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Abstract 

Amongst the different accessions of Arabidopsis thaliana, a triploid block leading to 

seed abortion is frequent in crosses between diploid mothers and the pollen derived 

from Col-0 tetraploids. On the other hand, crosses involving diploid mothers and most 

other tetraploid pollen parents result in largely healthy seeds. This post-zygotic barrier 

is established in the endosperm, and the genetic basis underlying this phenomenon 

has been attributed to parental genomic imprinting. However, the molecular 

mechanisms explaining the survival continuum of triploid F1 populations across 

Arabidopsis accessions are largely unclear. The research reported in this thesis has 

utilised the genetic variation in Arabidopsis to identify the genomic regions harbouring 

the maternal modifiers of the Col-killer effect in different accessions. Distinct 

chromosomal regions were identified in Bla-1, C24 and Tsu-0 accessions. While the Bla-

1 and C24 maternal modifiers map to the TTG2 locus residing at the lower end of 

chromosome 2, an additional locus on chromosome 4 was mapped in the C24 

accession, suggesting that C24 recruits at least two loci to maternally repress the Col-

killer to produce a high frequency of viable seeds. The Tsu-0 accession, on the other 

hand, recruits the TTG1 locus on the upper arm of chromosome 5 as a maternal 

modifier of the triploid block. The maternal TTG1 loss of function significantly 

improved the frequency of seed survival in Ler-0 and a mixed Ler-0 background, but at 

a substantially lower rate in the Col-0 genetic background; a strong indication that 

different accessions recruit distinct genes to repress the Col-killer. Additionally, the 

concomitant decrease in proanthocyanidin accumulation in both TTG1 and TTG2 

mutants was associated with maternal rescue. However, the effectiveness of 

TTG1/TTG2 mitigation is dependent on the genetic backgrounds involved and the level 

of killing of the tetraploid pollen used. Furthermore, the genetic analysis in this study 

shows that TTG1 functions synergistically with auxin to regulate seed size but does so 

independently of TTG2. This work provides insights into the maternal role of the TTG1-

TTG2 complex in the flavonoid biosynthesis pathway as both genes may not be 

functionally equivalent in seed size control. Therefore, these findings established a 

genetic framework for understanding seed size regulation and the evolutionary forces 

shaping the genetic variation of triploid F1 seed survival in Arabidopsis. 

 



5 
 

Abbreviations and Acronyms 

 

AAD3   ACYL-ACYL CARRIER PROTEIN DESATURASE3 

AGL   AGAMOUS-LIKE 

AGL 32   AGAMOUS-LIKE 32 

AGL 34   AGAMOUS-LIKE 34 

AGL 36   AGAMOUS-LIKE 36 

ANATOOL  Arabidopsis natural accession tool interface 

AXR1                              Auxin resistant 1 

BSA   Bulked segregant analysis 

bp   Base pair 

CIM   Composite interval mapping 

CMT2   CHROMOMETHYLASE 2 

CMT3   CHROMOMETHYLASE 3 

CSLA2   CELLULOSE SYNTHASE-LIKE A 2 

DAP   Days after pollination 

DDM1   DECREASED DNA METHYLATION 1 

DRM2   DOMAINS REARRANGED METHYLTRANSFERASE 2 

DSL1   DR STRANGELOVE1 

EBN   Endosperm balance number 

FBP   Flavonoid biosynthesis pathway 

g   Gram 

INRA   The French national institute for agricultural research 

MAS   Marker assisted selection 

MEE61   MATERNAL EFFECT EMBRYO ARREST 61 

MEG   Maternally expressed gene 

MET1   DNA METHYLTRANSFERASE 1 

LOD   Log-likelihood 

NIL   Near isogenic line 



6 
 

ng   Nanogram 

NRPD1   NUCLEAR RNA POLYMERASE D1  

PCR   polymerase chain reaction 

PEG   Paternally expressed gene 

QTL   Quantitative trait locus/loci 

TAIR   The Arabidopsis information resource 

TT                                    TRANSPARENT TESTA 

TTG1   TRANSPARENT TESTA GLABRA1 

TTG2   TRANSPARENT TESTA GLABRA2 

TT16   TRANSPARENT TESTA 16 

RIL   Recombinant inbred line 

RdDM   RNA-directed DNA methylation 

SNP   Single nucleotide polymorphism 

SSR   Simple sequence repeats 

µg   microgram 

µl   microliter 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

Table of Content 

Chapter 1 Introduction……………………………………………………………………………………………………………..13 

1.1   Speciation and polyploidy in plants……………………………………………………………………………….13 

1.1.1    The mechanisms of speciation in plants…………………………………………………………………13 

1.1.2    Polyploidy as a route to rapid reproductive isolation………………………………………14 

1.1.2.1    What is polyploidy?.............................................................................................14 

1.1.2.2 The consequences of polyploidy…………………………………………………………………………….16 

1.1.2.3 The impact of reproductive isolation on polyploids……………………………………………….17 

1.2 Seed development and seed size ................................................................................... 19 

1.2.1 Arabidopsis as a model plant for studying seed development…………………………………..19 

1.2.3 Seed development impacts seed size…………………………………………………………………22 

1.3 Genomic imprinting underlies triploid block in plants .................................................. 23 

1.3.1 What is genomic imprinting? ................................................................................. 23 

1.3.2 Genomic imprinting mechanisms in triploid block ................................................ 25 

1.3.4 Imprinted genes underlie paternal excess in Arabidopsis ..................................... 26 

1.4 Triploid block and the direction of hybridisation barrier ............................................... 28 

1.4.1 Paternal excess tolerance in Arabidopsis is accession-dependent ........................ 29 

1.5 Aims of the study……………………………………………………………………………………….................31 

Chapter 2 Materials and methods ................................................................................................. 32 

2.1. Plant materials and growth conditions ............................................................................... 32 

2.2 Methods ......................................................................................................................... 34 

2.2.1 Controlled crosses .................................................................................................. 34 

2.2.2 Seed phenotyping ......................................................................................................... 34 

2.2.3  Molecular marker development and screening ........................................................... 34 

2.2.3.1 Indel marker development ........................................................................................ 34 

2.2.3.2 SSR marker development ........................................................................................... 34 

2.2.4 Generation of backcross progenies .............................................................................. 35 

2.2.5 Genotyping .................................................................................................................... 35 

2.2.6 Candidate gene analysis ................................................................................................ 37 

2.2.7 CRISPR-cas9 gene editing .............................................................................................. 38 

2.2.8 Statistical analysis ......................................................................................................... 42 

2.2.9 Bulked segregant analysis ...................................................................................... 43 

2.2.9.1 Plant materials ....................................................................................................... 43 

2.2.9.2 Library construction and whole-genome re-sequencing ....................................... 43 

Chapter 3 Mapping the A. thaliana maternal modifier of Col-killing in Bla-1 and C24 accessions.46 



8 
 

3.1. Introduction ................................................................................................................... 46 

3.1.1 Principles of genetic mapping ................................................................................ 46  

3.2 Results ............................................................................................................................ 49 

3.2.1 QTL Mapping in Bla-1 ............................................................................................. 49 

3.2.2 The C24 maternal rescue loci map to two chromosomal regions ......................... 54 

3.2.3 Candidate gene analysis ......................................................................................... 61 

3.3 Discussion ....................................................................................................................... 70 

3.3.1 Mutmap facilitated the identification of two genomic regions in C24 .................. 70 

3.3.2 Similar genomic regions underlie maternal rescue in Bla-1 and C24 .................... 71 

3.3.3 Converging evidence from the different methods of candidate gene analysis 

reveals a similar network of genes controlling maternal rescue in C24 ................................ 72 

Chapter 4 Identifying the maternal modifier of Col-killing in Tsu-0 via QTL refinement .............. 74 

4.1 Introduction ................................................................................................................... 74 

4.1.1 QTL mapping of genes............................................................................................ 74 

4.2 Results ............................................................................................................................ 75 

4.2.1 Arabidopsis accessions that are nearly isogenic to Tsu-0 also display maternal 

rescue against Col4x pollen ................................................................................................... 75 

4.2.2 Tsu-0 maternal modifier QTL refinement via a published panel of candidate 

genes…………… ........................................................................................................................ 76 

4.2.3 Tsu-0 and its genetically related accessions possess a non-synonymous mutation 

in TTG1………………………………………………………………………………………………………………………………82 

4.2.4 Mapping the ‘maternal rescue gene’ in Tsu-0 through recurrent backcrossing into 

Col-0………………………………………………………………………………………………………………………………….84 

4.2.5 Candidate gene analysis in the narrowed QTL region ........................................... 96 

4.3 Discussion ..................................................................................................................... 100 

4.3.1 The first round of backcrossing delivered a considerable gain of Tsu-0-derived 

maternal rescue in the Col-0 background ............................................................................ 100 

4.3.2 Candidate gene identification .............................................................................. 101 

4.3.3 Different genomic regions with candidate genes interacting in the same pathway 

may control maternal rescue in Arabidopsis accessions ..................................................... 102 

Chapter 5  The maternal impact of DDM1 and TTG1 mutation in triploid block ........................ 104 

5.1 Introduction ................................................................................................................. 104 

5.1.1 DDM1 and the RdDM in genomic imprinting ...................................................... 104 

5.1.2 The flavonoid biosynthesis pathway and triploid block ...................................... 105 

5.2 Results .......................................................................................................................... 107 

5.2.1 Loss of DDMI function does not repress the Col-killer ........................................ 107 

5.2.2     TTG1 exhibits a parent-of-origin effect in interploidy crosses ................................ 111 



9 
 

5.2.3 TTG1 significantly interacts with AXR1 to regulate seed size only in diploids ..... 123 

5.2 Discussion ..................................................................................................................... 127 

5.2.1 DDM1 does not maternally oppose the RdDM in the triploid block ................... 127 

5.2.2 TTG1 exhibits a timed control against Col4x-induced triploid F1 lethality ........... 128 

5.2.3 Decreased auxin signalling does not completely abolish the Col-killer effect in 

axr1-ttg1/ttg2 mothers........................................................................................................ 129 

Chapter 6  General Discussion ..................................................................................................... 131 

6.1 Multiple loci are involved in the fate of interploidy crosses ....................................... 131 

6.2 DDM1 has no maternal role in triploid block ............................................................... 132 

6.3 TTG1 interacts with genetic factors associated with Col-killing to shape seed 

development ………………………………………………………………………………………………………………………133 

6.3.1 TTG1 is the master regulator of the FBP pathway ............................................... 133 

6.3.2 TTG1 and TTG2 mediate against the triploid block in the FBP ............................ 134 

6.4 The maternal modifiers with the FBP have robust links with auxin in seed size ......... 136 

6.5 Summary ...................................................................................................................... 139 

References………………………………………………………………………………………………………………………………140 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 
 

List of Tables 

 

Table 2.1 Detailed information on the A. thaliana plant materials used in this study .................. 33 

Table 2.2 A PCR reaction set up for making the pCBC-DT1DT2 expression cassette. ................... 38 

Table 2.3 A Golden Gate reaction mix for assembling the pCBC-DT1DT2 expression cassette 

with a pHEE401E vector. ........................................................................................................ 39 

Table 2.4 The primers used for the verification of pHEE401E: CRISPR-Cas9 constructs ............... 40 

Table 3.1 A summary of the sequencing results following data treatment and quality control ... 58 

Table 3.2 Unique SNPs distinguishing the rescuer and submissive 

bulks...............................................................................................................................................62  

Table 3.3 A list of the candidate genes within the region mapped on chromosome 2 ................. 65                         

Table 3.4 A list of the candidate genes within the region mapped on chromosome 4 ................. 66 

Table 3.5 A list of the candidate genes retrieved from chromosome 2 and 4 based on non-

synonymous SNPs and allele frequencies .............................................................................. 69 

Table 4.1: The foreground indel markers designed within the Tsu-0 QTL interval. ...................... 97 

Table 4.2 A list of all the significant GO terms enriched in the candidate genes within the 

narrowed QTL interval. .................................................................................................................. 99                                                                 

Table 4.3 The final list of genes from the filtered gene set………………………………………………………99 

Table 5.1 Only the mean seed weight phenotype is normally distributed in all the accessions 

studied ................................................................................................................................. 113 

Table 5.2 A list of the published Arabidopsis ttg1 alleles used in this study. .............................. 118 

 

 

  

 

 

 

 

 

 

 

 

 

 

 



11 
 

 

List of Figures 

Figure 1.1 The different mechanisms of polyploid emergence in natural plant 

populations………………………………………………………………………………………………………………………….15                                                                                                                                             

Figure 1.2 The different phases of seed development in Arabidopsis…………………………………..20 

Figure 1.3 Maternal rescue against Col4x in Arabidopsis is accession-dependent………………..30                        

Figure 3.1 A major QTL on the upper arm of chromosome 5 with a significant effect in 

controlling maternal rescue against Col-0 paternal excess in the Tsu-0 accession……………….48 

Figure 3.2 The Bla-1 accession resists the Col-killer to produce viable seeds……………………….50 

Figure 3.3 A major QTL on the lower arm of chromosome 2 controls maternal rescue in Bla-1 

x Col4x crosses…………………………………………………………………………………………………………….51 

Figure 3.4 A negative correlation in the phenotype data used for QTL mapping………………….52 

Figure 3.5 The Bla-1 and Col-0 alleles linked to TTG2 segregated with the maternal rescue 

phenotype among the 40 RILs with extreme phenotypes…………………………………………….53 

Figure 3.6 The high mean seed weight of (Col-0 x C24)F1 triploid seeds demonstrate that the 

C24 maternal rescuer allele is dominant………………………………………………………………………55 

Figure 3.7 Distribution of the mean seed weight phenotype of the F2 population used for 

BSA. …………………………………………………………………………………………………………………………….56 

Figure 3.8 Manhattan plots showing SNP-index distribution………………………………………………..60 

Figure 3.9 Significantly predominant BPs in the gene sets analysed within each candidate 

gene region………………………………………………………………………………………………………………….64   

Figure 4.1  Maternal rescue against Col4x pollen is also present in the accessions that are 

genetically related to Tsu-0………………………………………………………………………………………….76 

Figure 4.2 Seven candidate genes involved in seed development reside within the QTL 

interval…………………………………………………………………………………………………………………………78 

Figure 4.3 Expression patterns of the potential candidate MEGs. A: Expression patterns in 

diploid siliques……………………………………………………………………………………………………………..80 

Figure 4.4 The markers tightly linked to TTG1 segregated with the maternal rescue 

phenotype in the 18 extreme RILs………………………………………………………………………………..81 

Figure 4.5 A non-synonymous amino acid polymorphism in TTG1 distinguishes Tsu-0 and its 

isogenic line from the other accessions………………………………………………………………………..83 

Figure 4.6  Recombination patterns of the Tsu-0 x Col-0 RILs that are good maternal 

rescuers……………………………………………………………………………………………………………………….84 

Figure 4.7 The banding patterns of the BC1F1 progenies confirmed that they are F1s…………..87   

Figure 4.8 The mean seed weight of the 3RV-428 BC1F2 progenies in response to Col4x 

pollen…………………………………………………………………………………………………………………………………..89 

Figure 4.9 Marker c5_8.58 at the QTL peak is linked to the maternal rescue phenotype in the 

BC1F2 progenies……………………………………………………………………………………………………………90 

Figure 4.10 A negative correlation between the two traits used to generate the data for QTL 

fine-mapping………………………………………………………………………………………………………………..92                        

Figure 4.11 Mean seed weight of the BC1F3 population……………………………………………………… .93 

Figure 4.12 Markers c5-8.32 and c5_8.58 at the QTL peak are linked to the maternal rescue 

phenotype in the BC1F3 progenies………………………………………………………………………………..95 

Figure 5.1 A modified flavonoid biosynthesis pathway in A. thaliana…………………………………107 



12 
 

Figure 5.2 Amino acid polymorphisms in NRPD1-RdDM (A.) and DDM1 (B.) distinguish Col-0 

from the other Arabidopsis accessions……………………………………………………………………….109 

Figure 5.3 Seed phenotypes of ddm1 mutants…………………………………………………………………..110 

Figure 5.4 The seed coat colour in ttg1 mutants is determined by the maternal 

genotype……………………………………………………………………………………………………………………………111 

Figure 5.5 No correlation between mean seed weight and trichome density across A. thaliana 

accessions………………………………………………………………………………………………………………………….113     

Figure 5.6 The phenotype of the ttg1 allele with the largest deletions in Tsu-0 is consistent 

with that of ttg1-21……………………………………………………………………………………………………………115 

Figure 5.7 CRISPR/Cas9 editing of the TTG1 gene in Tsu-0…………………………………………………116   

Figure 5.8 The maternal loss of TTG1 results in an increase in plump seeds except in the       

Tsu-0 accession………………………………………………………………………………………………………………….119  

Figure 5.9 The maternal mutation of TTG1 increases the viability of the triploid F1 seeds 

generated from 2x X 4x inter-crosses…………………………………………………………………………………120  

Figure 5.10 The percentage of healthy seeds obtained from interploidy crosses between 

different diploid mothers and tetraploid donors at different days after pollination…………..122       

Figure 5.11 The phenotypes of axr-1 and ttg1/ttg2 double mutants……………………………......124  

Figure 5.12 The axr1ttg1 double mutants show an additive effect on seed size and weight 

that is not seen in axr1ttg2 double mutants………………………………………………………………………125 

Figure 5.13 Maternal mutations in axr1 and ttg1/ttg2 has a significant but weak additive 

effect on maternal rescue………………………………………………………………………………………………….126                     

Figure 6.1 A Model for the auxin-mediated regulation of seed size in diploids and paternal 

excess F1 triploids……………………………………………………………………………………………………………….138 

 

 

  

 

 

 

 

 

 

 

 

 



13 
 

Chapter 1 Introduction 

1.1 Speciation and polyploidy in plants 

1.1.1 The mechanisms of speciation in plants 

Speciation refers to the process of generating a new species-level of diversity. It 

is an evolutionary process that shapes the evolution of reproductive barriers and the 

exchange of genetic materials between existing interbreeding populations (Baack et 

al., 2015). The rate of gene flow influences the genetic differences among different 

populations, and this is higher in plants (Baack et al., 2015; Morjan and Rieseberg, 

2004). Based on the gene pool, there are two broad mechanisms of speciation. A pre-

existing species with unique identities may evolve in its traits and morphology into a 

distinct species through anagenesis. The new species gradually accrues genetic and 

morphological changes through mutation and genetic recombination (Takayama et al., 

2015). However, the most common route is through cladogenesis, in which the pre-

existing species evolves into two or more distinct species with different gene pools 

(Emerson and Patino, 2018).  

Different modes generally control speciation, and this could include a physical 

barrier (allopatric speciation), a genetic barrier (sympatric speciation) or a change in 

habitat (parapatric speciation). Allopatric speciation occurs when a physical barrier 

such as a mountain or a river reduces gene flow between two or more sub-groups 

from a single population (Tomasello et al., 2020).  Similar to this is parapatric 

speciation, but there is a considerable level of gene flow between the isolated 

populations. On the other hand, sympatric speciation is a genetic barrier preventing 

gene flow, and all the sub-populations involved are in proximity within the same 

habitat (Cardona et al., 2020). The mode and strength of all these genetic barriers 

influence the rate of interbreeding between the individuals in the diverging 

populations to determine the fate of reproductive isolation and potential speciation 

(Rabosky, 2016). Thus, speciation is the origin of reproductive isolation permitting 

taxonomic diversity, the genetic maintenance and phenotypic differences of diverse 

lineages (Seehausen and Wagner, 2014). 
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Reproductive isolation provides a clear-cut margin between diverse population 

groups, and with time adaptive traits become closer to their fitness optima (Rieseberg 

and Willis, 2007).  Species richness, a significant association in the presence or absence 

of a given trait, has been the most rigorous method to identify the different 

phenotypes and biological diversity underlying speciation rates (Hodges, 1997). 

However, this could be biased by many factors, including environmental variation 

among different individuals within the same ecology and low statistical power in 

selection studies (Kingsolver et al., 2001; Stinchcombe et al., 2002). Sexual selection, 

mutation, genetic drift, and natural selection are the evolutionary forces shaping the 

extent of reproductive isolation in diverging populations. These occur in a continuum 

at every stage and mode of speciation, including the spatial context from allopatry to 

sympatry (Butlin et al., 2008). Other factors influencing this continuum could include 

the speciation genes involved and artificial selection. Speciation genes are the genes 

underlying the traits and evolutionary forces shaping reproductive isolation (Baack et 

al., 2015). However, in nature, polyploidy is the most frequent route of sympatric 

speciation and is more frequent in plants than animals (Rieseberg and Willis, 2007). In 

contrast to animals, plants are sessile with unique reproductive strategies. Thus, 

polyploid animals may not be able to tolerate or compensate for the developmental 

changes originating from polyploidy.  

