family 

subunits, and the loss-of-function mutations in this subunit cause female 

gametophyte lethality. Interestingly, defective male microspores develop into 
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mature gametophytes that fertilize wild-type female gametophytes, and transmit the 

mutant genes to the next generation (Onodera et al., 2008). 

 

All five of these genes represent an attractive system for explaining the variation in the 4x 

X 2x F1 maternal excess triploid reproduction. There is also a possibility that some of the 

other genes listed among the 74 genes spanning the significant SNP have a casual effect, 

although their involvement in reproductive pathways is less obvious (Table 5.9). 

Moreover, some of the candidate genes discussed above could be potentially responsible 

for the SDI locus action as they lie in the close vicinity of its rough position.  

Seventy three genes on chromosome 4 were significantly associated with the variation 

observed in the F1 2x X 4x paternal excess triploid reproductive success (Figure 5.9, Table 

5.8). Four of those genes have been selected as particularly interesting candidates due to 

their known involvement in reproductive pathways.  

1) Phosphatidic acid is a key intermediate for chloroplast membrane lipid biosynthesis. 

At4g30580 gene encodes plastidic lysophosphatidic acid acyltransferase (LPAAT), a 

critical enzyme for chloroplasts phosphatidic acid biosynthesis. Although the 

heterozygous mutant has no apparent phenotype, the embryos representing the 

homozygous lpaat  mutant die at an early stage during embryogenesis (Kim and 

Huang, 2004). Apparently, plastidic LPAAT is essential for embryo development in 

Arabidopsis thaliana during the transition from the globular to the heart stage when 

chloroplasts begin to form (Yu et al., 2004). 

2) The adjacent gene - At4g30590 encodes an early nodulin (ENOD)-like protein 12, 

which localizes to the plasma membrane. It contains a plastocyanin-like copper-

binding domain and its biological function is to carry electrons. This gene was 

found to be expressed in the female gametophyte and thus is believed to play a role 

during embryo sac development (Yu et al., 2005a). A sieve element-specific 

ENODL was reported to determine reproductive potential in Arabidopsis thaliana 

(Khan et al., 2007).  

3) Plant SET domain proteins are known to be involved in the epigenetic control of 

gene expression through specific methylation of lysine residues on histone H3 and 
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histone H4 (Springer et al., 2003). The majority of the Arabidopsis thaliana SET 

domain proteins were shown to participate in the floral development pathway and 

were also expressed in seeds (Baumbusch et al., 2001). Histone methyltransferase 

activity in Arabidopsis thaliana has been well described in the PcG proteins, such 

as MEDEA, CURLY LEAF and SWINGER (Makarevich et al., 2006, Grossniklaus et 

al., 1998, Köhler et al., 2003). The At4g30860 gene (SDG4) encodes a member of 

the trxG protein family containing a SET domain and a PHD-finger. SDG4 is a 

chromatin-associated protein that functions in the maintenance of methylated 

histone H3 levels in the mature pollen grain and sdg4 mutant results in the reduced 

pollen tube length, aborted seeds, and unfertilized ovules. The possible function of 

SDG4 is gene regulation in the vegetative nucleus by methylation of lysines 4 and 

36 of the histone H3 in the mature pollen (Cartagena et al., 2008). 

4) Finally, the At4g30930 gene - NUCLEAR FUSION DEFECTIVE1 - encodes a 

mitochondrial 50S ribosomal subunit L21 - RPL21M that is involved in karyogamy 

(nuclear fusion). In flowering plants, karyogamy occurs twice during double 

fertilization and once during female gametophyte development when the two polar 

nuclei fuse to form the diploid central cell nucleus. The nfd1 mutants display defects 

in both male and female gametophyte development i.e. collapsed pollen grains and 

female gametophytes with central cells that fail to undergo fusion (Portereiko et al., 

2006b). 

Collectively, these four genes are strong candidates for the control of F1 2x X 4x paternal 

excess triploid reproduction (%N F2 seeds), due to their actions in the female gametophyte 

or during embryogenesis. Additionally, two examples of potential paternal control over 

successful triploid reproduction through pollen methylation are demonstrated.  
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5.5 Conclusions 

Arabidopsis thaliana triploids were shown to be fertile and reproduce with varied rates of 

success which is under both genetic and epigenetic parent-of-origin control. Arabidopsis 

thaliana can therefore be used to study the phenomenon of triploidy, which is important for 

understanding plant speciation as well as stability and parent-of-origin effects during 

polyploid crop breeding. 