1.1.2 Polyploidy as a route to rapid reproductive isolation 

1.1.2.1 What is polyploidy? 

The ploidy of an organism is the actual number of chromosome sets in the 

nucleus of its cell. It is denoted as a number followed by ‘x’, where the number refers 

to the ploidy level, which is different from ‘n’, the number of chromosomes present in 

the gametes (Fig 1.1a). Haploid cells have one set of chromosomes and are 1x, while 

diploid cells contain two sets of chromosomes and are indicated as ‘2x’. Several 

techniques can be used to increase or decrease the ploidy level of an organism, and 

these include polyploidisation (mitotic, meiotic and somatic) or haploidisation, 

respectively (Schinkel et al., 2017).  Polyploid cells have more than the two nuclear 

chromosome sets found in diploids, and fossil records have shown that the majority of 

angiosperm plants possess a polyploid origin (Masterson, 1994; Cui, 2006). 
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Furthermore, polyploidy is highly important for whole-genome doubling to drive 

speciation and adaptation (Soltis and Soltis, 2009). 

In natural plant populations, polyploids can arise through somatic doubling, the 

fusion of unreduced gametes or a triploid bridge (Fig. 1.1 b).  Polyspermy, the 

fertilisation of an egg with more than one sperm, could also result in the formation of 

a polyploid progeny, but this is very rare in nature (Otto and Whitton, 2000). 

Autopolyploid plants are derived from whole-genome duplication within one species 

with the resultant cells having homologous chromosome sets. Allopolyploids also 

possess homologous chromosome sets in their cells as the whole genome merge 

occurred from two divergent sets of chromosomes after interspecific hybridisation. 

Autopolyploids arise more frequently than allopolyploids, but many of them are 

difficult to detect because they have similar morphologies with their progenitors (Soltis 

and Soltis, 2009; Soltis et al., 2016). Autopolyploidisation is a common feature amongst 

angiosperms and has played an important role in diversification due to the potential to 

generate within genome genetic variation with the duplicated sets of genes (Arrigo 

and Barker, 2012; Barker et al., 2016).  

                    
Figure 1.1: The different mechanisms of polyploid emergence in natural plant populations. 
(A). Through somatic doubling: a process of chromosome number doubling in vegetative 
tissues that later give rise to reproductive structures, (B). Via the fusion of unreduced gametes 
at the final stages of meiosis, and (C). From a triploid offspring through a triploid bridge, all 
gamete combinations can randomly combine (both unreduced gametes and reduced gametes 
can fuse with one another) to form triploids or tetraploids. However, the resultant triploid 
seeds can produce a swarm of aneuploid gametes or an array of euploid gametes (1n, 2n, or 
3n), which makes them gametophytically unstable. Adapted from (Rieseberg and Willis, 2007; 
Schinkel et al., 2017).  
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1.1.2.2 The consequences of polyploidy 

Polyploidisation can occur within a single species to drive sympatric speciation. 

This comes with many costs, including genome rearrangements, gene loss, 

transgressive segregation, alterations in gene expression and differential methylation 

patterns (Soltis et al., 2016). Changes in the genomes of new polyploids have 

significant impacts on the new phenotypes in terms of plasticity and fitness (Hegarty 

and Hiscock, 2008). For example, autopolyploidy may result in a significant change in 

gene regulation, most especially in dosage-dependent genes, as a tetraploid would 

provide two extra dosage levels with a distinct phenotype (Riddle and Birchler, 2003). 

In addition, genome duplication also provides extra copies of transposons coupled with 

coding genes. Indeed, transposon-doubling alone can cause a genomic shock, 

especially in a position upstream of a coding region that could alter promoter activity 

or cause gene silencing or repression in other regions (Barkan and Martienssen, 1991; 

Raizada et al., 2001).  

New recombination patterns between the progenitors of a new polyploid may 

lead to altered gene expression as the parental regulatory elements are repositioned 

from cis to trans relative to the downstream genes in their network (Hegarty and 

Hiscock, 2007). Transgressive segregation (hybrids exhibiting extreme or novel 

phenotypes relative to their parents) may also occur in the alleles of newly formed 

polyploids, enabling the new hybrids to adapt better to different habitats, but this can 

have detrimental effects such as inducing sterility (Rieseberg et al., 1999). Balancing 

these costs to maintain fitness in a polyploid genome involves significant epigenetic 

modifications and DNA methylation patterns to silence deleterious alleles and 

transgenes as more copies of some duplicated genes could be counterproductive or 

deleterious (Soltis and Soltis, 2000; Sehrish et al., 2014). 

 In general, polyploidy is a widespread phenomenon in plants, and it remains a 

driving force for plant speciation. The genetic variability of new polyploid populations 

shapes their phenotypic and physiological plasticity, giving them an evolutionary 

advantage over their diploid ancestors (Hegarty and Hiscock, 2008).  These advantages 

include bigger biomass, higher selfing rates, increased fertility, increased 
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heterozygosity, increased genetic diversity and more importantly, the genetic masking 

of deleterious alleles to reduce inbreeding depression (Soltis and Soltis, 2000).  

1.1.2.3 The impact of reproductive isolation on polyploids 

Hybridisation is the interbreeding or intercross of individuals selected from two 

distinct gene pools or groups of specific populations based on one or more heritable 

characters.  This could also occur within a species, and the process often leads to the 

stable introgresssion of genetic materials from one species into a new one via 

repeated backcrosses occurring naturally. Hybridisation barriers or reproductive 

isolation limit gene flow both within and between different species, and this plays a 

significant role in speciation as the newly formed lineage become isolated from their 

original ancestors (Baack et al., 2015). In a newly formed polyploid population, 

complete genetic isolation in space and time facilitates the stable accumulation of new 

alleles, further distinguishing them from their progenitors by permitting adaptive traits 

to move to their closer optima. Thus, the breeding success and ecological colonisation 

of a newly formed polyploid species strictly require reproductive isolation (Rieseberg 

and Willis, 2007). 

In terms of reproductive isolation, hybridisation barriers can act before 

pollination or post-pollination events. Pre-pollination isolation barriers include 

differences in plant phenology in terms of flowering times, morphological differences 

influencing attractiveness to different pollinators, and spatial and temporal isolation 

(Savolainen et al., 2006; Hoballah et al., 2007). Hybridisation barriers that act after 

pollination fall into two classes: pre-zygotic or postzygotic barriers. For prezygotic 

hybridisation barriers, incompatible interactions between the pollen and the stigma 

prevent the successful delivery of sperm to the embryo sac and thus, a zygote is not 

formed. These include the pollen's inability to stick to the stigma surface, poor pollen 

germination, arrested growth of pollen tube in the style, ovary or ovule.  Postzygotic 

barriers only occur after fertilisation events resulting in offspring inviability and 

weakness, often displayed as lethality or embryo abortion (Bushell et al., 2003; 

Kradolfer et al., 2013). The resulting embryo or its F1 hybrids or other subsequent 

generations could possess hybrid inviability. Hybrid inviability can be due to abnormal 

endosperm development that leads to embryo abortion or hybrid sterility due to lethal 
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chromosomal or genic differences (Bushell et al., 2003). A hybrid breakdown can also 

occur in the F2 population or later generations.  A similar effect is typically seen for 

postzygotic F1 lethality in plant species barriers, including the lethality found in crosses 

between A. thaliana and A. arenosa (Bushell et al., 2003; Josefsson et al., 2006). 

Though prezygotic barriers have been thought to reduce gene flow more than 

post-zygotic barriers, diverse factors shape the evolution of these barriers (Widmer et 

al., 2009).  These include ploidy changes due to whole-genome duplication, 

reproductive ecology, pollinator specificity, geographic isolation, fertilisation mode 

(self or outcrosser), and domestication status (Himler and Machado, 2009; Widmer et 

al., 2009; Herben et al., 2016). The strength, variation and size of these adaptive 

factors differ among different plant species (Lowry et al., 2008).  For example, orchids 

have evolved pollinator specificity as the primary prezygotic isolation mechanism with 

little or no known post-zygotic barriers (Verne, 1994; Cozzolino and Widmer, 2005; 

Schiestl and Schlüter, 2009). On the other hand, the strength of post-zygotic 

hybridisation barriers is positively correlated with genetic distance and mating 

systems. Arabidopsis thaliana is generally self-pollinating, which may explain the 

occurrence of strong post-zygotic hybridisation barriers in this plant (Hanne Hegre et 

al., 2006). The genetic basis of these hybridisation barriers has been traced to 

‘speciation genes’. These act at different stages during the prezygotic and post-zygotic 

phases of reproduction (Orr et al., 2004; Rieseberg and Blackman, 2010).  

Speciation genes are the candidate genes maintaining the reproductive 

isolation of two or more species (Rieseberg and Blackman, 2010). These genes provide 

insights into the mechanisms of population divergence among different species and, 

more importantly, the molecular basis of hybridisation (Wu and Ting, 2004). Hybrid 

inviability in plants is often displayed as hybrid necrosis (dead cells or tissues), and the 

symptoms are often resembling that of environmental stress and pathogen attack 

(Bomblies and Wiegel, 2007). One classic example is the DANGEROUS MIX (DM) locus 

in Arabidopsis. Specifically, the interaction between DM1 in a parent and an unlinked 

gene DM2 results in reduced growth and hybrid necrosis in the resultant progeny 

(Bomblies et al., 2007). Both genes constitute the nucleotide-binding domain and 

leucine-rich repeat (NLR) genes. The genomic regions corresponding to these genes are 

the incompatibility hotspots in the Arabidopsis genome (Chae et al., 2014). Most plant 
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speciation genes are involved in hybrid sterility, but hybrid inviability in the immediate 

offspring is more severe (Rieseberg and Blackman, 2010). Many studies have 

implicated arrested endosperm development (refer to section 1.2.2.2 and section 1.4) 

as the primary cause of hybrid seed death (Lafon-Placette et al., 2017; Lafon-Placette 

et al., 2016; Sekine et al., 2013 and Hehenberger et al., 2012). Thus, speciation genes 

play a significant role in hybrid establishment at all plant development stages. 

1.2  Seed development and seed size 

1.2.1 Arabidopsis as a model plant for studying seed development  

Seed production is economically important for global food and feed security. 

The majority of flowering plants require the production of seeds to survive for the 

preservation of many plant lineages and the facilitation of environmental colonisation 

(Locascio et al., 2014). Many different aspects of plant science have been studied using 

rice and maize as model plants, but A. thaliana (common name - Arabidopsis) stands 

out for its utility in research, using primary publications as a measure (Koornneef and 

Meinke, 2010; Locascio et al., 2014). Many of the published studies on seed 

development use Arabidopsis as the model plant for the Eudicots and Zea mays for the 

monocots (Locascio et al., 2014). The primary advantages of Arabidopsis as a model 

organism for research in seed development include its small physical size, ease of 

multiplication, short lifecycle (6-8 weeks), ease of transformation using Agrobacterium 

tumefaciens and efficient mutagenesis with chemical mutagens (Koornneef and 

Meinke, 2010). Its relatively small genome has been fully sequenced and is freely 

available on different online portals. Seed development is a complex interdisciplinary 

topic requiring many other investigators and an extensive array of resources. There are 

many useful resources available to the Arabidopsis community, including TAIR (The 

Arabidopsis Information Resource). This species also has a vast number of curated 

accessions in collections worldwide with diverse genetic backgrounds; thus, making 

this plant an excellent model for studying genetic variation (Erschadi et al., 2000).  

The availability of whole genome sequences for different Arabidopsis 

accessions that captures their individual genomic variation makes it possible for users 

to develop their custom databases for DNA polymorphisms (Alonso-Blanco et al., 
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2016). Many portals have been developed to facilitate the analysis of complex gene 

networks, protein interactions and metabolic pathways for different candidate genes 

in Arabidopsis. Furthermore, there is a wealth of downloadable information for 

different genes, proteins, genetic maps, genetic markers, polymorphisms, and clones, 

to name but a few. Users can also conveniently order seed stocks, including mutant 

lines from various stock centres. In addition to this, mapping populations such as 

Recombinant inbred lines (RILs) derived from crosses between a variety of different 

accessions are available and can be repeatedly used to map the genes underlying 

diverse traits (Erschadi et al., 2000; Simon et al., 2008; Keurentjes et al., 2007). All 

these advantages listed above make Arabidopsis an excellent model for investigating 

cutting-edge topics in seed development. 

1.2.2 Seed development in Arabidopsis is a well-coordinated event  

In angiosperms, seeds develop from a double fertilisation event in which one 

sperm cell fertilises the egg cell of the megagametophyte to generate a diploid (2n) 

embryo, and the second sperm cell fertilises the diploid central cell to form the triploid 

(3n) endosperm (Goldberg et al., 1994). During seed production, the mother plant 

provides nutrients, conveys hormonal and environmental cues, and also mechanically 

constrains the floral structures within which seeds develop (Dante et al., 2014). The 

whole process of seed development in Arabidopsis consists of these two phases: (a) 

morphogenesis (also called the cellular phase) and (b) maturation (Figure 1). A mature 

seed contains the embryo, the genetic material of the next generation, and the 

endosperm, with both being protected by the seed coat. These and other sub-regions 

of the seed are depicted in Fig. 1.2 below.  

 

Figure 1.2: The different phases of seed development in Arabidopsis. The morphogenesis 
stage describes all the processes leading to the formation of the three different structural 
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compartments of the mature seed. The maturation phase involves the accumulation of storage 
materials from the mother plant. The MCE, PEN and CZE are the three distinct tissue types of 
the endosperm. Abbreviations: SC: seed coat (in blue), CZSC: chalazal seed coat (in purple), 
CZE: chalazal endosperm (in orange), PEN: peripheral endosperm (light pink), MCE: micropylar 
endosperm (in dark pink), EP: embryo proper (in green), DAP: Days after pollination. The 
images were adapted from Becker et al., 2014; Burkart-Waco et al., 2015. 
 
 

1.2.2.1 The life within the seed:  embryo 

The embryo arises from the fertilisation of the egg cell by one out of the two sperm 

cells delivered by the pollen tube to form the zygote (Dumas and Rogowsky, 2008). 

Embryogenesis, a component of the morphogenesis phase, starts with the zygote, 

which is a single totipotent cell that forms basic tissue precursors and the first stem 

cells (ten Hove et al., 2015). The zygote undergoes a rapid phase of cell divisions, 

and embryogenesis ends when the embryo reaches the heart stage.  After the 

heart stage, the embryo rapidly grows to fill the seed sac (Goldberg et al., 1994). 

Following this, cell division arrests to usher the young embryo into the maturation 

phase for food reserve accumulation, which triggers the onset of dormancy and 

desiccation tolerance (Goldberg et al., 1994; Raz et al., 2001). A mature embryo 

comprises the epidermal, meristematic, ground and vascular tissues that undergo 

maintenance and differentiation to attain distinct attributes after post-embryonic 

development.  One fundamental example is the root hair which arises from the 

epidermis and is crucial for survival during seed germination (Pattanaik et al., 

2014). 

 

1.2.2.2 Food reserve of the seed: endosperm 

The endosperm functions as the nutritive tissue of the seed, and it is produced by 

the fusion of both polar nuclei of the embryo sac with one of the two sperm cells 

delivered by the pollen tube (Dumas and Rogowsky, 2008).  Following fertilisation, 

the endosperm nucleus undergoes successive mitotic divisions to form the 

multinucleate endosperm (syncytium) during the pre-globular stage (Brown et al., 

1999). The syncytial endosperm undergoes cellularisation, a process in which the 

nuclei of the syncytium are individually partitioned into cells to form three distinct 

endosperm tissue types.  These include the micropylar tissue surrounding the 

embryo, the peripheral endosperm that lines the seed cavity and the chalazal 

endosperm, which lies close to the maternal vascular tissue (see Fig. 1.2) and is the 
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site for maternal nutrient transfer (Boisnard-Lorig et al., 2001). In Arabidopsis, after 

supporting embryonic growth, the cellularised endosperm becomes a nourishing 

tissue for the embryo during maturation. It breaks down, and the cotyledons serve 

as the primary storage organs, whereas, in rice, the endosperm continues to 

proliferate, supporting seedling growth after germination (Sekine et al., 2013).  

 

1.2.2.3 A protective seed coat: testa 

In Arabidopsis, the seed coat is derived from the ovular integuments. At maturity, 

the unfertilised ovule is characterised by five cell layers; three cell layers from the 

inner integument and two cell layers from the outer integument (Haughn and 

Chaudhury, 2005). All these layers are well pronounced at the early stages of seed 

development, but the fate of each layer becomes more specific during seed 

development as the integuments of the ovule differentiate into specialised cell 

types (Lepiniec et al., 2006).  The development of these integuments is dependent 

on cell division, whereas seed coat growth is primarily achieved by cell elongation, 

which has a strong influence on the final seed size attained (Garcia et al., 2005). 

After fertilisation, proanthocyanidins (PAs) begin to accumulate in the 

endothelium, the innermost layer of the inner integument, which is pigmented. 

These condense into tannins and undergo oxidation giving the mature seeds their 

brown colour (Lepiniec et al., 2006).  Aberrations in the endothelium integument 

layer have been reported to result in seed abortion, highlighting the importance of 

this layer for the establishment of viable seed (Mizzotti et al., 2012). The other two 

layers (outer layers of the inner integument) undergo programmed cell death and 

are compressed together due to the pressure from the fast-growing embryo 

(Haughn and Chaudhury, 2005; Nakaune et al., 2005). The mature seed coat 

protects all the internal seed components from external disruptions, including 

desiccation, mechanical injury, pathogens and predators (Locascio et al., 2014). 

 

1.2.3 Seed development impacts seed size 

The coordinated growth of the endosperm and embryo in the maternal seed 

coat tissues have profound impacts on the final seed size (Locascio et al., 2014; Li and 

Li, 2015). In the initial stages of seed development, the endosperm grows faster than 
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the embryo, but the reverse occurs for later stages when the embryo rapidly grows 

with the seed coat setting an upper limit to the final seed size (Adamski et al., 2009; 

Locascio et al., 2014). Seed size is an important component of seed yield and is a key 

determinant of evolutionary fitness (Li and Li, 2015). In seed plants, seed size is 

species-specific, but the size attained is largely influenced by intrinsic developmental 

signals derived from maternal sporophytic and zygotic tissues (Kesavan et al., 2013). 

Phytohormones play a major role in these signals with auxin, for example, 

accumulating to high levels from the point of fertilisation to seed maturation (Locascio 

et al., 2014). The signalling pathways controlling seed size in Arabidopsis and rice have 

been recently reviewed (Li and Li, 2016). However, the interactions between these 

pathways have not been unravelled. 

External factors such as hybridisation barriers and environmental cues can also 

affect seed size, but the latter plays a lesser role in seed size (Kesavan, Song and Seo, 

2013; Li and Li, 2016). Hybridisation barriers limit gene flow both within and between 

different species, and this plays a major role in speciation. As mentioned previously, in 

terms of reproductive isolation, these barriers can act pre or postzygotically (see 

section 1.1.2.3).  Postzygotic barriers only occur after fertilisation events resulting in 

offspring inviability and weakness, which can be seen as lethality or embryo abortion 

(Lowry et al., 2008). Importantly, disruption of endosperm development is a major 

phenomenon underlying postzygotic hybridisation barriers in seed plants, and this 

occurs in both interspecific and unbalanced ploidy crosses (Scott et al., 1998; Lafon-

Placette et al., 2017). Thus, this suggests that the factors underlying the regulation of 

endosperm-based post-zygotic incompatibility in each species could be similar. 

1.3       Genomic imprinting underlies triploid block in plants 

1.3.1 What is genomic imprinting? 

Genomic imprinting is an epigenetic regulation with parent-of-origin effects on 

gene expression (Bai and Settles, 2015). The imprint acts as a memory retained in post-

fertilisation tissues, and this has evolved independently in angiosperms and mammals 

(Ohnishi et al., 2014; Singh et al., 2019). In both kingdoms, the imprinted genes 

typically act in tissues that nourish the embryo during development (Jiang and Kohler, 

2012). While the imprinting pattern in the mammalian placenta involves the erasure 
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and resetting of imprints in both parental gametes, genomic imprints in the seed 

endosperm are distinct as the fate is sealed after the meiotic step in gametogenesis 

and is maintained after fertilisation in the endosperm (Wang et al., 2016). Imprinted 

genes in Arabidopsis are rapidly evolving often localised and nested within 

transposons, suggesting that transposons are one of the critical drivers of imprinted 

gene evolution (McKeown et al., 2011). Therefore, genomic imprinting may be a 

defence strategy employed to silence invading foreign DNA such as transposons. 

Genomic imprinting is tightly controlled by different mechanisms such as non-

coding RNAs (untranslated RNAs), DNA methylation, histone modifications and higher-

order chromatin structure that act within the imprinting control regions (ICRs) of the 

imprinted genes to set and maintain the imprinting marks (Lu et al., 2012; MacDonald, 

2012; Hanna and Kelsey, 2017). These ICRs are DNA sequences that demarcate the 

imprinting domain and are usually in the form of repetitive sequences flanking or 

nested within the sequence of an imprinted gene (MacDonald, 2012). These are the 

active sites for gene activation or silencing to regulate the expression of a gene(s) or 

gene clusters, and the complete removal of an ICR will terminate the imprinting 

process. ICRs also work with enhancers and boundary elements to restrict the 

regulation of imprinting to a specific domain (Bartolomei, 2009). The many imprinted 

genes studied also possess a differentially methylated domain [DMD], and this works 

together with ICRs and other elements to control DNA methylation and post-

translational histone modifications (Yokoshi et al., 2020).  

The molecular control of genomic imprinting is strictly non-Mendelian but is 

deeply rooted in DNA methylation, and this corresponds to transcriptional silencing. 

DNA methylation occurs directly on the DNA strand of the imprinted gene and requires 

the action of DNA methyltransferases to transfer methyl groups to cytosine-C5. In 

plants, DNA methylation occurs at cytosines in these sequence contexts, CG, CHG 

(symmetric methylation), and CHH asymmetric methylation, where H stands for all 

other bases except G (MacDonald, 2012).  DNA METHYLTRANSFERASE1 (MET1) is 

directly involved in the maintenance of cytosine residue methylation in CG contexts, 

while the plant-specific CHROMOMETHYLASE 3 (CMT3) are involved in the methylation 

of cytosine residues in the CHG context. CHH methylation is set and established by the 

RNA-dependent DNA methylation (RdDM) pathway (Satyaki and Gehring, 2019; Batista 



25 
 

and Kohler, 2020). During gene silencing through DNA methylation, the repressed 

allele is usually methylated, whereas the active allele remains unmethylated (Batista 

and Kohler, 2020).  

1.3.2 Genomic imprinting mechanisms in triploid block 

There are four classes of imprinted genes in Arabidopsis, and among these, the 

imprinting mechanism in the FERTILISATION INDEPENDENT SEED (FIS) class is locus-

specific irrespective of the allelic background. The FIS class genes are MEDEA (MEA), 

FERTILISATION INDEPENDENT ENDOSPERM (FIE), FIS2, and MULTICOPY SUPPRESSOR 

OF IRA1 (MSI1) (Hennig and Derkacheva, 2009). Embryo and endosperm development 

are epigenetically controlled by the polycomb group complex, which acts together with 

the FIS genes to control seed development. The four members of the FIS class genes 

primarily encode polycomb group (PcG) proteins which are evolutionarily conserved in 

plants, and these make up the FIS polycomb repressive complex 2 (PRC2) essential for 

endosperm development (Hennig and Derkacheva, 2009). The PRC2 complex is 

involved in cellular differentiation to transcriptionally mediate the timing of 

endosperm cellularisation (Hehenberger et al., 2012). This complex also exhibits a 

primary methyltransferase activity at histone H3 on lysine 27 for the stable repression 

of the target genes (Zhang et al., 2018). The FIS-PRC2 target genes have been 

implicated in the developmental aberrations caused by hybridisations with increased 

paternal genome contribution (Kradolfer et al., 2013). Loss of FIS function results in 

defective seeds within which the seeds abort or the embryo growth arrested at the 

heart stage due to the presence of uncellularised endosperm (Chaudhury et al., 1997; 

Kiyosue et al., 1999; Sorensen et al., 2001). 

Imprinted genes significantly affect seed size and viability in interploidy 

hybridisation, and this explains their major role in speciation (Gehring and Satyaki, 

2017). Imprinted genes are either maternally expressed genes (MEGs) or paternally 

expressed genes (PEGs) (Koehler and Makarevich, 2006). MEGs are predicted to 

attenuate endosperm proliferation while PEGs promote it (Gehring and Satyaki, 2017). 

In contrast to the imprinting mechanism in the endosperm, mammalian MEGs and 

PEGs are sometimes expressed from both alleles in the embryo, but the embryo erases 

and resets these imprinting marks between different generations (Raissig et al., 2013). 
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In plants, these genomic imprints are erased during late embryogenesis or early 

seedling development (Raissig et al., 2013). A good number of MEGs and PEGs have 

been published in Arabidopsis, and most of them are AGAMOUS-LIKE (AGL) genes 

encoding Type-I MADS-box transcription factors. MEGS and PEGs expressed in the 

Arabidopsis endosperm are under the regulation of the FIS-PRC2 complex, and their 

expression tends to be accession-dependent (McKeown et al., 2011). AGL gene 

expression is also regulated by the PRC2 complex active in the female gametophyte 

and developing seeds (Hehenberger et al., 2012). Failure of endosperm cellularisation 

has been associated with increased expression of AGL MADS-box transcription factors, 

most especially AGAMOUS-LIKE 62 (AGL62) (Kang et al., 2008). AGL62 is a paternally 

expressed FIS-PRC2 target specifically expressed in the endosperm but is also crucial in 

the timing of endosperm cellularisation and seed coat development (Kang et al., 2008; 

Roszak and Kohler, 2011).  

1.3.4 Imprinted genes underlie paternal excess in Arabidopsis 

The genetic basis of the strong postzygotic isolation in a triploid block is 

established in the endosperm, the nutritive tissue nourishing the embryo during seed 

development. The endosperm (2m:1p) is dosage-sensitive, and by altering the parental 

contributions through inter-ploidy hybridisations (delivering either a greater maternal 

or paternal genome dose), a continuum of lethality or viability of the resultant seeds 

can be achieved (Bolbol, 2010). Several imprinted genes have been hypothesised to 

underlie the response to excess paternal contributions, and the deregulation of these 

specific genes underpin the epigenetic basis of this phenomenon. A genome-wide 

survey on several loci of imprinted genes in monocots such as maize, rice and the dicot 

Arabidopsis has revealed that most imprinted genes involved in seed development are 

expressed in the endosperm (Wolff et al., 2011). 

Different models have been used to explain the seed lethality resulting from a 

triploid block. The parent conflict theory explains the allocation of maternal and 

paternal resources to the offspring as the main driver of parent-of-origin gene 

expression (Haig and Westoby, 2015). The differential dosage hypothesis explains that 

the abundance and level of expression of a transcript controlling viability or lethality in 

the triploid offspring are dosage-dependent, and expression is largely influenced by 
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parental contribution (Birchler and Veitia, 2007). These two models do not sufficiently 

explain the mode of action of the imprinted genes, but these could range from 

components in the gametophytes, sporophytes, the endosperm itself, and the seed 

coat. A third model is consistent with interactions between the endosperm and seed 

coat in early seed development. This includes several pathways that act during the 

delay in endosperm cellularisation to repress seed abortion. One of the critical 

pathways repressing seed lethality that results from paternal excess interploidy crosses 

is the flavonoid biosynthetic pathway (FBP), where mutations of a maternally 

expressed regulatory gene (TTG2) and an enzyme-encoding gene (TT4) bring about 

earlier endosperm cellularisation (Doughty et al., 2014; Dilkes et al., 2008). These 

common roles of these FBP mutants in maternal rescue in triploid block have been 

attributed to auxin redistribution in the seed (Doughty et al., 2014). However, their 

exact mechanism of interaction with auxin in seed size control is not yet understood. 

From the epigenetic perspective, parent-of-origin gene expression specifically 

does not involve a change in the DNA sequence and, the misregulation of imprinted 

gene expression causes a change in epigenetic marks. Diverse mutations in the key 

players controlling epigenetic incompatibilities have demonstrated the role of some 

pathways in the triploid block. For example, the suppression of paternal RdDM by Pol 

IV mutation in tetraploid Col-0 mutants suppresses triploid block by 80% when crossed 

with wild-type Col-0 plants (Erdmann et al., 2017; Satyaki and Gehring, 2019). The 

RdDM is an evolutionarily conserved pathway involved in de novo DNA methylation in 

all sequence contexts, and its operational machinery relies on two homologs of RNA 

polymerase II (Pol IV and PolV), which are plant-specific. The Pol IV branch of the 

pathway is involved in the recruitment of short non-coding RNAs of long RNA, and 

these are converted into double-stranded by RNA-dependent RNA polymerase 2 

(RDR2). The double-stranded RNA molecules are later processed by DCL3 (DICER-LIKE 

3) into 24nucleotide RNAs. The RNA Pol V branch acts with the other components to 

load these small RNAs into an ARGONAUTE complex, usually AGO4 or AGO6.    

The RdDM pathway has been recently implicated in the paternal control of 

lethality in triploid block (Erdmann et al., 2017; Satyaki and Gehring, 2019).  Several 

mutational studies have suggested a vital role of small RNAs and the RdDM in 

mediating Col-killing in Arabidopsis. Some small interfering RNAs (siRNAs) called 
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easiRNAs also act through the RdDM to mediate DNA methylation, but these only 

improve the viability of triploid seeds by 40% (Martinez et al., 2018).  NUCLEAR RNA 

POLYMERASE D1 (NRPD1) is the key component of the RdDM, and its mutation 

specifically rescues triploid seed lethality when used as the male parent only (Satyaki 

and Gehring, 2019). NRPD1 is the biggest subunit of Pol IV in this pathway, suggesting 

the vital role of RNA Pol IV as an epigenetic buffering system that counteracts the 

lethality induced by paternal excess contribution in the endosperm. 

DNA methylation and histone modifications can also be maintained independently of 

the RdDM through the SWITCH/SUCROSE NON-FERMENTABLE (SW12/SNF2) chromatin 

remodeller called DECREASED DNA METHYLATION 1 (DDM1). DDM1-dependent DNA 

methylation is distinctly catalysed by CHROMOMETHYLASE 2 (CMT2) to remodel 

nucleosomes, and its mutation results in the loss of DNA methylation in transposable 

elements (TEs) but not genes. Increasing evidence has shown that in Arabidopsis, 

RdDM and DDM1 act independently to mediate almost all DNA methylation in TEs. 

Both act synergistically to regulate gene expression and repress the transposition of 

TEs (Zemach et al., 2013a). DDM1 has been reported to protect the host genome 

against telomere truncation, preventing Si-RNA accumulation, and the silencing of 

repeated genes and transgenes (Zemach et al., 2013a; Kawakatsu et al., 2016). It is not 

clear whether DDM1 also acts together or against the RdDM in the triploid block. 

1.4      Triploid block and the direction of hybridisation barrier 

The term ‘triploid block’ is an immediate interploidy endosperm-based 

reproductive barrier preventing the formation of viable triploid seeds from diploid x 

tetraploid parents. It is a form of sympatric speciation genetically established in the 

endosperm (Bushell et al., 2003). This phenomenon has been widely studied in both 

interploidy and interspecific crosses in Arabidopsis and other seed plants such as rice 

and maize (Yao et al., 2013; Zhang et al., 2016). In balanced ploidy crosses in 

Arabidopsis (such as would occur in a diploid self-pollination event), cellularisation 

occurs at five days after pollination (DAP), involving a transition of the endosperm 

from the syncytial to the cellularised state (Scott et al., 1998). An alteration in the 

typical ratio of parental contributions (2m:1p) in the endosperm has significant effects 

on the timing of endosperm cellularisation (Scott et al., 1998). The first observable 
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features of a triploid block are endosperm arrest or delayed cellularisation followed by 

embryo abortion. These impaired developmental patterns are often visualised in 

mature seeds as either aborted seeds (little or no endosperm) or shrivelled seeds 

(seeds with collapsed seed coats and a reduced endosperm) volume (Oneal and 

Franks, 2016).  

The effects of interspecies or interploidy endosperm-based hybridisation 

barriers on the final seed size attained depends on the direction of hybridisation. Seeds 

resulting from crossing diploid mothers crossed with higher ploidy fathers delay 

endosperm cellularisation, and this correlates with either increased seed size, seed 

abortion or seed death (Scott et al., 1998; Dilkes et al., 2008). In contrast, an increased 

maternal ploidy results in precocious endosperm cellularisation and ultimately a small 

seed size (Scott et al., 1998). In Arabidopsis, only the diploid x tetraploid crosses with 

paternal excess produce larger seeds (Scott et al., 1998). A triploid block is 

underpinned by the parental imprinting of genes involved in endosperm development, 

and this is largely supported by the endosperm balance number (EBN) hypothesis, 

which describes the pattern of endosperm dosage-dependent incompatibility peculiar 

to each species or accession (Kinoshita, 2007; Kohler, Wolff and Spillane, 2012). As 

mentioned earlier in section 1.4, the Arabidopsis endosperm is a dosage-sensitive 

tissue strictly requiring a maternal to paternal genome ratio of 2:1 to develop and 

function correctly due to the existence of genomic imprinting in the endosperm 

(Kohler et al., 2012). Thus, a disruption in the balance of the maternally or paternally 

expressed regulators during interploidy crosses results in deleterious effects (Kohler et 

al., 2012; Birchler and Veitia, 2012). 

1.4.1 Paternal excess tolerance in Arabidopsis is accession-dependent  

The result of interploidy hybridisations is not only dependent on the direction 

of hybridisation but also on the genetic background of the parents involved. In 

Arabidopsis, the frequency of survival or seed lethality when diploid females are 

crossed with tetraploid pollen parents is accession dependent. Many Arabidopsis 

accessions (sometimes referred to as ecotypes in terms of their primary habitat) are 

tolerant when their diploid mothers are crossed with their respective autotetraploid, 

whereas only a minority of the accessions display paternal triploid block (Bolbol, 2010). 
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An ecotype is a genetically and morphologically distinct population that is locally 

adapted to a region or environmental condition. Col-0 and RLD accessions, when acting 

as the seed parents, display a paternal triploid block to produce a high frequency of 

shrivelled seeds (the Col-killer syndrome) when crossed to either of their own 

autotetraploid pollen parents (Bolbol, 2010). These two accessions are not uniformly 

sensitive to other tetraploid pollen parents suggesting that the same genetic 

mechanism regulates their phenotypes. Substituting Col-0 with the other accessions as 

seed parents results in a high level of variation in seed survival and lethality, indicating 

that Col-0 pollen is only aggressive when paired with some specific accessions (Figure 

1.3). Endosperm overproliferation and extremely delayed cellularisation are the 

developmental aberrations underlying the Col-killer syndrome in the submissive 

accessions (Dilkes et al., 2008). However, the accessions resisting the Col-killer to 

produce a high percentage of viable seeds possess some maternal modifiers that can 

restrict the excessive proliferation of the endosperm during seed development (Bolbol, 

2010). This maternal modifier is not a complex trait, it is dominant and mendelises, 

thus allowing for its analysis in the progeny (Bolbol, 2010); these characteristics 

indicate that the genetic candidates underlying maternal rescue in Arabidopsis can be 

mapped. 

     

Figure 1.3: Maternal rescue against Col4x in Arabidopsis is accession-dependent. Some 
accessions like Col, Cvi and RLD are highly submissive to Col4x pollen resulting in a high 
percentage of shrivelled seeds. Other accessions like Tsu-0, C24, Bla-1, Kas, Per and Ws resist 
the killing activity of Col4x to produce viable offspring, resulting in high mean seed weight. The 
error bars are standard error of the mean. (Adapted from Bolbol, 2010).  
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1.5 Aims of the study 

The triploid block is governed by an accession-dependent variation (section 

1.4.1, Figure 1.3), but the genetic basis of this variation is poorly understood. Thus, this 

research contributes to the current understanding of the genetic mechanisms 

underlying the maternal modifiers of the triploid block, notably the asymmetric Col-

killing effect in interploidy crosses. The identification and molecular characterisation of 

the maternal genetic factors that mitigate hybrid incompatibility will help unravel the 

complexity of this trait.  Three Arabidopsis accessions, namely, Tsu-0, C24 and Bla-1, 

when acting as the maternal parents exhibit a high level of seed viability in crosses to a 

Col4x pollen parent and are the choice accessions for this study. Two of these 

accessions have pre-existing genetic mapping tools, especially genotyped recombinant 

inbred lines (RILs) suitable for QTL mapping. Thus, the objectives of this study are to: 

1. Compare the genomic regions containing the genes responsible for maternal rescue in 

two extreme rescuers with different phenotypes (Bla-1 and C24).  

2. Identify the candidate gene(s) underlying the QTL controlling maternal rescue in the 

Tsu-0 accession. 

3. Determine whether DDM1 is a maternal modifier of Col-killing. 

4. Functionally validate TTG1 and DDM1. 
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Chapter 2 Materials and methods 

 

2.1. Plant materials and growth conditions 

 

           Two distinct recombinant inbred line populations (RILs) were used for this 

study. The first core RIL population of 164 lines (3RV) were obtained from the French 

National Institute for Agricultural Research (INRA) and used the A. thaliana accessions, 

Col-0 (186AV) and Tsu-0 (91AV) as the original parent lines. The second RIL population 

(2RV) was also obtained from INRA and was developed from the Col-0 (186AV) and 

Bla-1 (76AV) accessions. The rest of the lines used for this study are accessions and 

mutant lines obtained from the Nottingham Arabidopsis Stock Centre (Table 2.1). All 

the Col4x seeds recruited as pollen parents were previously tetraploidised and verified 

by Wilkins (2021). A ttg1 mutant line in Tsu-0 (N1564) genetic background was also 

generated in this study using the clustered regularly interspaced short palindromic 

repeats and CRISPR-associated protein 9 (CRISPR-CAS9) genome editing tool. Prior to 

planting, all the seeds were stratified at 4°C as a suspension in 0.1% Phyto agar for 5 

days. The 2RV set of RILs was stratified for 7days. Following stratification, the seeds 

were planted on F2+S compost (Levingtons) that has been pre-treated with imidasect, 

a slow-release insecticide. All plants were grown in growth rooms (Sanyo) under a 

controlled humidity of 40%, temperature of 21˚C, 16-hour day length and 8-hour night 

length. 
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Table 2.1: Detailed information on the A. thaliana plant materials used in this study 

Population Given names Accession 
number 

Origin References 

RIL Bla-1 and Col-0 2RV Spain and USA (Simon et al., 2008) 

RIL Tsu-0 x Col-0 3RV Japan and USA (Simon et al., 2008) 

Accession Bla-1 N970 Spain (David and Randy, 2003) 

Accession Be-0 N6613 Germany (David and Randy, 2003) 

Accession Bay-0 N954 Germany (David and Randy, 2003) 

Accession Bur-0 N1028 Ireland (David and Randy, 2003) 

Accession C24 N906 Portugal (David and Randy, 2003) 

Accession Col-0 N1092 USA (David and Randy, 2003) 

Accession Cvi-0 N1096 Cabo Verde (David and Randy, 2003) 

Accession Ler-0 NW20 Germany (Koornneef et al., 2004) 

Accession Li-1 N6771 Germany (David and Randy, 2003) 

Accession Li-2 N6772 Germany (David and Randy, 2003) 

Accession Li-7 N6778 Germany (David and Randy, 2003) 

Accession Ob-0 N1418 Germany (David and Randy, 2003) 

Accession Oy-0 N1436  Norway (David and Randy, 2003) 

Accession Rld-1 N76588 Netherlands (Alonso-Blanco et al., 2016) 

Accession Rld-2 N1641 Russia (Simon et al., 2012) 

Accession Sha N929 Tajikistan (Simon et al., 2012) 

Accession Tu-0 N6875 Italy (David and Randy, 2003) 

Accession Tsu-0 N1564 Japan (David and Randy, 2003) 

Accession Tsu-1 N1640 Japan (Simon et al., 2012) 

Mutant ttg1-1 (Ler) N89 EMS (Zhang and Schrader, 2017) 

Mutant ttg1-21 (Col-0) N2105596 TDNA insertion (Zhang and Schrader, 2017) 

Mutant ttg1-22 (Col-0) N2105596 TDNA insertion (Zhang and Schrader, 2017) 

Mutant ttg1-13 (Col/Ler) CS67772 Fast neutrons (Zhang and Schrader, 2017) 

Mutant ttg2-1 (Ler) N277 TDNA insertion (Zhang and Schrader, 2017) 

Mutant ttg1-18 (En-2) N372 Kranz collect (Zhang and Schrader, 2017) 

Mutant ttg1-19 (En-2) N406 Kranz collect (Zhang and Schrader, 2017) 

Mutant ttg1-15 (An-1) N300 Kranz collect (Zhang and Schrader, 2017) 

Mutant SALK_042203C (Col-0) N678404 TDNA insertion (Alonso, 2003) 

Mutant SALK_000590C (Col-0) N681885 TDNA insertion (Alonso, 2003) 

Mutant ddm1-10 (Col-0) N9604 TDNA insertion (Jordan et al., 2007) 

Mutant SALK_203382C (Col-0)  N691667 TDNA insertion The SALK institute 

Mutant SAIL_240_H01 (Col-3) N811164 TDNA insertion (McElver et al., 2001) 

Mutant SALK_076522 (Col-0) N576522 TDNA insertion (Alonso, 2003) 

Mutant axr1-3 (Col-0) N3075 EMS mutation (Cynthia et al., 1990) 

Mutant nrpd1 4x (Col-04x) NIL 4x mutant (Satyaki and Gehring, 
2019)** 

Mutant ttg1-Tsu-0 NIL CRISPR-cas9 
deletion 

This study 

RIL: recombinant inbred line, T-DNA: Transfer DNA, EMS: Ethyl methanesulfonate, **: A gift from the 
authors, CRISPR: clustered regularly interspaced short palindromic repeats, and cas9: CRISPR-associated 
protein 9. 
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2.2  Methods 

2.2.1 Controlled crosses 

  All the plants used as mothers for each cross were emasculated and pollinated 

immediately with a high pollen dose to minimise the chances of cross-contamination. 