Phenotypic and GWA analyses of triploid reproduction shed an important light on the 

success of Arabidopsis thaliana triploidy. A total number of 149 genes have been identified 

as associated with the variation observed in the reciprocal triploid reproduction. Ten of 

those genes have been selected as the most promising initial candidates for controlling 

successful seed development through mechanisms including maternal and paternal effects, 

genomic imprinting, differential DNA methylation, and RNA mediated gene silencing. One 

example of paternally controlled gene regulation by histone methylation in pollen has also 

been discussed.  

Overall, the GWAS approach has allowed the identification of the MOT and POT loci on 

chromosomes 1 and 4 which are strong candidates for harbouring genes controlling 

reproductive success (i.e. extent of F2 seed-set) of F1 triploid plants. The location of the 

MOT locus suggests that it may overlap with the SDI locus previously identified by RIL 

mapping as a locus associated with genome dosage sensitivity.  
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In this thesis it was sought to gain a better insight into triploid flowering plant reproduction, 

focusing on isogenic and hybrid triploids of Arabidopsis thaliana. Triploids have not been 

widely used as model systems for studying complex reproductive traits as they are much 

more challenging than diploids in terms of genetics. However, triploidy introduces parental 

genome dosage imbalance in the seed offspring, resulting in specific phenotypes not 

observed in plants with parentally balanced ploidy levels. Therefore research focused 

specifically on triploids will broaden our currently limited understanding of reproductive 

issues encountered by many important triploid species, which includes triploid crop 

species.  

Chapter 1 consists of a literature review on the use of Arabidopsis thaliana  as a model for 

understanding reproduction, seed development, hybridisation and polyploidy effects.  

In Chapter 2, triploid F1 seeds were shown to display transgressive seed size phenotypes 

depending on the parent-of-origin. Both isogenic and hybrid paternal genome excess F1 

triploids resulted in best-parent heterosis (BPH) while the reciprocal maternal excess 

triploids exhibited worst-parent heterosis (WPH) (subtractive heterosis). It was discovered 

that vigorous offspring can be produced in many different genetic backgrounds (accessions) 

and that the level of heterosis varies depending on the genotype of the parents of the F1 

triploid seeds. Surprisingly, hybrid triploids did not always display higher levels of 

heterosis than isogenic triploids, as might be expected from the increased heterozygosity in 

the former triploids. In fact, some isogenic triploids had higher levels of BPH or lower 

levels of WPH than some hybrid triploids. A negative correlation was found between BPH 

in paternal excess F1 triploids and WPH in corresponding maternal excess F1 triploids, 

suggesting a parent-of-origin effect on F1 triploid seed size heterosis. However, a few 

exceptional examples were found that displayed F1 triploid seed size heterosis in only one 

cross direction (Col-0, Pro-0, Ei-2, and Hr-5). Therefore, these accessions will be 

investigated in follow-up studies to determine the sources of variation in parent-of-origin 

specific mechanisms controlling F1 triploid seed size heterosis.  
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Triploid plants experience severe reproductive challenges, mainly due to complications 

during meiosis which lead to the production of aneuploid gametes. This explains the many 

triploid species that are sterile and which have to reproduce by vegetative propagation or 

other alternative pathways (e.g. apomixis). In Chapter 3, isogenic and hybrid F1 triploids 

were shown to be sub-fertile at the pre-fertilisation stage, where they reproduced with 

reduced rates of success due to unfertilised ovules. The proportions of F1 triploid ovules 

that were left unfertilized (%U) varied depending on the genetic background (accession) 

and involved a trade-off with the ovule numbers (Σ) in the gynoecium. Significant 

differences in %U and Σ were found between pairs of reciprocal F1 triploids indicating 

parent-of-origin dependent genome dosage effects controlling triploid fertility and ovule 

number. Surprisingly, the higher proportions of the unfertilized ovules (and the total ovule 

number) were not always found in the same cross direction, as certain F1 triploids appeared 

to be more fertile with maternal genome excess F1 triploids (2m:1p) while others were 

more fertile in the paternal genome excess F1 triploids (1m:2p). It was hypothesised that 

the variation in F1 triploid fertility might be related to the rate of inviable, aneuploid 

gamete production. However no correlation between rates of pollen abortion and %U was 

found, therefore it was concluded that the %U likely occurs due to aberrant ovule 

development. Despite strong heritable variation for %U (unfertilised ovules), no loci 

statistically associated with %U in reciprocal selfed F1 triploids were detected using the 

GWAS approach. 