Stage 12 flower buds on the primary inflorescence of the seed parent were 

emasculated, and the remaining flowers and buds around the emasculated buds 

removed. Mature pollen from the appropriate pollen parent was gently dabbed on the 

surface of the stigma of the emasculated buds. Both emasculation and pollination 

were carried out using a pair of sharp tweezers with the aid of a x3.5 magnification 

optivisor. 

 

2.2.2 Seed phenotyping 

 Mature brown siliques were removed from each seed plant around 3-4 weeks 

after each pollination event. Each silique was gently opened, all the seeds were 

collected separately and viewed using a Nikon SMZ1500 Microscope and the NIS-

Elements AR software (Nikon, UK). The images were captured using a Nikon Digital 

Sight DS-U1 camera. The weight of the seeds was measured in µg using the Mettler 

UMT2 microbalance (Mettler-Toledo, Leicester, UK). Plump and shrivelled seeds were 

categorised in each photographic image using the image J counter tool (Schneider et 

al., 2012). 

2.2.3  Molecular marker development and screening 

2.2.3.1 Indel marker development  

The Integrative Genomics Viewer (IGV) was used to visualise indels and SNPs. 

TAIR 10 (default genome for A. thaliana on IGV) was used for the Col-0 accession while 

a BAM file containing the Tsu-0 illumina reads (mapped to the Col-0 reference 

genome) was retrieved from the European Nucleotide Archive. The correct identifier 

for each bam file and bai file was obtained from the 1001 Genomes website 

(http://1001genomes.org). 

2.2.3.2 SSR marker development  

Using the QTL region of interest on chromosome 5, the PMDBASE tool 

(http://www.sesame-bioinfo.org/PMDBase/) was used for hunting for SSRs in the A. 

http://1001genomes.org/
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thaliana genome. The sequence used for the Tsu-0 accession was downloaded from a 

bam file loaded on IGV and, simple repeat sequences were assessed in this sequence 

using BatchPrimer3. New SSR markers were designed using BatchPrimer 3 (You et al., 

2008).  In addition to these, some other SSR primers were retrieved from Cosson et al., 

2014 and the INRA MSAT database (http://www7.inra.fr/vast/msat.php).  

2.2.3.3 CAPs and dCAPs marker development 

SNPs in the genomic region of interest distinguishing the wildtype and mutant 

sequences were initially identified using the IGV software. The CAPs designer tool of 

the Sol Genomics Network was used to design CAPs markers 

(https://solgenomics.net/tools/caps_designer/caps_input.pl). A maximum of 1kb 

wildtype and mutant FASTA sequences obtained from the IGV software was used as 

the template for restriction site(s) identification and CAPs marker design using the 

default settings. Where it was impossible to design CAPs markers, the dCAPs finder 

software was used to identify restriction enzyme cutting sites and design the 

appropriate forward dCAPs primer for PCR amplification 

(http://helix.wustl.edu/dcaps/instructions.html) using the default settings. Another 

reverse primer, approximately 200 to 300 nucleotides 3` of the forward dCAPS primer 

was designed using Primer3 (Untergasser et al., 2012). Following PCR with the CAPs or 

dCAPs markers, clean PCR products were digested with the appropriate restriction 

enzymes and separated on a 2% agarose gel. 

2.2.4 Generation of backcross progenies  

 RILs from the 3RV population served as the primary material for the marker-

assisted backcross. Three extreme maternal rescuers previously identified to have 

good maternal rescue against Col4x pollen were used as the donor parents, while the 

Col-0 (186AV) accession from INRA was used as the recurrent parent. The resultant 

BC1F2 and the BC1F3 progenies obtained from the backcross were phenotyped and 

genotyped. 

2.2.5 Genotyping 

 Leaf samples were collected from three to four weeks old seedlings, with the 

sample material being selected from younger, freshly expanded leaves.  All the leaf 

http://www7.inra.fr/vast/msat.php
https://solgenomics.net/tools/caps_designer/caps_input.pl
http://helix.wustl.edu/dcaps/instructions.html
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samples were stored at -20˚C prior to DNA isolation. Genomic DNA was isolated from 

these leaf samples using two distinct methods (section 2.2.5.1 and 2.2.5.2).  

2.2.5.1 Custom DNA isolation 

A leaf disc was transferred to a 1.5ml microfuge and ground in 150 μl of 

extraction buffer (220 mM Tris-HCl pH 8.0, 0.8% Cetyl Trimethyl Ammonium Bromide 

(CTAB), 0.8 M NaCl, 22 mM EDTA, 140mM d-Sorbitol and 0.5 μl of fresh RNase A) with 

a little acid-washed sand to aid homogenisation. The mixture was incubated 650C for 5 

mins, 150 μl of chloroform was added before centrifuging at 13,000rpm for 5 mins. 

The resultant supernatant was transferred to another microfuge tube, and DNA was 

precipitated by adding a cold layer of iso-propanol (100 μl). Following incubation at 

room temperature at 20mins, the DNA pellet was recovered by centrifuging at 

13000rpm for 20 mins. The DNA pellet formed was washed three times with 1 ml of 

70% ethanol, and all traces of excess 70% ethanol was removed before air-drying the 

pellet. The pellet was resuspended in 50µl autoclaved Milli-Q H2O. DNA quality and 

quantity were estimated using a Nanodrop 2000c machine (Thermo Scientific) 

calibrated with 2 µl of Milli-Q water.   

2.2.5.2 Phire plant Kit DNA isolation 

DNA was extracted according to the manufacturer’s instructions (Thermofisher 

Scientific). An approximately 2mm diameter punch was taken from young leaf samples 

and placed in 20 µl dilution buffer. The leaf sample was crushed with a 20 µL pipette 

tip until the solution turned greenish.  Following crushing, the leaf was briefly 

centrifuged to spin the plant material down, and the supernatant was collected as the 

DNA and stored at -20˚C. 

2.2.5.3 Polymerase chain reaction (PCR) 

2.2.5.3.1 DreamTaq Master Mix Protocol 

The 15µl reaction volume for each PCR consisted 50ng of the gold standard 

DNA in 1 µl, 0.5 µl of each primer, 5.5 µl nuclease-free water and 7.5 µl DreamTaq PCR 

Master Mix (Thermofisher Scientific).  A no-template control was included in all 

reactions to check for contamination. All PCR reactions were run in a GSTORM 

thermocycler using the following programme: initial denaturation at 94°C for 5 
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minutes, final denaturation at 95°C for 3 minutes, denaturation at 95°C for 30s, 

annealing temperature (specific to each primer) for 30s, extension at 72°C for 1min 

and a final extension at 72°C for 5 minutes. The total number of cycles for 

denaturation, annealing and extension was 40.  

 

2.2.5.3.2 Phire Plant Dilution protocol 

A 20 µl reaction volume was set up for each PCR consisting of 0.5 µl of each 

DNA supernatant, 1.0 µl of each primer, 7.5 µl nuclease-free water and 10.0 µl of the 

Phire Plant PCR Mastermix.  A no-template control was included in all reactions to 

check for contamination. All PCR reactions were run in a GSTORM thermocycler using 

the following programme: initial denaturation at 98°C for 5 minutes, final denaturation 

at 98°C for 5 seconds, annealing temperature (specific to each primer) for 5s, 

extension at 72°C for 20s (time per Kb of each expected PCR product) and a final 

extension at 72°C for 1 minute. The total number of cycles for denaturation, annealing 

and extension was 40. 

2.2.5.4 Gel electrophoresis 

Following PCR, products were loaded on 2.5 % agarose gels containing Ethidium 

bromide (1 µl of Ethidium bromide to 35 µl of each gel). Each gel was run for 

35minutes with 100V and 2.5A. Polymorphisms in the PCR products were visualised 

and captured after electrophoresis using a UV transilluminator. 

2.2.6 Candidate gene analysis 

A comprehensive list of all the genes residing in the Tsu-0 QTL interval was 

downloaded from the UCSC Genome Browser (Gonzalez et al., 2021).  A gene search 

was conducted on TAIR to identify some potential genes involved in seed development 

(Berardini et al., 2015). The downloaded gene list was also imputed on the AtGeNie 

portal to hunt for the genes involved in seed development (Sundell et al., 2015). All the 

genes displayed to be involved in seed coat development, endosperm cellularisation, 

embryo arrest or maternally expressed in seed development were shortlisted as the 

candidate genes involved in maternal rescue against Col4x. The candidates were 

further refined by visualising their expression patterns on EFP, ARAPORT and 

GENEVESTIGATOR (Cheng et al., 2016; Hruz et al., 2008; Toufighi et al., 2005). Non-
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synonymous variations in the nucleotide and changes in the amino acid sequence of 

the narrowed candidate genes were compared in different accessions using the SALK 

genome browser (signal.salk.edu/atg1001/3.0/gebrowser.php). The alignment and 

physical position of each amino acid in the protein sequences obtained from all the 

accessions was done using the Clustal Omega Multiple Sequence Alignment (Sievers et 

al., 2014). The structural domains of each amino acid were viewed on UniProt (UniProt 

Consortium, 2019). 

2.2.7 CRISPR-cas9 gene editing 

2.2.7.1 Cloning CRISPR guide RNAs into the pHEE401E Cas9 vector 

2.2.7.2 Expression cassette assembly and PCR 

CHOPCHOP Harvard (version 3) was used to design appropriate two 19 

nucleotide guide RNAs close to the promoter region of A. thaliana TTG1 (AT524520.1, 

isoform 1). A pCBC-DT1DT2 plasmid obtained from Addgene was used as the template 

for the assembly of two gRNA expression cassettes using a four-primer mixture in a 

high-fidelity PCR with Phusion High-Fidelity DNA Polymerase (Table 2.2; see appendix 

for further information on guide RNAs and primer details). The PCR cycling conditions 

for making expression cassettes on a thermocycler was programmed at initial 

denaturation at 98˚C for 2mins, 35 cycles of denaturation, annealing and extension (98 

˚C for 10secs, 60 ˚C for 15secs and 72 ˚C for 40 secs respectively), final extension at 72 

˚C for 10mins and the PCR product were held at 4˚C until they were removed. The final 

PCR products were purified and extracted, and a golden gate reaction was set up for 

plasmid digestion and ligation (Table 2.3). 

Table 2.2: A PCR reaction set up for making the pCBC-DT1DT2 expression cassette. 

 

 

 

 

 

 

 

 

Component Volume (µl) 

5x Phusion buffer (NEB) 10 
2.5mM dNTP mix 4 
pCBC-DT1DT2 template (50 ng/µl) 1 
Primer DT1-BsF (20 µM) 1 
Primer DT1-F0 (1 µM) 1 
Primer DT2-R0 (1 µM) 1 
Primer DT1-BsR (20 µM) 1 
Phusion HF DNA Polymerase (2 U/µl) 0.5 
Nuclease-free water 30.5 

 Total volume: 50 
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Table 2.3: A Golden Gate reaction mix for assembling the pCBC-DT1DT2 expression cassette 

with the pHEE401E vector. 

 

2.2.7.3 Transformation of competent E. coli DH5 alpha cells 

An aliquot of Subcloning Efficiency DH5α competent cells (ThermoFisher 

Scientific) was removed from -80˚C freezer and were immediately allowed to thaw on 

ice for 10mins. One-third of the overnight Golden Gate Cloning (Engler et al., 2014) 

reaction products was added to 150 µl of the ice-cold cells, and the mixture was gently 

mixed with a pipette tip. The mixture was deeply incubated on ice for 30 minutes and 

was subjected to heat shock treatment on a heating block at exactly 42 ˚C for 30 

seconds. The heat-shocked cells were again incubated on ice for 2 minutes, and a 950 

µl room temperature LB broth was added. The tubes containing the mixture were 

secured with parafilm and incubated on an orbital shaker at 37˚C for one hour.  

Following this incubation, 150 µl of the cells were plated on LB-Kan (LB agar plates 

containing 50 µg/ml of kanamycin), and the plates were incubated at 37˚C overnight. 

2.2.7.4 Verification of transformed E. coli DH5 alpha cells 

Three colonies were carefully chosen on each LB-Kan plate for colony PCR.  A 

colony PCR was performed using the DreamTaq DNA Polymerase protocol described in 

section 2.2.5.3.1. Two primers, U6-26pF and U6-29pR (Table 2.4), were used to amplify 

the 726bp template.  A 50 ng/µl of the pHEE401E vector was used as the positive 

control, while the no template control had sterile water as the template. The 726bp 

size of the product was verified by gel electrophoresis alongside the controls. Colonies 

displaying the correct size of bands were grown overnight in LB-Kan culture tubes 

Component Volume (µl) Reaction conditions 

Purified PCR fragment (~100 ng/µl) 6  
pHEE401E plasmid (~100 ng/µl) 2  
10x T4 DNA Ligase Buffer (NEB) 2  
10x Bovine serum albumin 1.5  
Bsa1 (NEB) 1.5  
T4 DNA Ligase (NEB) 1  
Nuclease-free water 1  

 Total volume: 
15 

37˚C for 5 hours, 50˚C 
for 5 minutes and 
80˚C for 10 minutes 
and a 10˚C hold 
forever 
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overnight at 37˚C before their storage in 50% glycerol at -80˚C. Plasmid DNA was 

isolated from these transformed bacterial cells using the monarch plasmid miniprep kit 

according to the manufacturer’s instructions (NEB). The CRISPR constructs in 5 µl of 

the isolated plasmid DNA were verified by enzyme digestion with Ncol and HindIII 

following the NEB protocol with CutSmart Buffer. The correct bands (a 15Kb vector and 

a 1.2Kb band) was visualised on a 1% agarose gel using the 23Kb Quick-Load DNA 

Marker, Broad Range (NEB). The constructs containing the correct bands were 

prepared in a Mix2Seq Kit with sequencing primers (U6-26p-F and U6-29p-F) and sent 

to Eurofins UK for sequencing. 

Table 2.4: The primers used for the verification of pHEE401E:CRISPR-Cas9 constructs 

Primer name Primer sequence 

U6-26p-F TGTCCCAGGATTAGAATGATTAGGC 

U6-29p-F TTAATCCAAACTACTGCAGCCTGAC 

U6-29p-R AGCCCTCTTCTTTCGATCCATCAAC 

 

2.2.7.5 Plant transformation 

2.2.7.5.1 Cultivation of Arabidopsis plants for transformation 

Arabidopsis Col-0 (N1092) and Tsu-0 (N1564) seeds were sown directly on soil 

in p10 pots following a 5-day cold stratification in the dark. Following bolting, the main 

shoot was carefully removed from the base to enable the young plants to produce 

more shoots. Healthy plants with a fresh bolt height of 2 to 10cm were chosen for 

floral dipping in section 2.2.7.5.3. 

2.2.7.5.2 Transformation of competent Agrobacterium Gv3101 cells 

Competent Agrobacterium GV3101 cells were made by inoculating a 250ml LB 

with a fresh liquid culture with selection (25 µg/ml rifampicin and 10 µg/ml 

gentamicin). The cells were grown overnight at 28˚C with 300rpm shaking until the 

OD600 was between 0.6 and 1. Cells were pelleted from the overnight culture at 4500g 

for 10 minutes at 300rpm shaking. The pellet obtained was resuspended in 25mL of 

fresh LB, and 250 µl aliquot of each cell was snap-frozen in liquid Nitrogen and stored 

at -80˚C.  

The competent cells were later transformed with the general freeze-thaw 

protocol with some minor modifications (Chen et al., 1994). About 5 µl of the plasmid 
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DNA containing the required sgRNAs were added to 125 µl of cells on ice, and the 

mixture was gently mixed by gently flicking with a finger. A control reaction containing 

the pHEE401E plasmids with no gRNAs was also separately made. The combination 

was snap-frozen in liquid Nitrogen for 10 seconds, and the tubes were immediately 

thawed at 37˚C for 5 minutes. The tubes were immediately incubated at 28˚C at 

280rpm shaking for an hour. After this, the resultant cells were spread on LB agar 

plates with selection (50 µg/ml kanamycin), 25 µg/ml rifampicin and 10 µg/ml 

gentamicin) and immediately incubated at 28˚C for 48 hours. Another fresh culture 

with antibiotic selection was made from a colony in each plate with 280rpm shaking 

for two days. Plasmid DNA was isolated from 2ml of each culture using the Monarch 

Plasmid Miniprep Kit (NEB).  The resultant plasmid DNA was also verified with Ncol and 

HindIII digestion before verification by sequencing (see appendix for further details). 

2.2.7.5.3 Agrobacterium transformation of Arabidopsis by floral dip 

The transformation protocol described by (Clough and Bent, 1998) was adapted 

with minor modifications. Overnight cultures in LB broth (with antibiotic selection) 

were made from the glycerol stocks of the previously transformed Agrobacterium. 

Another set of overnight cultures were grown from these in a fresh LB medium with 

selection at 28˚C, 280 rpm, until the OD600 was between 0.7-0.9. The fresh cultures 

were pelleted in 50ml tubes for 10 minutes at 3000g, and the pellet carefully 

resuspended in a dipping medium (50ml of 5% sucrose and 0.05% Silwet L-77). 

Selected plants were dipped in the dipping medium for 3 seconds and covered with a 

high plastic dome overnight to maintain high humidity. The plants were hardened by 

slightly removing the dome the next day before it was completely removed after 24 

hours. Mature and dry seeds were carefully harvested from each plant separately to 

monitor different transgenic events. 

2.2.7.5.4 BASTA selection 

 Each seed batch obtained from the agrobacterium transformed plants were 

directly sown on soil in hundreds by broadcasting and cold stratified in the dark for five 

days with wildtype and BASTA resistant controls. Ten days after cold stratification, all 

the seedlings were treated with 50 mg/L of BASTA (Glufosinate-ammonium, SIGMA). 

The BASTA treatment was repeated on the eleventh and twelfth days. All the 
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successfully transformed plants with green leaves were nurtured till maturity, and the 

dry seeds were harvested per individual.   

 

2.2.7.6 Screening CRISPR-targeted plants. 

Young leaves were collected from all the surviving seedlings for DNA isolation. 

A set of primers flanking the different restriction sites within the vicinity of the guide 

RNAs designed were generated using CHOPCHOP Harvard. The TTG1 PCR fragments 

amplified from the genomic DNA of these leaf samples were subjected to restriction 

digests with the corresponding restriction enzymes to identify chimaeras in the T0 

generation. The chimaeras identified were individually selfed to produce a T1 

population and were further genotyped. All the selfed plants displaying obvious TTG1 

mutations on the leaves, stems and seeds were carefully identified within the T2 

generation. The accuracy and position of CRISPR-cas9 knockouts within the TTG1 gene 

of each successful transformation was verified by sequencing.   

2.2.8 Statistical analysis 

2.2.8.1 QTL analysis 

The overall mean of the seed weight measurements resulting from each diploid 

RIL crossed with a Col4x father in four replicates was used as the phenotype data. 

Genotype data for all the RILs was downloaded from the INRA webpage. WinQTL 

cartographer (version 2.5) was used to calculate log-likelihood (LOD) ratio statistics 

using composite interval mapping.  The mapping parameters were set to a statistical 

threshold with a significance level of p<0.05 using 1,000 permutations for each trait.  

2.2.8.2 Graphical analysis 

All graphs were plotted using the R software, SPSS (version 25), GraphPad 

prism 8 and Microsoft Excel 365. Where applicable, the standard error of the mean or 

the standard deviation were calculated using the R software. 
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2.2.9 Bulked segregant analysis 

2.2.9.1 Plant materials 

Col-0 (N1092) and C24 (N906) are the original Arabidopsis parental accessions used to 

generate a heterozygous F1 that was selfed to develop the F2 mapping population. A 

total of 89 F2 mothers were phenotyped for mean seed weight and percentage 

germination, and both phenotypes were sorted to identify the individuals with 

extreme phenotypes. Each extreme phenotype represented a collection of individuals 

that exhibited maternal rescue like C24 and another group of individuals that were 

submissive like Col-0.  Four distinct DNA pools were used, Col-0 (parent 1), C24 (parent 

2), rescuer bulk (25 individuals) and the submissive bulk (20 individuals). Overall, 

individual leaf samples originating from 47 individuals originating from four distinct 

DNA pools were used to generate the DNA pools used for sequencing. Three methods 

were used for the qualification of the DNA samples: quantitation on a Qubit 2.0 

Fluorometer, intactness and integrity with gel electrophoresis (agarose gel: 1 %; 

voltage: 150 V; time: 40 min) and purity with a Nanodrop 2000 spectrophotometer (an 

OD260/OD280 ratio of 1.8 to 2.0). 

2.2.9.2 Library construction and whole-genome re-sequencing  

Plant whole-genome re-sequencing was carried out using the DNBseq platform 

of the BGI sequencing in Hongkong. DNA sample qualification, library preparation, and 

sequencing procedures were carried out in the BGI DNA sequencing facility, and pair-

end sequencing was performed with the read length of 150 bp at each end.  

2.2.9.3 Bioinformatics pipeline 

Following sequencing, the raw reads were filtered to remove adaptor 

sequences, contaminated and low-quality reads using FASTQC (version 0.11.9). The 

filtered reads were subjected to further quality control to obtain the number of clean 

reads, clean bases, Q20% and GC%. All the clean reads were mapped to the TAIR 10 

reference genome for A. thaliana  

(ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/001/735/GCF_000001735.4_TAIR10.1/GCF_

000001735.4_TAIR10.1_genomic.fna.gz) using the Burrows-Wheeler Aligner (BWA, 

version 0.7.10). The corresponding InDel detection and annotation were carried out 

ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/001/735/GCF_000001735.4_TAIR10.1/GCF_000001735.4_TAIR10.1_genomic.fna.gz
ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/001/735/GCF_000001735.4_TAIR10.1/GCF_000001735.4_TAIR10.1_genomic.fna.gz
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according to the reference genome mapping results using the Genome Wide Analysis 

Toolkit (GATK, version 3.3-0). MUTMAP (version 2.3.2) was carried out using the SNP 

index value, which was calculated for all the SNP sites between the Col-0 parent pool 

and the F2 pools (Abe et al., 2012). In addition, the delta SNP-index was calculated in 

QTL-seq, and (SNP-index) = (SNP-index of Rescuer-bulk) - (SNP-index of Submissive-

bulk)) (Takagi et al., 2013). 

2.2.9.4 Gene list retrieval 

To define the genomic interval containing the candidate genes, the genotype 

data were first sorted with the phenotype data (from low to high), and the 

approximate interval was determined by the chromosomal position (in Mb) of the two 

markers at the boundary of the QTL. The total number of genes within the narrowed 

QTL intervals were retrieved from the A. thaliana EPD Viewer Hub Assembly in the 

UCSC genome browser, using the QTL borders as the chromosomal coordinate range 

(Gonzalez et al., 2021). Different gene models, gene alias, all gene ontology terms, 

functional descriptions, curator summary and publication links for all the retrieved 

candidate genes were downloaded from the TAIR 10 gene ontology (GO) and plant 

ontology (PO) annotations available on the TAIR website 

(https://www.arabidopsis.org/download/index-

auto.jsp?dir=%2Fdownload_files%2FGO_and_PO_Annotations%2FGene_Ontology_Annotation

s). The first and the last genes to appear on the gene list from the UCSC genome 

browser served as the coordinates used to parse the data downloaded from TAIR. 

2.2.9.5 Prioritisation of candidate genes. 

2.2.9.5.1 Manual approach 

The first method manually utilised the G0 and PO annotations downloaded 

from TAIR. The whole gene list was manually screened for any potential genes involved 

in seed development, auxin signalling, DNA methylation or methyltransferase activity, 

flavonoid biosynthesis pathway and trichome development. Every gene with an 

unknown function or encoding a protein with an unknown function was also included 

in the final candidate gene list.  

2.2.9.5.2 Computational approach 

All the GO terms for all gene models for the gene list obtained from the UCSC 

genome browser were analysed on agriGO (version 1.2), a GO analysis toolkit (Tian et 

https://www.arabidopsis.org/download/index-auto.jsp?dir=%2Fdownload_files%2FGO_and_PO_Annotations%2FGene_Ontology_Annotations
https://www.arabidopsis.org/download/index-auto.jsp?dir=%2Fdownload_files%2FGO_and_PO_Annotations%2FGene_Ontology_Annotations
https://www.arabidopsis.org/download/index-auto.jsp?dir=%2Fdownload_files%2FGO_and_PO_Annotations%2FGene_Ontology_Annotations
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al., 2017). A singular enrichment analysis (SEA) was performed using this gene list as 

the query list for the A. thaliana TAIR 10 genome locus (TAIR 10, 2017). Fisher exact 

tests and Hochberg multi-test adjustment method were applied as implemented in the 

R-function fisher.exact and R-function p. adjust respectively at a significant level of 

0.01. A FDR (false discovery rate) of 0.01 was also applied to define the level of 

stringency of the Hochberg multiple testing correction applied to the Fisher exact test 

results.  Significant associations between the total number of traits curated from the 

gene list and the biological process (BP) associated was derived based on the 

overrepresentation of BP terms within the input list using a p-value of 0.01 and the 

FDR. 
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Chapter 3 Mapping the A. thaliana maternal modifier of Col-killing in 

Bla-1 and C24 accessions 

 

3.1. Introduction 

3.1.1 Principles of genetic mapping 

Genetic mapping, also known as linkage mapping, identifies the candidate 

genes underlying a particular trait or phenotype using the relative distance between 

genetic markers on chromosomes.  Mapping a genomic region requires the availability 

of an annotated genome sequence, high-density molecular markers, and well-detailed 

genetic maps to reach the goal of finding molecular markers linked to the gene of 

interest (Kim et al., 2010). The diverse markers utilised in molecular breeding include 

SSRs (simple sequence repeats), INDELS (insertions or deletions), restriction fragment 

length polymorphism (RFLP), random amplified polymorphic DNA (RAPD), simple 

sequence length polymorphisms (SSLPs), CAPs (cleaved amplified polymorphic 

sequence), dCAPs (derived cleaved amplified polymorphic sequence), and so on 

(Collard and Mackill, 2008; Pacurar et al., 2012). SNPs (single nucleotide 

polymorphisms) are more favoured in sequencing-based gene mapping as they are the 

most frequent in the genome. 

Advances in whole-genome sequencing technologies and SNP discovery have 

improved the elucidation of the links between plant genotypes and diverse 

phenotypes. However, the trait to be studied must also be highly heritable to facilitate 

genetic introgression and a sufficient level of genetic variation among the population 

used for mapping. One of the main steps in generating a mapping population is the 

selection of two genetically divergent parents that display genetic and phenotypic 

differences for the trait of interest (Collard and Mackill, 2008).  An extreme genetic 

divergence in the parents could result in segregation distortion: an undesirable 

phenomenon in linkage analysis or even the sterility or exhibition of some abnormal 

phenotypes among the progenies. The appropriate mapping population must exhibit 

adequate sample size, a heritable marker polymorphism between all parents and the 

resultant offspring, distinguishable phenotypes (qualitative or quantitative) and a 

sufficient variation among the phenotypic classes studied. Several populations used for 
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genetic mapping could be bi-parental (such as F1 populations, doubled haploids, F2s, 

and recombinant inbred lines) or multi-parental, such as the Arabidopsis MAGIC lines 

(Simon et al., 2008; Kover et al., 2009). 

Maternal rescue against seed lethality in interploidy crosses with Col4x pollen is 

a highly heritable transgenerational trait, but the genetic variation underlying this trait 

is accession-dependent (Bolbol, 2010). This post-zygotic hybridisation barrier is severe 

in Col-0 mothers; however, some mothers such as Bla-1 and C24 can bypass this 

barrier to produce viable triploids.  The Bla-1 accession was chosen to understand the 

genetic basis of the maternal modifiers of Col-killing because of the availability of a 

core population of 164 Bla-1 x Col-0 RILs derived from Bla-1 and Col-0 parents (Simon 

et al., 2008). This genotyped population is potentially useful for mapping the maternal 

modifier against Col4x pollen in the Bla-1 accession. In the present chapter, a mapping 

approach is reported that utilised a set of Bla-1 x Col-0 recombinant inbred lines (RILs) 

and a segregating Col-0 x C24 F2 population; the genomic regions containing the 

candidate genes for maternal rescue were mapped in Bla-1 and C24 Arabidopsis 

accessions. 

3.1.2    Previous work on maternal rescue genes 

Previous QTL analysis of the gene(s) responsible for maternal rescue against 

Col4x in Ler diploid females identified a significant locus, DR STRANGELOVE1 (DSL1), on 

the lower arm of chromosome 2 (Dilkes et al., 2008). Further fine mapping of this locus 

identified a WRKY transcription factor, TRANSPARENT TESTA GLABRA2 (TTG2), as the 

candidate gene.  Maternal loss of function of this gene results in precocious 

cellularisation and abnormal differentiation of the seed coat endothelium, confirming 

that TTG2 is responsible for seed survival in Ler and Col-0 interploidy crosses. 

In Arabidopsis, TTG2 has been identified as the regulator of many TTG1-dependent 

epidermal developmental pathways, most especially PA biosynthesis in the inner testa 

layer of the seed coat (Johnson et al., 2002; Gonzalez, Antonio et al., 2016). This gene 

is also involved in the differentiation of the cells producing mucilage in the outer seed 

coat layer (Johnson et al., 2002; Pesch et al., 2014). The TRANSPARENT TESTA (TT) 

genes constitute a multi-gene family, and there is increasing evidence that these genes 

work downstream of the polycomb repressive complex 2 (PRC2) to coordinate 



48 
 

endosperm and seed coat development through a signalling pathway involving AGL62 

(Xu et al., 2016; Coen et al., 2017).  

Another QTL analysis found a major QTL on chromosome 5 that has a 

significant effect in controlling maternal rescue in Tsu-0 x Col4x crosses (Figure 3.1).  

This QTL, taken together with DSL1 in the Ler accession, indicates that different 

Arabidopsis accessions recruit various genetic factors to mitigate Col4x paternal 

excess. This within-species variation in genetic tolerance between diploids and 

tetraploids controls gene flow and could have arisen due to evolutionary divergence in 

gene expression affecting seed fitness or gene regulatory network (Wilkins and Haig, 

2003; Dilkes et al., 2004; Burkart-Waco et al., 2012). Thus, a complex network of genes 

is likely to be involved in the accession-specific maternal components of this 

interploidy barrier. The conserved components of this genetic network are not clear. 

So far, relatively few maternal rescue genes have been identified in different 

Arabidopsis accessions, making the identification and characterisation of these genes 

worthwhile. This will provide an approach to understand the diversity of the mitigating 

pathways against the Col-killer, and potentially show important insights into the 

regulation of seed development. 

 

Figure 3.1: A major QTL on the upper arm of chromosome 5 with a significant effect in 
controlling maternal rescue against Col-0 paternal excess in the Tsu-0 accession. The high 
LOD score in the graph area (around 5.0) indicates a piece of evidence for a very good QTL.  
The graph at the bottom is the QTL effects window, showing additive or dominant effects. The 
presence of more Tsu-0 alleles in the QTL region accounts for a higher mean seed weight with 
a very low frequency of seed death. (Wilkins, 2021). 
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3.2 Results 

3.2.1 QTL Mapping in Bla-1 

3.2.1.1  QTL mapping with a set of 100 Bla-1 x Col-0 RILs reveals a chromosome 2 QTL 

controlling maternal rescue in the Bla-1 accession.  

The Bla-1 accession from Spain displays a high level of maternal rescue against 

Col4x pollen when used as a seed parent (Bolbol, 2010). The F1 triploid seeds derived 

from the crosses between Bla-1 seed parents and Col4x pollen are characterised by 

having a very high mean seed weight and a low frequency of shrivelled seeds (Figure 

3.2). The Bla-1 x Col-0 RIL population was generated from two accessions, N1092 (Bla-

1) and N970 (Col-0). The minimal set from this population consists of only 20 lines 

which are not primarily utilised for QTL mapping but are very useful when observing 

the extent of variation and transgression of any particular trait before formal QTL 

mapping with the core population (Simon et al., 2008). Four members of the minimal 

set are late flowering, and a total of 100 RILs consisting of 20 members of the minimal 

set were selected from the core population of 164 lines. Each RIL served as the seed 

parent and was crossed with Col4x pollen. The mean seed weight of the progenies 

resulting from each of these crosses was calculated. 

Composite interval mapping (section 2.2.8.1) detected the position and 

magnitude of the QTL controlling mean seed weight in Bla-1 RILs x Col4x crosses using 

a LOD score of 2.5 as the threshold. The 8.06 Mb main effect QTL resides on the lower 

arm of chromosome 2 and is flanked by c2_09429 (9.43Mb) and c2_17606 SNP 

(17.61Mb) markers (Figure 3.3). This position's additive effect is -5.46, indicating that 

an increase in Bla-1 alleles in this region accounts for high mean seed weight in the 

RILs. In contrast, a substitution with Col-0 alleles increases seed lethality at this locus. 

An epistatic QTL was also detected on chromosome one, but this smaller locus is only 

significant for seed death and is bounded by these SNP markers c1_20384 and 

c1_25698. These results suggest that the main effect maternal rescuer against Col4x in 

Bla-1 is located on the lower arm of chromosome 2 and may participate in an epistatic 

locus with another gene. 
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Figure 3.2: The Bla-1 accession resists the Col-killer to produce a low proportion of shrivelled 
seeds. A: The seeds obtained from the Bla-1 triploids have a significantly higher frequency of 
plump seeds compared to the Col-0 control. The error bars are standard error of the mean. B: 
Mature triploid F1 seeds obtained from Bla-1 x Col4x crosses shown alongside other control 
samples. The images are in 10x magnification with a blue scale bar of 1mm. 

0

10

20

30

40

50

60

70

80

90

100

Col-0 (Selfed) Col4x (Selfed) Col-0 x Col4x Bla-1 x Col4x

Tr
ip

lo
id

 F
1

 s
e

e
d

 a
ss

e
ss

m
e

n
t 

(μ
g 

an
d

 %
)

Accession x Col4x

Mean (μg) Mean Shriveled seeds %

A.



51 
 

 

Figure 3.3: A major QTL on the lower arm of chromosome 2 controls maternal rescue in Bla-1 
x Col4x crosses. Ch represents chromosome. The upper graph is the main QTL locus graph. 
Significant QTLs were detected above the LOD threshold score of 2.5 and an estimated p < 
0.001 (the blue horizontal line) derived from the y-axis. The corresponding A. thaliana genomic 
positions according to chromosome (Ch) number is shown in centiMorgans (cM) on the x-axis. 
For comparison, the smaller graph at the bottom is the QTL effects window, showing additive 
or dominant effects from Col-0 (positive y-axis) and Bla-1 alleles (negative y-axis). T1 refers to 
trait 1 in red peaks (mean seed weight), and T2 is trait 2 in blue peaks (seed death). 

3.2.1.2 The Bla-1 QTL locus is tightly linked to TTG2 

The Bla-1 QTL position mapped on chromosome 2 is similar in genomic position 

and magnitude to Dr. Strangelove1 (DSL1), another QTL previously mapped in Ler 

(Dilkes et al., 2008). However, these two QTLs differ in the additional loci detected for 

each accession (Bla-1 and Ler). The DSL1 locus mapped in Ler participates in an 

epistatic interaction with EPISTASIS OVERCOMES PATERNAL EXCESS1 (EOP1) and EOP2 

on chromosome 3 and 5, respectively, at p < 0.01. In contrast, the other locus found 

interacting with the Bla-1 DSL1 is an additive locus on chromosome 1 at the 2.5 LOD 

threshold and a p-value of 0.001 (Figure 3.3). The Bla-1 DSL1 locus is the most 

significant QTL detected, with a LOD score of 4.5 (p < 0.0001).  

Using the genomic coordinates of the Col-0 x Bla-1 RIL population, TTG2 resides 

between the SNP markers c2_15252 (15.25Mb) and c2_17606 (17.60Mb) on 

chromosome 2, while EGL3 is located between c1_23381 (23.38Mb) and c1_25698 

(25.69Mb). Allele frequencies of the SNP markers tightly linked to these genes were 

compared using the phenotype and genotype data of the extreme rescuers and 

extreme submissives in the mapping population (Figure 3.4 and Figure 3.5). This is to 
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determine whether TTG2 or EGL3 is the maternal modifier in Bla-1. To analyse the 

presence and direction of segregation distortion, an equal segregation ratio between 

Col-0 and Bla-1 alleles (AA=BB) was expected in each marker as the original genotypes 

were from the individuals displaying extreme phenotypes in the RIL population. The 

Chi-square analysis showed a high level of homozygosity and no segregation distortion 

between the Col-0 and Bla-1 alleles in the analysed RILs (Figure 3.5A). Therefore, all 

the heterozygous alleles were excluded from further analysis in Figure 3.5B and C. 

Furthermore, the results showed a significantly low association of Bla-1 alleles (within 

the extreme rescuers) and Col-0 alleles (within the extreme submissives) at the EGL3 

locus (Figure 3.5B and C). This indicates a weak association of the maternal rescue 

phenotype with this candidate gene.  

On the other hand, there is a significantly high presence of Bla-1 alleles among 

the extreme rescuers within the TTG2 locus (Figure 3.5B). This was further confirmed 

with the significant association of low mean seed weight (due to the presence of Col-0 

alleles) in the extreme submissives within this locus (Figure 3.5B and C). Thus, based on 

the resolution of this mapping, the Bla-1 maternal rescue gene is significantly 

associated with the region of the TTG2 locus.  

 

Figure 3.4: A negative correlation between the two phenotype data used for QTL mapping. 
The order of each RIL x Col4x (a dot) was derived by sorting the genotype data and mean seed 
weight with the percentage of seed death. All the individuals with red dots represent the 
twenty extreme submissives, while those in blue dots are the twenty extreme rescuers.  The 
extreme submissives are characterised by a high proportion of inviable seeds and a low mean 
seed weight. 
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c. The TTG2 alleles are significantly associated with an increased mean seed weight 

 

A. No segregation distortion in all the markers linked to both 

candidate genes 

 

  
Observed  

Expected   

Locus AA AB BB 

 
 
(AA=BB) 

χ2 
p-value 
(df=1) 

Expected ratio 
(AA=BB)? 

c1_23381 (EGL3) 20 1 19 20 0.823063 Accept 

c1_25698 (EGL3) 18 2 20 20 0.654721 Accept 

c2_15252 (TTG2) 23 0 17 20 0.502335 Accept 

c2_17606 (TTG2) 21 0 19 20 0.823063 Accept 

 

Figure 3.5: The Bla-1 and Col-0 alleles linked to TTG2 segregated with the maternal rescue phenotype among the 

40 RILs with extreme phenotypes. A and B: Two distinct Chi-square analyses confirmed the overall segregation 

patterns of the markers used and their significant segregation ratios within the two phenotypes studied. AA: Col-0 

alleles; AB: Heterozygous; and BB: Bla-1 alleles. *, **, *** and ns refer to significance at p<0.05, p<0.01, p<0.001 

and p>0.05 respectively.   C: The Col-0 and Bla-1 alleles at the TTG2 locus confer a significantly different mean seed 

weight when compared with the other controls. The error bars are the standard error of the mean. 

         Observed Expected    

B. 
 

Locus AA BB (AA=BB) 

χ2 
p-value 
(df=1) 

Expected 
ratio 
(AA=BB)? 

Submissives       

 c1_23381 (EGL3) 14 6 10 0.074 Accept 

 c1_25698 (EGL3) 10 10 10 1 Accept 

 c2_15252 (TTG2) 17 3 10 0.002 Reject 

 c2_17606 (TTG2) 16 4 10 0.007 Reject 

Rescuers       

 c1_23381 (EGL3) 6 13 9.5 0.108 Accept 

 c1_25698 (EGL3) 10 8 9 0.637 Accept 

 c2_15252 (TTG2) 6 14 10 0.074 Accept 

 c2_17606 (TTG2) 5 15 10 0.025 Reject 
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3.2.2 The C24 maternal rescue loci map to two chromosomal regions 

3.2.2.1  Trait analysis for bulked segregant analysis  

Bulked segregant analysis (BSA) is used to map the causal loci underlying a trait, 

based on the data from distinct bulks displaying extreme phenotypes in a population 

(Song et al., 2017; Abe et al., 2012). In this section, the BSA method was utilised to 

map the maternal modifier of Col-killing in the C24 accession.  C24 is an excellent 

rescuer previously identified by Bolbol, 2010. This accession is glabrous, and it is 

genetically distant from the other glabra accessions like Col-0, Bla-1, Ler and Cvi 

(Törjek et al., 2003).  Unlike Tsu-0, Ler-0 and Bla-1, there is currently no access to the 

Col-0 x C24 permanent mapping population in the A. thaliana research community. 

Similar to QTL mapping, the BSA technique also needs a suitable segregating mapping 

population (Zou et al., 2016; Takagi et al., 2013; Collard and Mackill, 2008). BSA is a 

high-resolution mapping, and temporary F2 mapping populations are frequently used 

in different BSA pipelines (Zhang et al., 2021; Wachsman et al., 2017; Abe et al., 2012). 

Therefore, this study developed a temporary F2 population derived from an intercross 

between Col-0 and C24 to map the C24 maternal modifier candidates. 

To analyse the inheritance pattern of maternal rescue in the C24 accession, an 

intercross between Col-0 (a submissive parent) and C24 (parent with maternal rescue) 

was used to develop 18 F1 individuals.  The majority of these individual F1s segregated 

for a mean seed weight that is close to that of an average Col4x tetraploid, and the 

general distribution of mean seed weight values across the F1 population does not 

satisfy the tests for normality (Figure 3.6). This indicates that the level of maternal 

rescue exhibited by C24, the donor parent is dominant.  An F1 individual was selfed to 

develop a segregating and normally distributed F2 population (n = 83) (Figure 3.7). 