In follow-on studies it would be desirable to investigate the viability of both female and 

male gametes produced by selfed F1 triploids, using more sophisticated methods than 

Alexander pollen viability test. For example, determining differences in pollen karyotypes 

produced by reciprocal triploids could explain parent-of-origin effects observed in certain 

reciprocal triploids. Also, it would be desirable to visualise germinating pollen tubes inside 

the stigma and determine if viable pollen is able to fertilize available ovules. Finally, 

screening for ovule defects could be performed, although interpreting developmental 

aberrations might be challenging due to the female gametophyte (embryo sac) within each 

ovule being genetically different due to triploid meiosis. 
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In Chapter 4, the same suite of F1 triploid lines was used to investigate post-fertilisation 

lethality within the F2 seed sets. Similar to the %U and Σ from the previous study, the 

proportions of ovules that were fertilized by viable pollen but subsequently aborted as F2 

seeds (%A) varied among both isogenic and hybrid triploids.  Also, the F2 seed abortion 

rate often differed significantly between reciprocal F1 triploids and highlighted novel 

parent-of-origin dependent genome dosage effects. The negative correlation between %A 

and Σ indicates that some common maternal effect might control both reproductive traits, 

i.e. decreased numbers of ovules will result in higher rates of post-reproduction F2 seed 

abortion.  Despite strong heritable variation for %A F2 (aborted seeds), no loci statistically 

associated with %A in reciprocal selfed F1 triploids were detected using the GWAS 

approach. 

 

In Chapter 5, strong heritable variation for %N F2 (normal seeds) trait was again found 

among both isogenic and hybrid triploids. It was shown that although triploid F1 

reproduction is impaired compared to diploids, the surviving F2 normal seed progeny 

comprises a wide range of DNA content. This supports the proposed role for triploids as 

evolutionary bridges between plant populations of different ploidy levels. It was found that 

reciprocal F1 triploids displayed parent-of-origin effects on %N, with some F1 triploids 

producing more normal seeds when they had an excess of the maternal genome and others 

with an excess of the paternal genome.    

 

The differences in %N between different F1 triploid genotypes could suggest that there is a 

differential tolerance to aneuploid gamete production between different F1 triploid parents. 

Lower levels of DNA content among the F2 progeny of certain triploid lines suggest that 

those F1 triploids preferentially produce haploid-like viable gametes. F2 offspring with 

higher ploidy levels suggest that the F1 triploid parent was producing predominantly 

diploid-like gametes or even was likely to produce higher frequencies of unreduced triploid 

viable gametes (this would explain the case of a pentaploid individual detected among the 

offspring of one of the triploid parents). Moreover, the reciprocal F1 triploids of some 

genotypes also produced F2 normal seed progeny that significantly differed in their DNA 
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content distribution, highlighting an epigenetic parent of origin effect on chromosome 

transmission between reciprocal F1 hybrid triploids. 

 

Finally, the GWA approach allowed the identification of two candidate loci involved in the 

phenotypic variation in %N among F2 seeds produced by 2x X 4x paternal overdose F1 

triploids – POT, and 4x X 2x maternal overdose F1 triploids - MOT. In the 240 kb window 

spanning both the POT and MOT loci, 149 protein-coding candidate genes have been 

identified. Among those, ten genes were identified as strong candidates given their obvious 

involvement in the processes taking place in the male/female gametophyte, or in the 

developing seeds. Some of these candidates are linked to epigenetic processes including 

DNA methylation, histone modification, and siRNA mediated gene silencing. These genes 

will be subjected to further analyses to provide evidence and mechanistic explanations for 

the control of parent-of-origin dependent variation in triploid F1 hybrid reproductive 

success.  
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Appendix A. Images of 4 x 4 Ler-0 tetraploid parent, 2 x 2 diploid accessions, and 

corresponding 2 x 4 paternal excess and 4 x 2 maternal excess F1 hybrid triploid seeds. 
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Appendix B 
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At4g30580 
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At4g30860 
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At4g30930 
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At4g30590 
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At1g53640 

Appendix B – Expression patterns of candidate genes http://bar.utoronto.ca/efp/cgi-

bin/efpWeb.cgi 

 

http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi
http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi
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