Furthermore, the Chi-square data showed that the segregation ratios of the recorded 

phenotypes of the 83 individuals in the F2 do not fit into the expected ratio for a typical 

F2 population (1AA:2AB:1BB) at p<0.001 (Figure 3.7C). The segregation distortion of the 

phenotypes is skewed towards a larger proportion of rescuers with a significantly high 

mean seed weight (>25μg). This further confirmed a 3:1 (rescuers: submissives) 

segregation pattern (Figure 3.7C). Thus, the C24 maternal rescuer allele is highly 

transmissible, and the F2 population derived is suitable for BSA mapping (Figure 3.7).  
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                                  C.   Tests of Normality for F1s 

 

Kolmogorov-Smirnova Shapiro-Wilk 

Statistic Df Sig. Statistic Df Sig. 

Mean seed weight .172 17 .194 .896 17 .057 

a. Lilliefors Significance Correction 

                    

Figure 3.6: The high mean seed weight of 18 biological replicates of (Col-0 x C24)F1 triploid 

seeds demonstrate that the C24 maternal rescuer allele is dominant. A: The seed images 

showing the maternal rescue phenotype of (Col-0 x C24)F1 crosses relative to their parental 

controls. All the images were taken at a 10x magnification, and the scale bar in blue is 1mm. B: 

The mean seed weight of the (Col-0 x C24)F1 population used for BSA is significantly higher 

than that of an average Col-0 triploid. The error bars are standard error of the mean. C: The 

(Col-0 x C24)F1 population is not normally distributed, indicating that the C24 maternal rescue 

phenotype is genetically pronounced among all the F1 individuals.
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                                                   C.  Chi-square data for F2 phenotype segregation ratios 

 

 

 

Figure 3.7: Distribution of the mean seed weight phenotype of the F2 population used for BSA. A: The F2 
population was compared with different parental controls (shown on the left of the data field). The resultant mean 

seed weight data for each F2 crossed to a Col4x pollen parent is shown in ascending order from left to right. The performance of these F2s compared to their Col-0 and C24 parents 
were used in grouping the individuals into the appropriate pools. The error bars are standard errors of the mean. B: The (Col-0 x C24)F2 population is normally distributed, 
indicating that the C24 maternal rescue phenotype has truly segregated in the F2 population. C: A Chi-square test showing that the segregation pattern of the C24 maternal 
modifier deviates from the expected ratio and is dominant. AA: Extreme Submissives (Like Col-0 xCol4x; seed weight >15μg); AB: Intermediate rescuers (Like Col-0 selfed; seed 
weight from 17μg to 24μg); and BB: Rescuers (seed weight >25μg).  ***: Significant at p<0.001.                           
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B. Tests of Normality for F2s 

 

Kolmogorov-Smirnova Shapiro-Wilk 

Statistic Df Sig. Statistic Df Sig. 

Mean seed 

weight 

.135 82 .001 .924 82 .000 

a. Lilliefors Significance Correction 

 

AA  AB BB χ2 
(1AA:2AB:1BB) 
Df=2 

Fits into the 
expected ratio 
(1AA:2AB:1BB)?  

χ2 
(1AA:3BB) 
Df=1 

Fits into the 
dominance ratio 
(1AA:3BB)? 

15 16 52 64.3253*** Reject 3.281124 Accept 
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3.2.2.2              BSA Analysis 

3.2.2.2.1 Sequencing of the four BSA bulks 

Mapping by sequencing is a method of discovering causal mutations or regions 

with causal mutations in extensive backgrounds displaying different polymorphism 

patterns. The protocol requires a reference genome and the resequencing of the entire 

genomes of the mapping populations. The whole-genome resequencing (WGRS)-based 

BSA method is based on two DNA bulks with distinct phenotypes for the trait studied, 

and these bulks are often derived from a segregating population obtained from a 

single inter-cross (Song et al., 2017). Using the results of the phenotypic analysis of the 

F2s described in the previous section, the DNA from 20 submissives and 25 rescuers 

were separately bulked into a submissive (XC24F2-3A) bulk and a rescuer (XC24-31A) 

bulk. The same quantity of DNA samples obtained from each parental line (Col-0 bulk 

and C24 bulk) were also separately isolated for sequencing.  Each of the DNA bulks was 

used to construct 150bp paired-end sequencing libraries, and these were sequenced 

on a DNBseq platform. Adapter sequences and low-quality reads were excluded from 

the raw reads and, the quality of the clean reads obtained was analysed with FASTQC.  

The clean data obtained for each sample ranged from 34,664,068 reads in 

C24 to 32,342,546 reads in Col-0, indicating that the data coverage is sufficient for 

statistical analysis (Table 3.1). The Q20 values (Table 3.1) also ranged from 98.28% in 

Col-0 to 98.06% in the rescuer bulk, fulfilling the sequence quality requirements 

(Korostin et al., 2019; Guo et al., 2013). The GC content of all the bulks was between 

36.92% and 36.47%, an acceptable standard for sequence analysis (Guo et al., 2013). 

The qualified clean data obtained were aligned and mapped to the Arabidopsis Col-0 

reference genome using the default settings of the BWA software (Langmead and 

Salzberg, 2012). The alignment results were used to estimate the mapping rate and 

coverage (Table 3.1). Using the TAIR 10 Col-0 reference genome, the mapping rate of 

each bulk ranged from 94.64% (Col-0) to 79.28% (C24). Thus, these results are in the 

normal range making the clean reads qualified for the downstream pipelines involving 

variant detection and bulked segregant analyses.  
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Table 3.1: The sequencing results following data treatment and quality control 

Pool ID 
C24-A 
(Rescuer 
parent)  

Col-0-1A 
(Submissive 
parent) 

XC24-31A 
(Rescuer 
pool) 

XC24F2-3A 
(Submissive 
pool) 

Clean Reads  34,664,068 32,342,546 34,661,342 34,655,204 

Clean bases 5,199,610,200 4,851,381,900 5,199,201,300 5,198,280,600 

Read length 
(bp) 

150 150 150 150 

Q20 (%) 98.1 1 98.28 98.06 98.1 8 

GC (%) 36.92 36.73 36.83 36.47 

Mapped reads 27,483,699 30,608,387 28,361 ,391 28,782,996 

Uni_hit_reads 22,807,958 26,1 33,573 23,855,298 24,286,852 

Total Mapping 
Ratio (%) 

79.28 94.64 81 .82 83.06 

Uniquely 
Mapping Ratio 
(%) 

65.80% 80.8 68.82 70.08 

 

A description of the major terms used for sequence data generation 

1. Clean reads: The total number of clean reads.                                                                                                              
2. Clean bases: The resultant valid data obtained from a sequence after the filtration of low-quality 
reads, and this is calculated by the total number and total length of sequences in clean data.                                                     
3. Read length (bp): The range of reads produced by the sequencers usually in the range of 100-500bp
       4. Q20 (%): Q20 is the percentage of bases with a higher Phred score of more than 20 in 
total bases       5. GC (%): A sequence distribution analysis for detecting and analysing the 
presence of AT or GC separation.    6. Mapped reads: All the number of clean reads mapped to the Col-0 
reference assembly (single-end reads and reads in pairs).                                                                                                                                                                           
7. uni_hit_reads: The percentage of reads mapping to only one location of the reference genome                                                                                                                                                            
8. Uniquely Mapping Ratio (%): This is the ratio of uniquely mapped reads to the total sequenced clean 
reads. Also known as Mapping rate (%). 

 
3.2.2.2.2 BSA mapping identified two major loci in the C24 ecotype 

Bulked segregant analysis (BSA) is a technique for candidate gene and QTL 

identification. MutMap is a BSA mapping tool for the rapid detection of mutant loci 

between a cross of a mutant line to a wild-type parental line. Just like the other BSA 

methods like QTL-seq, MutMap also requires whole-genome resequencing. It has been 

used to map different causative loci in many crop species as it is adaptable to a small 

number of progenies. This minimises the total number of genetic crosses to generate 

progenies and the required population size of the mutant progenies used for mapping 

(Abe et al., 2012; Takagi et al., 2013).  

In this study, two extreme DNA bulks (20 submissives and 25 rescuers) were 

selected for BSA. The genome mapping results of the parental lines and bulks were 
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subjected to variant (SNP and InDel) detection and annotation using the GATK 

(Genome Analysis Toolkit). High-quality SNPs that are also homozygous between Col-0 

and C24 were chosen for SNP-index analysis and a SNP-index was analysed for all SNP 

sites in both the rescuer and submissive bulks (Abe et al., 2012). The SNP index value 

was derived from all the polymorphic SNP sites between the parental lines.  A ΔSNP-

index was also calculated, and this is the difference in the SNP-index of the two 

progeny pools following the exclusion of all SNPs with a SNP-index that is below 0.3 in 

the two pools.  

A genome-wide SNP-index comparison between the rescuer and submissive 

bulks based on C24 alleles is displayed as Manhattan plots with SNP density for each 

pool and a ΔSNP-index for both pools (Figure 3.8). Three main regions were detected 

based on the prominent SNP clusters in Figure 3.8. First, a broad region from the 

middle to the lower arm on chromosome 2 with two sub-regions: a 2Mb region with 

the biggest peak between 11Mb and 13Mb and a smaller but lower peak at 14.5Mb. 

Another candidate interval was also found on chromosome 4 between 9.3 to 9.7Mb. 

The 2Mb region on chromosome 2 and the region located on chromosome 4 both 

differed significantly in the two pools, with the rescuers possessing a higher SNP 

density of 0.9 to 1. Among these, 8 SNPs were found with a SNP index of 1 in this 

region. In addition, there were four unique SNPs distinguishing the rescuer pool from 

the submissive pool (the red circles in the ΔSNP-index section of Figure 3.8, refer to 

section 3.2.3.1 for further details). The entire area identified on chromosome 2 

corresponds to the DSL region of TTG2 previously mapped in Bla-1 (this study) and Ler-

0 (Dilkes et al., 2008). The predominance of a differential SNP-index value of 1 in these 

regions is a strong indication of some essential C24 alleles in the rescuers that have 

been depleted in the submissive bulk. Therefore, these are the genomic locations of 

the causal mutations underlying the differences in the maternal rescue phenotypes in 

Col-0 and C24.  
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Figure 3.8: Manhattan plots showing SNP-index distribution. The y-axis represents the SNP-index for each plot, and the x-axis represents each SNP position along chromosomes      
in Mb. The blue dots indicate the SNP-index of each SNP at a fixed position; the target sites are marked with red arrows. The arrows' direction indicates a region of high (arrows 
pointing up) or low (arrows pointing down) SNP index.  All the red circles indicate unique SNPs between the rescuer and submissive bulks with a SNP index of 1.
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3.2.3 Candidate gene analysis 

3.2.3.1  Unique SNP indices differentiated the two progeny pools 

In addition, the SNP indices that are present in one parental pool but absent in the 

other pool were scanned across the genome using the ΔSNP-index of the two bulks. It is 

generally expected in MutMap that ΔSNP-index has a positive value of 1 near the causal 

variant(s) and a value of 0 near other unlinked loci.  The genomic location for these 

candidate SNP(s) was determined using the ΔSNP-index between the rescuer and 

submissive pools, and this value, together with the SNP-index were listed along all 

chromosomes (Table 3.2).   

Four significant SNPs were spotted in the rescuer pool (the red circles in Figure 

3.7). These are two on chromosome 1; one on chromosome 2; another one on 

chromosome 4 and three other SNPs with a SNP index between 0.9 and 1. None of these 

genes possessed any non-synonymous polymorphism between the F2 (rescuer and 

submissive) pools used for the mapping (Table 3.2).  However, other non-synonymous SNP 

mutations are present in the parental C24 variants of these genes, with ATENT7 having the 

highest mutations within its CDS. Two of these genes are also essential genes in seed 

development: AGL33, a MADS-box transcription factor with an endosperm-specific 

expression in early seed development; and ARA12, a seed coat development gene vital for 

testa development and mucilage deposition. Thus, based on these high SNP indices, these 

genes could correspond to the locations of the casual mutations underlying maternal 

rescue in the rescuer pool.  

3.2.3.2 A group of candidate genes were prioritised with significant biological processes 

Two regions with large SNP clusters were mapped for maternal rescue in C24, and 

these are located on chromosomes 2 and 4 (Figure 3.7). The other regions found were 

single SNP sites, and the candidate genes containing these SNPs were identified (the red 

circles in Figure 3.7, refer to Table 3.2 for the candidate genes).  As the population size 

used for the mapping is relatively small, the variations observed within the regions 

mapped in the two pools were not neglected; thus, the size of each region was determined 

using the whole SNP cluster. To identify the candidate genes in the two large regions, first, 

all the genes residing in each region were retrieved from the UCSC genome browser using 

the genetic coordinates of the SNP markers flanking each separate region. 
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Table 3.2: Unique SNPs distinguishing the rescuer and submissive bulks  

 

 

 

 

Δ SNP index = 1: The SNP from the pooled DNA uniquely represents one parental bulk only.                                                                                                            

CDS: Coding sequence. 

 

 

Chr. 
Chr. position 

Unique 
SNP 

Submissive 
pool 

Rescuer 
pool Δ SNP index 

Non-synonymous 
SNPs in any of the 
F2 pools? 

Other non-synonymous SNPs 
within the parental CDS 

1 22,744,320 A G A 1 No 18  in C24 

1 27,597,598 A T A 1 No 6 in C24 

2 11,207,034 A G A 1 No 3 in C24 

4 4,452,505 T C T 1 No 4 in C24 

4 8,732,562 C C A 0.928571 No 9 in C24 

5 26,872,291 C T C 0.952381 No 1 in C24 

5 26,872,309 G A G 0.947368 No 1 in C24 

Chr. Chr. Position Gene ID Gene (alias/name) 

1 22,744,320 AT1G61630 ATENT7, ENT7, EQUILIBRATIVE NUCLEOSIDE TRANSPORTER 7 

1 27,597,598 AT1G73400 Pentatricopeptide repeat (PPR) superfamily protein 

2 11,207,034 AT2G26320 AGL 33, AGAMOUS-LIKE 33 

4 4,452,505 AT4G07664 Transposable element gene; gypsy-like retrotransposon family  

4 8,732,562 AT4G15300 CYP702A2, CYTOCHROME P450 

5 26,872,291 AT5G67360 ARA12, SBT1.7, SUBTILISIN-LIKE SERINE PROTEASE 1.7 

5 26,872,309 AT5G67360 ARA12, SBT1.7, SUBTILISIN-LIKE SERINE PROTEASE 1.7 
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The region on chromosome 2 is the largest, with a total of 225 gene variants, while the 

chromosome 4 region contains 122 gene variants. GO enrichment analysis was 

evaluated with the agriGO toolkit, and all the Significant GO terms in terms of 

biological processes (BPs) associated with each QTL region was analysed. The 

significance level of all the over-represented biological processes was scrutinised with 

Fisher’s exact test, and the Hochberg false discovery rate was adopted multiple testing 

adjustment (p ≤ 0.01).  Though there are other methods of candidate gene 

identification, the GO enrichment analysis is useful for candidate gene prediction by 

linking the trait of interest to overrepresented biological processes (Bargsten et al., 

2014). 

A total of 37 biological processes are enriched in these two regions, with seven 

BPs significant at chromosome 2 and 9 significant BPs on chromosome 4 (FDR < 0.05). 

The enrichment analysis (Figure 3.9) of the different BP categories of the genes in the 

QTL hotspot on chromosome 2 revealed system development (GO:0048731) and organ 

development (GO:0048513) as the top BP processes (p ≤ 0.01; FDR ≤ 0.01); with an 

identical gene number and identity within these GO terms.  Most of these genes are 

described on TAIR with existing BP terms related to transcription factor activity, cell 

proliferation, epigenetic regulation of gene expression, auxin-mediated signalling, 

regulation of anthocyanidin biosynthetic process and post-embryonic organ 

development. In contrast to these, the top BP processes enriched within the QTL 

region on chromosome 4 are immune system process (G0:0002376), immune response 

(G0:0006955) and innate immune response (GO: 0045087); all with an equal number 

of genes. While the resultant gene list on chromosome 2 mainly contains some genes 

involved in seed development, the region on chromosome 4 contains genes directly 

involved in plant defence against pathogens (Table 3.3 and 3.4). In summary, the 

enrichment analysis narrowed down candidate genes within the regions mapped to 17 

prime candidates: 8 genes on chromosome 2 and 9 genes on chromosome 4.  
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Figure 3.9: Significantly predominant BPs in the gene sets analysed within each candidate 

gene region. A and B represent the GO enrichment analysis for the candidate genes in the 

candidate regions on chromosome 4 and 2, respectively. The key for ranking and interpreting 

the GO terms is displayed on the right side. Each coloured grid in the key represents the 

differences in the statistical significance of each GO term: the group in the red box are the top 

GO terms with the highest significant levels, whereas the group in the yellow box are the least 

significant. All the items in plain boxes are not significant.  

Positively regulates 

Negatively regulates 
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Table 3.3: A list of the candidate genes within the region mapped on chromosome 2 

Gene ID Chromosome Position Gene Alias Original GO terms of candidate genes 

AT2G28610 chr2:12,262,013-
12,263,415 

PRS (PRESSED 
FLOWER) 

GO:0009943 adaxial/abaxial axis 
specification 
GO:0003700 transcription factor activity 
GO:0009908 flower development 
GO:0008283 cell proliferation 

AT2G28290 chr2:12,056,213-
12,073,083 
 

SYD (SPLAYED) GO:0016585 chromatin remodelling 
complex 
GO:0043044 ATP-dependent chromatin 
remodelling 
GO:0040029 regulation of gene 
expression, epigenetic 
GO:0009611 response to wounding 
GO:0003682 chromatin binding 

AT2G27530 chr2:11,763,217-
11,764,845 
 

PGY1 
(PIGGYBACK1) 

GO:0048569 post-embryonic organ 
development 
GO:0009955 adaxial/abaxial pattern 
formation 
GO:0006412 translation 

AT2G28550 chr2:12,225,842-
12,228,543 
 

RAP2.7 
(RELATED TO 
AP2.7) 

GO:0003700 transcription factor activity 
GO:0006355 regulation of transcription, 
DNA-dependent 
GO:0009887 organ morphogenesis 
GO:0010228 vegetative to the 
reproductive phase transition 

AT2G27250 chr2:11,664,986-
11,665,768 
 

CLV3 
(CLAVATA3) 

GO:0009934 regulation of meristem 
structural organisation 
GO:0045168 cell-cell signalling involved 
in cell fate specification 
GO:0007165 signal transduction 

AT2G27230 chr2:11,650,358-
11,654,116 
 

LHW 
(LONESOME 
HIGHWAY) 

GO:0003700 transcription factor activity 
GO:0045449 regulation of transcription 
GO:0010078 maintenance of root 
meristem identity 
GO:0042803 protein homodimerisation 
activity 

AT2G28350 chr2:12,114,331-
12,116,848 

ARF10 (AUXIN 
RESPONSE 
FACTOR 10) 

GO:0009734 auxin mediated signalling 
pathway 
GO:0003700 transcription factor activity 
GO:0006355 regulation of transcription, 
DNA-dependent 
GO:0048829 root cap development 
GO:0051301 cell division 
GO:0031540 regulation of anthocyanin 
biosynthetic process 

AT2G27990 chr2:11,921,433-
11,924,698 

BLH8 (BEL1-LIKE 
HOMEODOMAIN 
8) 

GO:0016585 chromatin remodelling 
complex 
GO:0010199 organ boundary 
specification between lateral organs 
and the meristem 
GO:0043044 ATP-dependent chromatin 
remodelling 
GO:0040029 regulation of gene 
expression, epigenetic 
GO:0009611 response to wounding 
GO:0003682 chromatin binding 
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Table 3.4: A list of the candidate genes within the region mapped on chromosome 4 

 
Gene ID 

 
Chromosome Position 

 
Gene Alias 

 
Original GO terms of candidate 
genes 

AT4G16990 chr4:9,560,135-9,565,453 
 

RLM3 (RESISTANCE TO 
LEPTOSPHAERIA 
MACULANS 3) 

GO:0009817 defence response to 
fungus, incompatible interaction 
GO:0009861 jasmonic acid and 
ethylene-dependent systemic 
resistance 

AT4G16890 chr4:9,500,506-9,505,455 SNC1 (SUPPRESSOR OF 
NPR1-1, CONSTITUTIVE 
1) 

GO:0009733 response to auxin 
stimulus 
GO:0009862 systemic acquired 
resistance, salicylic acid-mediated 
signalling pathway 
GO:0009816 defence response to 
bacterium, incompatible 
interaction 

AT4G16860 chr4:9,488,466-9,495,816 RPP4 (RECOGNITION 
OF PERONOSPORA 
PARASITICA 4) 

GO:0009817 defence response to 
fungus, incompatible interaction 
GO:0030275 LRR domain binding 

AT4G16950 chr4:9,538,798-9,544,467 
 

RPP5 (RECOGNITION 
OF PERONOSPORA 
PARASITICA 5) 

GO:0009817 defence response to 
fungus, incompatible interaction 
GO:0000166 nucleotide binding 

AT4G16900 chr4:9,511,859-9,516,541 SNC1 (SUPPRESSOR OF 
NPR1-1, CONSTITUTIVE 
1)* 

GO:0045087 innate immune 
response 
GO:0006915 apoptosis 
GO:0005524 ATP binding 
GO:0004888 transmembrane 
receptor activity 
GO:0007165 signal transduction 
GO:0005515 protein binding 
GO:0031224 intrinsic to 
membrane 

AT4G16940 chr4:9,533,149-9,537,604 TIR-NBS-LRR class 
(putative) 
(TAIR:AT4G16960.1)* 

GO:0045087 innate immune 
response 
GO:0006915 apoptosis 
GO:0017111 nucleoside-
triphosphatase activity 
GO:0007165 signal transduction 

AT4G16960 chr4:9,546,343-9,551,007 ATP binding / 
nucleoside-
triphosphatase/ 
nucleotide binding / 
protein binding / 
transmembrane 
receptor 
(TAIR:AT4G16940.1)* 

GO:0045087 innate immune 
response 
GO:0006915 apoptosis 
GO:0004888 transmembrane 
receptor activity 
GO:0007165 signal transduction 

AT4G16990 chr4:9,560,135-9,565,453 
 

RLM3 (RESISTANCE TO 
LEPTOSPHAERIA 
MACULANS 3) 

GO:0009817 defence response to 
fungus, incompatible interaction 
GO:0009861 jasmonic acid and 
ethylene-dependent systemic 
resistance 

AT4G16930 chr4:9,529,564-9,530,115 RPP5 (RECOGNITION 
OF PERONOSPORA 
PARASITICA 5)* 

GO:0045087 innate immune 
response 
GO:0004888 transmembrane 
receptor activity 
GO:0007165 signal transduction 

    *Best A. thaliana protein match 
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3.2.3.3  The association of candidate genes with maternal rescue using allele 

frequencies and the detection of non-synonymous SNPs (nsSNPs) 

The resequencing data previously obtained was screened to associate allele 

frequencies to candidate genes. To achieve this, the regions mapped on chromosome 

two and four were screened for the presence of differential SNPs with allele 

frequencies close to 1.  A total of 7 SNP clusters clearly distinguished the rescuer pool 

from the submissive pool with a SNP-index greater than 9 and a ΔSNP-index close to 

0.5 (Table 3.5). Three of these SNP clusters were situated within the intergenic region 

of two candidate genes, while the rest were found within the exonic regions of the 

candidate genes containing them.  Among all these genes, ABCB1 possessed the 

highest non-synonymous SNPs in the C24 ecotype; however, this gene and the other 

candidates do not have any non-synonymous SNPs within the SNP clusters of the F2 

pools. Thus, these SNP distributions strongly suggest that non-synonymous SNP 

substitutions may not be necessarily associated with maternal rescue; however, the 

candidate gene involved may still possess some significant substitutions in their coding 

regions.   

The largest SNP clusters on chromosome2 are approximately 4Mb away from 

TTG2 and are located between 11.23Mb and 12.11Mb within the vicinity of these 

genes: IQD4, UGT76D1, ARF10, GATA13; and an embryonic stem cell-specific 5-

hydroxymethylcytosine-binding protein. Followed by these are two small SNP clusters 

flanking TTG2, and the genes containing these SNPs are ABCB1, ARABIDOPSIS 

THALIANA P GLYCOPROTEIN1 and ZAT11, a ZINC FINGER OF ARABIDOPSIS THALIANA. 

Two peaks of SNP clusters were also detected on chromosome 4; however, only the 

region around 9.43Mb to 9.45Mb clearly distinguished the rescuer bulks from the 

submissive bulks with a SNP index of 1 and 0.54, respectively. These results showed 

the detection of three peaks in total, a strong indication that three candidate genes 

could be potentially recruited by the C24 ecotype to mitigate the lethality induced by 

Col4x pollen.  

A comparative analysis of these candidate genes detected within each region 

regarding the traits they control revealed a sub-set of genes based on some common 

features. ARF10 and GATA13 (chromosome 2); ANAC071 and ATHB-2 (chromosome 4) 
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play critical roles in cell expansion and cell proliferation (TAIR 10 gene description). 

ARF10, ABCB1, ANAC071, ATHB2 are involved in auxin-dependent responses and 

signalling, but only ARF1O and ABCB1 are expressed in Arabidopsis seeds and are 

involved in the growth dynamics during seed development. Among these genes, auxin 

response factors (ARFs): the components that act in the promoters of auxin-regulated 

genes to activate or repress their transcription are widely studied in Arabidopsis.  

MIR160B is another ARF found within the candidate region of chromosome 4 

(Chr4:9,888,986-9,889,985), and it encodes a specific microRNA targeting several ARF 

family members including ARF10, ARF16, ARF17. In summary, the association of these 

genes to the regions mapped on both chromosomes indicate that a common genetic 

mechanism deeply rooted in cell proliferation, cell expansion and auxin signalling is 

sufficient to differentiate the rescuer bulks from the submissive bulks.  

In summary, the BSA mapping described in this chapter identified a total of 34 

genes. Five of these genes contained significant SNPs that distinguished the two BSA 

bulks (the red circles in Figure 3.7, Table 3.2). The other 29 genes were found within 

the broad regions mapped on chromosome 2 and 4 (Table 3.3, 3.4 and 3.5). All the 16 

genes found within the chromosome 2 region appear to be related to seed 

development, whereas the chromosome 4 region contained genes involved in 

pathogen defence (Table 3.3 and 3.5). The chromosome 2 region is within the vicinity 

of TTG2, a maternal modifier of F1 triploid lethality in the Ler accession (Dilkes et al., 

2008). However, there was no significant polymorphism distinguishing the TTG2 allele 

of the two bulks used for mapping. Based on their relevant biological processes (BPs), 

the high frequency of non-synonymous SNPs and high SNP indices discriminating the 

two pools, ATENT7, AGL33, CYP702A2, ARA12, IQD4, GATA13, ARF10, ABCB1, and 

ATHB-2, are likely to be the maternal modifier candidate genes underlying the regions 

mapped. 
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Table 3.5: A list of the candidate genes retrieved from chromosome 2 and 4 based on non-synonymous SNPs and allele frequencies 

Gene ID Gene alias Location Number of 
SNP indices> 
0.9 in 
Rescuer bulk 

Non-
synonymous 
SNPs in C24 
(compared 
to Col-0) 

Are the SNPs 
detected in 
the Rescuer 
pool non-
synonymous 
mutations? 

Average 
SNP 
index of 
Rescuer 
bulk 

Average 
SNP index 
of 
Submissive 
bulk 

Proximity to 
TTG2 
(15,645,277Kb) 

AT2G26410 IQD4, IQ-DOMAIN 4 chr2:11,234,651-11,236,936 4 9 No 0.97 0.50 4,411Kb 

AT2G26470 
 
 
AT2G26470 
 

An embryonic stem cell-specific 
binding protein 
 
UGT76D1, UDP-GLUCOSYL 
TRANSFERASE 76D1 

chr2:11,260,480-11,264,602 
 
 
chr2:11,263,963-11,268,962 

9 
 
 
 

3 
 
 
No 

No 
 
 
No 

0.94 
 
 
0.94 

0.54 
 
 
0.54 

4,385Kb 
 
 
4,382Kb 

AT2G28340 
 
 
AT2G28350 

GATA13, GATA TRANSCRIPTION 
FACTOR 13 
 
ARF10, AUXIN RESPONSE 
FACTOR 10 

chr2:12,103,672-12,106,172 
 
 
Chr2:12,114,331-12,116,848 

5 12 
 
 
4 

No 
 
 
No 

0.97 
 
 
0.97 

0.56 
 
 
0.56 

3,542Kb 
 
 
3,531Kb 

AT2G36910 ABCB1, ARABIDOPSIS THALIANA 
P GLYCOPROTEIN1 

Chr2:15,502,162-15,507,161 4 35 No 0.93 0.55 143Kb 

AT2G37430 ZAT11, ZINC FINGER OF 
ARABIDOPSIS THALIANA 11 

Chr2:15,706,454-15,707,453 2 1 No 1 0.39 61Kb 

AT4G16770 
 
 
 
AT4G16780 

2-oxoglutarate (2OG) and Fe(II)-
dependent oxygenase 
superfamily protein 
 
ATHB-2, ARABIDOPSIS 
THALIANA HOMEOBOX PROTEIN 
2  

Chr4:9,434,571-9,439,570 
 
 
 
 
Chr4:9,449,291-9,454,290 

4 
 
 
 
 
 
 

3 
 
 
 
 
9 

No 
 
 
 
 
No 

1 
 
 
 
 
1 
 

0.54 
 
 
 
 
0.54 

Chromosome4 

AT4G17980 
 
 
AT4G17990 

ANAC071, NAC DOMAIN 
CONTAINING PROTEIN 71,  
 
hypothetical protein 

Chr4:9,978,850-9,983,849 
 
 
Chr4:9,984,723-9,989,722 

5 0 
 
 
0 

No 
 
 
No 

0.94 
 
 
0.94 

0.65 
 
 
0.65 

Chromosome 4 
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3.3 Discussion 

3.3.1 Mutmap facilitated the identification of two genomic regions in C24 

Previous MutMap-based experiments in Arabidopsis, barley, rice, and other 

plants have mainly mapped candidate genes in ethyl methanesulfonate–mutagenised 

(EMS) mutants using the peculiar SNPs inserted through mutagenesis as the candidate 

SNPs (Abe et al., 2012; James et al., 2013; Mascher et al., 2014). The MutMap protocol 

and pipelines are like the ones employed in SHOREmap and NGM: the primary BSA 

methods used to map candidate genes in F2 progenies. However, where the former 

requires a few F2 progenies (10 to 20), the latter two require a more significant F2 

progeny of 500 and >50, respectively (Schneeberger et al., 2009; Austin et al., 2011). 

Another main difference is that in EMS-based mutmap, only the mutant pool and 

wildtype pool are needed, whereas, in QTL-seq, SHOREMAP and NGM, at least one of 

the wildtype parental pool is needed alongside two distinct extreme progeny pools for 

comparing allele frequencies. This study adapted a MutMap protocol for rapidly 

mapping the candidate loci responsible for the maternal modifier trait in C24 using two 

small bulks (20 submissives and 25 rescuers) from a segregating Col-0 x C24 F2 

population of 85 individuals. Two major candidate regions were found: a larger locus 

on Chromosome 2 within the vicinity of TTG2 and a smaller part on chromosome 4 in 

proximity to BIN4.  

There are many reasons for detecting two significant loci with a SNP-index = 1 

distinguishing the rescuer and submissive bulks. The first and foremost reason is that a 

broader SNP cluster detected only in the rescuer bulk indicates that this region 

contains the causal mutation harbouring the candidate genes responsible for maternal 

rescue in C24. Secondly, one of these regions contains the sole maternal modifier 

candidate. The second region may possess additional casual SNPs or other mutations 

required for maternal rescue (Abe et al., 2012). However, it is notable that some 

irrelevant homozygous SNPs not useful to the phenotype (false positives) could 

become fixed in the F2 generation of all the rescuers (Fekih et al., 2013).  Another 

possible explanation is recombination deficiency; for instance, the region mapped on 

chromosome 4 is closer to the centromere of this chromosome where genetic 

recombination is less likely to occur. Notwithstanding, the magnitude and dominance 

of the SNP-index of 1 cluster in these two regions strongly indicate the presence of at 
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least two strong maternal modifier candidates in the C24 accession. However, the 

segregation ratio (rescuer to submissive ratio of 3:1) observed in the F2s used for 

mapping suggested the presence of a single, dominant maternal modifier gene. 

In summary, the small F2 mapping population used in this study was sufficient 

to map the two target loci contributing to the maternal rescue trait in C24 using 

whole-genome MutMap analysis. In these two regions, a SNP cluster with a C24 allele 

frequency of 1 specific to the rescuer bulk rules out the possibility of false positives. 

Further work is needed to determine the candidate genes in these regions and 

ascertain whether they are genetically independent or functionally linked. 

3.3.2 Similar genomic regions underlie maternal rescue in Bla-1 and C24 

Based on phenotypic differences, Bla-1, a bushy and hairy accession appears to 

be divergent from C24, another accession that is glabrous with a smaller canopy. 

However, these two ecotypes possess intrinsic maternal modifiers against the lethality 

induced by Col4x pollen. The QTL regions for Bla-1 and C24 for the maternal rescue 

trait coincided on the same areas on chromosome 2, implying a similar genetic 

mechanism underlying this trait in the two accessions. These two regions put together 

coincide with the broad Ler QTL previously mapped on chromosome 2. Many 

candidate genes with putative roles in Arabidopsis seed development were identified 

in the Bla-1 and C24 regions with TTG2, a WRKY transcription factor acting as the 

common gene shared by these QTL regions. This gene acts in the endosperm and seed 

coat to control seed size and interploidy lethality (Dilkes et al., 2008). One key finding 

is that TTG2 does not possess any significant sequence variants like non-synonymous 

polymorphisms distinguishing C24, Bla-1 and Ler rescuers from Col-0. C24 has no 

trichomes indicating a weaker allele of ttg2 than Ler-0. This implies that several 

factors, such as the low expression levels of TTG2 described in Ler underlie the 

phenotypic differences in these rescuers (Dilkes et al., 2008).  

C24 is an extreme rescuer compared to Bla-1 and Ler, and its F1 triploids have a 

higher mean seed weight with little to no shrivelled seeds. The QTLs mapped in Bla-1 

and Ler each have a weak epistatic locus detected, although these were found in 

different chromosomal regions. In contrast to these, the other allelic locus mapped in 

C24 has a higher statistical significance, dominance, and magnitude on chromosome 4. 
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This implies that other strong or maternal alleles derived from the C24 accession could 

be contributing to its higher maternal rescue. However, the different mapping 

methods used could have significantly affected the position and magnitude of the 

genomic loci detected in these different accessions. First, the MutMap method used 

for C24 is sequencing-based with a higher resolution than QTL mapping and is 

sufficient to map rarer alleles. Secondly, the QTL mapping carried out in Ler and Bla-1 

were done with immortal RIL populations with generations more advanced than the 

F2s used in MutMap, resulting in the robust detection of dominant QTLs. RILs minimise 

the background effects of heterosis and linkage drag as roughly half of all the F2 loci 

are heterozygous with a strong influence on the phenotype. Since a Col-0 x C24 RIL 

population is not yet available to the Arabidopsis community, a MutMap approach 

with an F2 population is efficient to identify the candidate loci.  

In summary, these mapping results suggest that an epistatic network of 

candidate genes are involved in maternal rescue against Col4x pollen, and C24, an 

extreme rescuer, appears to participate in stronger genic interaction than the other 

rescuers studied. 

3.3.3 Converging evidence from the different methods of candidate gene analysis 

reveals a similar network of genes controlling maternal rescue in C24 

This study combined three different methods to identify the candidate genes 

within the maternal rescue loci in C24. These include screening for candidate genes 

with a unique delta SNP index = 1 discriminating the F2 bulks, analysing genes with 

overrepresented BP terms within the regions mapped and highlighting the candidate 

genes displaying significantly high allele frequencies. The second method produced the 

highest number of candidate genes; however, in contrast to the other techniques, all 

the genes found with this analysis on chromosome 4 are involved in pathogen defence. 

A possible hypothesis accounting for this is that the prevalence of shrivelled seeds in 

the submissive progenies is a form of hybrid necrosis with a broad range of genetic 

mechanism. Five independent genetic systems have been found to underlie necrotic 

responses in plants, and one of these is the activation of some plant disease response 

genes (Bomblies et al., 2007). Thus, these defence-related genes may not play a role in 

maternal rescue in C24.  



73 
 

Excluding the output of the BP analysis on chromosome 4, most of the genes found 

on chromosome 2, including TTG2, are involved in auxin signalling and cell proliferation. 

The over-proliferation of the endosperm and seed coat normally observed in fatal 

interploidy crosses signify the key role of the genes involved in cell proliferation in the fate 

of these crosses.  Auxin has been described as the key signal regulating endosperm 

cellularisation and seed coat development as a sustained biosynthesis of this 

phytohormone significantly prevents the development of the endosperm (Figueiredo et 

al., 2016; Batista et al., 2019). However, detecting these genes involved in auxin signalling 

within the QTL regions mapped does not necessarily imply that they are the real genes 

specifying maternal rescue in the C24 ecotype. These genes could be acting downstream 

of the actual candidate gene (s) or linked to the activation of genes associated with seed 

necrosis. Since seed necrosis has been attributed to a few incompatible interactions in 

plants, these candidates require further validation to identify the primary gene.  

One of the conventional methods of validating BSA results includes genotyping the 

extreme individuals with extreme phenotypes from a segregating BSA population, in this 

case, F2s and F3s. Markers that are highly polymorphic between the two parents are often 

employed; however, this method is laborious, time-consuming and can also be masked by 

the effects of linkage drag, especially when the region(s) involved are large.  The candidate 

genes found in these regions can also be subjected to expression profiling among the 

rescuers and submissives alongside parental controls; nevertheless, this also has some 

drawbacks. The correlation of the differential expression level of a gene with the 

appropriate phenotypes does not necessarily indicate causation at the functional level. A 

few of the significantly up-regulated or down-regulated genes may be operating 

downstream of the maternal modifier response instead of being the key maternal 

modifier. Another approach to associating these candidate genes to maternal rescue is to 

test their mutants in both parental backgrounds. Since most of the mutant collections in 

Arabidopsis are in Col-0 background, it will be worthwhile first to screen a set of these 

genes in this background first to see any perturbations in the phenotype. This can be 

combined with the other lines of evidence for confirmation. Real-time quantitative 

reverse-transcription PCR (qRT-PCR) can be used to quantify and compare the expression 

levels of all the candidate genes identified in the rescuer and submissive pools. Finally, 

CRISPR-Cas9 induced mutations of the most informative genes in various backgrounds can 

help unravel their effects on the maternal rescue phenotype.  
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Chapter 4 Identifying the maternal modifier of Col-killing in Tsu-0 via QTL 

refinement 

4.1 Introduction  

4.1.1 QTL mapping of genes 

Genetic mapping involves the localisation of a group of genes or specific 

candidate gene(s) underlying the phenotypic data correlated with marker distances 

along chromosomes (Altshuler et al., 2008).  A quantitative trait locus (QTL) is a region 

within a specific genome that houses the genes controlling a particular quantitative 

trait (Collard et al., 2005). QTL mapping requires two fundamental data types: 

genotypic data (using molecular markers) and phenotypic data from a segregating 

population. Genotypic data requires the recruitment of polymorphic markers, and 

single nucleotide polymorphism (SNPs), indels and simple sequence repeats (SSRs) are 

preferred since they are highly codominant (Pacurar et al., 2012; Cosson et al., 2014). 

These data are subjected to statistical analysis to detect all marker loci (usually 

between 10–30 cM) with their allelic variation correlating with the phenotype (Salvi 

and Tuberosa, 2005).  Many QTL statistical methods have been proposed; however, 

the composite interval mapping (CIM) method overcomes the deficiencies of the 

previous methods by reducing all forms of genome background noise by highlighting 

each QTL effect with the power of both interval mapping and multiple regression (Silva 

et al., 2012). 

The genetic resources for QTL mapping include primary populations such as 

F2s, doubled haploids (DH), advanced intercross, and recombinant inbred lines (RILs) 

(Fletcher et al., 2013). Among these, RILs are immortal mapping populations with 

special recombination rates due to the repeated selfing events used to generate them, 

and each line can be reused for investigating different phenotypes (Takuno et al., 

2012). QTL mapping is followed by the functional validation of the QTL and fine-

mapping to identify the causal gene(s). This narrows down the QTL region for the gene 

of interest to around 40 kb, and the process is only possible if the mapping lines 

segregate into distinct classes (mendelises) with respect to that trait (Jander et al., 

2002; Calderon et al., 2016). Thus, the accuracy of fine mapping a QTL depends on a 

secondary population, which can either be derived from a primary mapping population 
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through further selections or a substitution population not related to the primary 

populations (Fletcher et al., 2013). The chief purpose of these populations is to remove 

various genetic background noise, thereby gaining a better precision in mapping the 

actual candidate gene(s). The former includes introgression lines such as near-isogenic 

lines (NILs), which can be a starting material for backcrossing. NILs are homogeneous 

genetic background lines harbouring genomic introgression fragments (single or 

multiple regions) from a donor parent, and their developmental steps can be hastened 

via marker-assisted selection during backcrosses (Keurentjes et al., 2007; Fletcher et 

al., 2013).  

4.2       Results 

4.2.1 Arabidopsis accessions that are nearly isogenic to Tsu-0 also display maternal 

rescue against Col4x pollen 

Near-isogenic lines (NILs) are two or more lines with identical genetic 

backgrounds except for a few distinct genetic locus or loci. Both Tsu-1 and Tsu-0 

Arabidopsis accessions originate from Japan and have been previously verified to 

demonstrate high maternal rescue levels against Col4x pollen when used as seed 

parents (Bolbol, 2010, see Table 2.1 for further details). These two accessions are 

identical to two European accessions (Tu-0 and Be-0) at all genetic loci based on the 

SNP genotyping report from the Arabidopsis natural accession tool interface 

(ANATOOL). The ANATOOL database is a web interface developed by INRA to rapidly 

and efficiently verify or distinguish the genetic identity of diverse Arabidopsis 

accessions using their DNA fingerprint obtained from 341 single nucleotide 

polymorphism (SNP) markers (Simon et al., 2008).  Phenotypically, the plant 

architecture of the four genetically identical accessions is similar, and their stigmas 

display a high sensitivity to mechanical emasculation. The high sensitivity of their 

stigmas to emasculation suggests that these accessions have a high immunity response 

level. 

It is also essential to phenotypically establish whether these Tsu-0 genetic 

relatives possess maternal rescue when crossed with Col4x pollen or not. The results 

show that the pattern of maternal rescue in the genetically distant accessions is 

distinct from that of the Tsu-0 relatives; for instance, Oy-0 is only moderately resistant 
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to Col4x pollen while Sha is highly submissive, just like Col-0 (Figure 4.1). Tu-0 performs 

like Tsu-0 and Tsu-1 in resisting the Col4x pollen to produce viable seeds with a high 

mean seed weight.  Be-0 also resists the Col killer but is the least effective maternal 

rescuer among these related accessions. The QTL harbouring the Tsu-0 maternal 

modifier against the Col killer resides on the upper arm of chromosome 5. The high 

level of similarity between Tsu-0 and the three other accessions suggests that it may 

be the same locus controlling maternal rescue in these close relatives. Thus, Tu-0 and 

Be-0 potentially serve as a good baseline to understand the genetic basis and the 

evolution pattern of the Tsu-0 maternal modifier.  

 

Figure 4.1: Maternal rescue against Col4x pollen is also present in the accessions that are 
genetically related to Tsu-0.  These accessions are Tsu-1, Tu-0 and Be-0. Oy-0 and Sha are 
other accessions that have not been tested for maternal rescue before.  All the accessions 
listed were used as seed parents, while Col4x was used as the pollen parent. The mean seed 
weight and % shrivelled seeds are the averages of the data taken from five biological 
replicates. Three siliques were assessed in each biological replicates. The error bars represent 
the standard error of the mean value of each sample size. 

4.2.2 Tsu-0 maternal modifier QTL refinement via a published panel of candidate 

genes 

4.2.2.1 Seven essential genes involved in seed development reside within the Tsu-0 

QTL interval 

The major QTL controlling maternal rescue in the Tsu-0 accession overlays two 

SNP markers (c5_04011 and c5_08563) on the upper arm of chromosome 5. An 

analysis of the 4.55Mb sequence flanked by these two markers revealed that this QTL 
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interval contains 1,197 genes.  Although a limited number of fine-mapped genes were 

identified in the literature, a customised gene prioritisation was adapted to narrow 

down the 1,197 genes. This approach is based on the rationale that the genes 

underlying a QTL region can be identified by linking the statistical significance of the 

over-represented genes and the traits they control, specifically those underlying 

survival in seed development (Bargsten et al., 2014). Gene list analysis showed that 

many of the genes in this region are involved in cellular functions and metabolic 

process, and, among these, transcription factors are over-represented. To narrow 

down these genes to the best candidates, keywords such as ‘seed development’ were 

used as filters in the TAIR and AtGenIE database to hunt for the genes potentially 

involved in these processes within this QTL interval.   

A combination of the search results from these portals with the results of a 

published panel of maternally expressed genes (MEGs) involved in Arabidopsis seed 

development revealed 50 genes. These genes were further narrowed down by using 

keywords such as ‘endosperm cellularisation’, ‘seed coat development’, ‘embryo 

arrest’ and ‘endosperm arrest‘. The final gene list consists of 7 potential candidates, 

including three AGL transcription factors (AGL32, AGL36 and AGL34) (Figure 4.2). Two 

of these genes, MEE61 and AAD3 are exclusively expressed in the endosperm and are 

situated at the beginning of the QTL (Ettaki et al., 2018; Pagnussat et al., 2005). The 

second group consists of three seed coat development genes right under the peak of 

the QTL. Among these, AGL32 (TT16) and TTG1 are ‘transparent testa’ MEGs 

specifically involved in seed coat development by regulating PA biosynthesis in the 

innermost cell layer (Golz et al., 2018; Zhang et al., 2017). The third group of genes are 

1 to 2 Mb away from the QTL peak and are AGL transcription factors.  Within this third 

group, AGL36 is exclusively maternally expressed, whereas the function of AGL34 is 

still unknown, but it belongs to the conserved clade of MADS-box type 1 class of AGL 

transcription factors, and it is thought to be a paralog of AGL36 (Bjerkan et al., 2020; 

Shirzadi et al., 2011).  
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B.     CANDIDATE GENE DESCRIPTION 

Gene Full name Short description 

MEE61 MATERNAL EFFECT EMBRYO 
ARREST 61 

The mutants of this MEG show arrested endosperm 
development (Pagnussat et al., 2005). 

AAD3 ACYL-ACYL CARRIER PROTEIN 
DESATURASE3 

Encodes two critical enzymes for the biosynthesis of fatty 
acids in the maturing endosperm (Ettaki et al., 2018). 

AGL32(TT16) TRANSPARENT TESTA 16 Involved in PA biosynthesis in the innermost layer of the 
developing seed coat to maintain its cell shape (Golz et al., 
2018). 

TTG1 TRANSPARENT TESTA 
GLABRA 1 

Required for PA biosynthesis and for the correct expression 
of BAN in the seed coat (Zhang and Schrader, 2017). 

CSLA2 CELLULOSE SYNTHASE-LIKE A 
2 

Maintains the structural integrity of galactoglucomannan in 
seed coat epidermal cells (Yu et al., 2014). 

AGL36 AGAMOUS-LIKE 36 A MEG with a critical role in endosperm development (Zhang 
et al., 2018). 

AGL34 AGAMOUS-LIKE 34 Forms heterodimers with other AGLs for organ identity 
(Zhang et al., 2018). 

Figure 4.2: Seven candidate genes involved in seed development reside within the QTL 
interval. A: The physical location of these genes within the QTL interval. The red line depicts 
the position of all the genes relative to the QTL.  C5_04011 and c5_08563 are the two SNP 
markers flanking the QTL. The last marker (in red) is the statistical estimation of the QTL peak. 
B: The table below the figure shows the full names and a short description of each gene. 

 

 

 

A
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4.2.2.2  A differential inheritance and expression pattern of the candidate MEGs 

  

To further validate the candidate genes above, the gene expression profiles of 

these genes were explored on different websites such as the EFP browser and Gene-

vestigator via the AtGenIE portal. The data retrieved was compared to the expression 

values of two previously identified genes involved in suppressing and promoting F1 

lethality in interploidy crosses (TTG2 and AGL62). Among these genes, only AGL34 is 

not expressed in both seeds and siliques, indicating that this gene is not crucial for 

seed survival at any point in time during seed development.  Expression data from 

whole siliques (Figure 4.3A) showed that all other genes are only expressed before the 

embryo reaches the walking stick stage, making it difficult to narrow the selection 

using this data alone. 

A separate analysis of whole seed expression data showed that CSLA2 

possesses a distinct expression pattern from the other genes with a differentially high 

expression peak during the walking stick stage (Figure 4.3B). This is a strong indication 

that this gene is more involved in regulating seed maturation. Among the rest, TTG1 

has the highest expression levels at all the stages preceding the walking stick stage, 

indicating that this gene may have an important role in seed survival in the early 

developmental stages.  MEE61, TT16, and TTG2 have distinct expression values, but 

their pattern of increase or decrease in expression values at different time points is 

similar.  Putting these trends of expression values together with the timing of 

cellularisation in the Arabidopsis endosperm, MEE61, TT16 and TTG1 appear to be the 

best candidates for the further validation of this prediction. However, MEE61 was 

excluded because of the loss of endosperm cellularisation phenotype described in its 

mutants (Pagnussat et al., 2005).  

A total of 18 RILs with extreme phenotypes and great recombination patterns 

were genotyped with CAPs and SSR markers tightly linked to the individual candidate 

genes (TTG1, TT16 and TT4; refer to the supplemental information).  A Chi-square 

analysis was also conducted to calculate the segregation distortion of the parental 

genotypes in the RIL population (Figure 4.4A). The expected Mendelian ratio is AA=BB 

(Col-0 alleles=Tsu-0 alleles) for the individuals exhibiting extreme phenotypes in the 

immortal RIL population studied. The CAPs markers linked to TT4 and TT16, and the 
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SSR markers linked to TT4 showed a segregation distortion from the expected 

segregation ratio and were excluded from further analysis (Figure 4.4A). On the other 

hand, the segregation ratios of the CAPs marker linked to TTG1 and the SSR marker 

linked to TT16 and TTG1 fit into the expected AA=BB ratio for the genotyped RILs 

(Figure 4.4A).   

Only the homozygous alleles were used for phenotype association in both the 

rescuers and the submissives (Figure 4.4B and C). Among the three genes, only TTG1 

alleles showed the highest association with the phenotype data, while the TT16 alleles 

were not significantly inherited with the phenotypes (Figure 4.4B and C). Using the 

data from the two markers, the presence of TTG1 alleles from Tsu-0 accounts for 

maternal rescue in the extreme rescuers, whereas the substitution with a Col-0 variant 

of the TTG1 allele results in the loss of the maternal rescue phenotype in extreme 

rescuers (Figure 4.4C). Taken together, these results indicate an accession-specific 

influence of the TTG1 allele on the maternal rescue phenotypes. 

 

 

 

 

 

 

 

 

 

 

 

                                                    
Figure 4.3: Expression patterns of the potential candidate MEGs. A: Expression patterns in 
diploid siliques.  B: Expression patterns in diploid whole seeds. The y-axis represents absolute 
expression values, while the x-axis represents the different stages of embryo development. 
Each expression value is a mean of 3 three biological replicates normalised with Controls. All 
these data are published expression data obtained from the EFP database. The error bars 
represent the standard deviation from the mean. 
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A. Segregation distortion of the markers linked to the candidate genes 

Markers          Linked 
gene 

Location  
AA 
 

 
AB 

 
BB 

Expected 
AA=BB 

χ2 
(AA=BB) 

Fits into the 
expected 
ratio 
(AA=BB)?  

CAPs TT4   4.49Mb 3 8 7 9 0.035 Reject 

 TT16 7.83Mb 11 6 1 9 0.006 Reject 

 TTG1 8.37Mb 9 2 7 9 0.505 Accept 

SSRs TT4 4.25Mb 2 0 16 9 0.001 Reject 

 TT16 7.71Mb 7 1 10 9 0.456 Accept 

 TTG1 8.43Mb 9 0 9 9 1 Accept 

  

 

 

 

 

                                                                                                                                                                                            Figure 4.4: 

The markers tightly linked to TTG1 segregated with the maternal rescue phenotype in the 18 extreme RILs. A and B: Two distinct Chi-square analyses comparing 

the overall segregation distortion of the Col-0 and Tsu-0 alleles and their segregation patterns in the rescuers and submissive RILs. AA: Col-0 alleles; AB: 

Heterozygous alleles; and BB: Tsu-0 alleles. *: significant at p< 0.05; **: significant at p<0.01; ***: significant at p<0.001 and ns: not significant. C. Linking the allele 

frequencies of Col-0 alleles and Tsu-0 alleles with the mean seed weight observed in the RILs studied. Error bars represent the standard error of the mean.

         
Observed Expected   

 

B. 
 

Locus AA BB (AA=BB) 

χ2 
p-value 
(df=1) 

Expected 
ratio 
(AA=BB)? 

Submissives       

 TTG1 (CAPS) 9 0 4.5 0.003 Reject 

 TTG1 (SSR) 7 2 4.5 0.096 Accept 

 TT16 (SSR) 3 6 4.5 0.317 Accept 

Rescuers       

 TTG1 (CAPS) 0 7 3.5 0.027 Reject 

 TTG1 (SSR) 2 7 4.5 0.096 Accept 

 TT16 (SSR) 4 4 4 0.814 Accept 

 

C. 
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4.2.3 Tsu-0 and its genetically related accessions possess a non-synonymous 

mutation in TTG1 

Following the identification of a candidate gene, one of the next lines of action 

is usually to sequence the gene in the different parental or recombinant lines to hunt 

for any variation that could potentially have a functional consequence. The SALK 

genome browser is one of the comprehensive databases designed for browsing 

functionally annotated genomes. This browser contains the whole genome sequence 

patterns and genetic variations of 200 Arabidopsis accessions. Using the sequence 

information available on the SALK browser, the sequence variations in a parental panel 

of genetically related maternal rescuers and submissives were compared to detect any 

non-synonymous polymorphism with functional consequence (Figure 4.5 and 

Supplemental Figure S1 for further details).  Among all the accessions investigated, Be-

0 is the only accession that its sequence is yet to be released.  From the gene list in the 

Tsu-0 QTL region, MEE61, TT16 and TTG1 were put forward for sequence variation 

analysis. Their trend of expression values coincides with the early stages of seed 

development where cellularisation occurs (Figure 4.3). The sequences of these genes 

were analysed for potential non-synonymous SNP mutation(s), especially within the 

coding region.  

The results showed no significant nucleotide or amino acid polymorphism 

within the coding region of MEE61, TT16 and AGL36 in all the accession groups. In 

contrast to these observations, only TTG1 possesses a single, homozygous, and non-

synonymous SNP mutation within its coding region (C to T), distinguishing Tsu-0, Tsu-1 

and Tu-0 from the other accessions (Figure 4.5 A-C).  TTG1 is a member of the 

evolutionarily conserved WD-40 repeat-like superfamily protein with two functional 

WD-40 domains. The WD-40 domain is the active site of the gene and is involved in 

signal transduction and transcription regulation (Zhang and Schrader, 2017). The non-

synonymous SNP substitution to asparagine observed in TTG1 is within the fourth WD-

40 repeat in TTG1 (Figure 4.5B, refer to Supplemental Figure S1 for further details). 

This non-synonymous mutation to asparagine is largely heritable but poorly 

distinguished the extreme recombinant rescuers from extreme submissives in the 

original RIL population used for mapping (Figure 4.5C). Thus, this non-synonymous SNP 
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substitution from aspartic acid to asparagine represents a significant protein variation 

in the Tsu-0 related accessions; however, its presence is not essential for survival in 

interploidy crosses.  

 

B. 

 

 

 

Figure 4.5: A non-synonymous SNP in TTG1 distinguishes Tsu-0 and its isogenic line from the 
other accessions.  Figure 4.6A shows the TTG1 gene structure, including its protein domains. 
The vertical red arrow refers to the physical location of the non-synonymous substitution with 
reference to the Arabidopsis TAIR 10 genome. The smaller coloured bars within the first exon 
are the WD-40 repeat motifs. TTG1 possesses 4 domains in its WD-repeat protein in red, deep 
brown, green and deep blue, respectively (WD1: 74-118, WD2: 130-170, WD3: 173-211, WD4: 
262-302). Figure 4.6 B: Gel photos correlating the detected non-synonymous SNP observed 
with the different accessions studied. These accessions include Col-0 (C), Tsu-0 (1), Tsu-1 (2), 
Tu-0 (3), Be-0 (4), Bla-1 (5), C24 (6) and Ler-0 (7). A no template control (-ve) was used with a 
Col-0 control (+ve). Figure 4.6C: Allele frequencies of the non-synonymous mutation observed 
between rescuer RILs and submissive RILs (Tsu-0 x Col-0 RILs).  The error bars are standard 
error of the mean. 
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4.2.4 Mapping the ‘maternal rescue gene’ in Tsu-0 through recurrent backcrossing 

into   Col-0 

4.2.4.1 Development of a secondary population for fine-mapping 

As mentioned in previous sections, composite Interval Mapping (CIM) 

previously identified a major QTL on chromosome 5 controlling maternal rescue 

against Col4x in the Tsu-0 accession. The exact location of this QTL was estimated 

using a segregation data of two distinct phenotypes: mean seed weight and per cent 

shrivelled seed; these were analysed with the genotype data from the initial primary 

RIL population used for mapping. This QTL is 4.53cM long and is bounded by two 

markers, c5_04011 and c5_08563, respectively.  Bayesian analysis using the maximum 

likelihood estimate in the RQTL software identified c5_08563 as the nearest marker to 

the QTL peak. It is mainly Tsu-0 alleles that account for a high mean seed weight at this 

locus (Figure 4.6).  

Following the QTL location estimation, three RILs displaying extreme 

phenotypes for high mean seed weight were chosen to form a secondary population 

for fine-mapping based on their recombination breakpoints within the QTL interval 

(Figure 4.6). Thus, these recombinants will serve as the donor parents in the 

development of some near-isogenic lines (NILs) through marker-assisted backcrosses, 

facilitating efficient marker-assisted selection and ultimately narrowing the QTL 

interval to identify the candidate genes.  

 

Figure 4.6:  Recombination patterns of the good maternal rescuers among the Tsu-0 X Col-0 
RILs. The thick red box represents the region with standard recombination breakpoints for all 
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the good rescuers within the QTL interval. This breakpoint occurs at the position where the 
colour changes from pink to yellow and the thin blue boxes highlight the recombination 
breakpoints for each line. The individuals in yellow show good recombination patterns and are 
good candidates for fine mapping, whereas the individuals in red are to be selected to probe 
their recombination patterns phenotypically.  QTL regions c5_04011-c5_08563 with the 
highest significance (p<0.001) are in bold (this region was taken as the priority when observing 
recombination breakpoints). Genotype data: A and B represent Col-0 and Tsu-0 genomic 
presence, respectively, using SNP markers. Individual RILs are preceded with the prefix 3RV. 
The phenotypic data used for scoring were ‘mean seed weight’ and ‘percentage of shrivelled 
seeds’. 

4.2.4.2 Indel identification and marker development for fine-mapping 

 A set of indel markers was finally chosen for this research because indel 

markers are codominant and display a higher resolution than SSR markers on agarose 

gels (Cosson et al., 2014). A good number of the initial set of SSR primers used failed to 

be polymorphic between the two parental lines due to the poor resolution of allele 

sizes, resulting in allele masking between the two parental lines (Col-0 and Tsu-0). To 

develop polymorphic indel markers, the sequence from the Tsu-0 genome was aligned 

with the TAIR 10 Col-0 reference genome using the IGV software to hunt for the 

sequence deletions that occur in Tsu-0 only. These deletions were filtered by their 

gene type, intactness, and size. Only deletions with a size of 100 bp to 2kb were 

retained, based on the expected product sizes between Col-0 and Tsu-0.   

 Primers were designed from the conserved sequences flanking each deletion, 

and each primer was tested for its discrimination between Col-0 and Tsu-0 accession, 

using DNA samples from the young leaf samples of each accession.  All the markers 

were also tested for the consistency of their banding patterns by scoring the banding 

patterns produced on duplicate agarose gels (repeated amplification at different 

times) and replicate gels (amplification with two different individuals using another 

PCR kit). The primers recruited for fine-mapping include: 

4.2.4.2.1  Nine Foreground markers: Based on the alignment of the sequencing 

reads from the Tsu-0 accession to the Col-0 reference genome, deletion sites were 

identified within the QTL interval (bounded by two markers, c5_04011 (4.01Mb) and 

c5_08563 (8.56Mb), respectively). Polymorphic indel markers were identified across 

this interval at 400kb to 600kb (Table 4.1). These markers, along with two other 

markers flanking the QTL interval will be used to detect recombination events in each 
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backcross progeny, ultimately narrowing the QTL by selecting the best recombinants 

with the unknown target gene. 

 

Table 4.1: The foreground indel markers designed within the Tsu-0 QTL interval 

 

Primer 
name 

Sequence Product size in 
Colombia (bp) 

Product size in 
Tsu-0 (bp) 

Tm (˚C) 

4.03 F: ACAAGTGACCGATCCAATTTGT 
R: TGTGCCGCATGTAACATAAACT 

494 194 67.4 

4.40 F: CCATGCCCTTTGATCATCTGA    
R: ATTGAGAGAGTCCTGCCCAC 

354 250 63.7 

4.94 F: ATTGGGCCCGTTTTGAGATG    
R: TCGTCAGAGTGTTGTTCCGA 

794 600 65.1 

5.48 F: GGGCCTTAACCGGAGATTATT   
R: GGTTCTTGTTGGGTCGCAA 

272 122 64.2 

5.96 F: ATCCAGTCCACATCAACCCT      
R: CTCCACCACAGCAGCCTC 

5,050 700 63.7 

6.50 F: TCGTGTAAGCTGTTTCTTCGA    
R: ACTCGCTCATCAAATCACCTC 

226 100 65.9 

7.20 F: TGTGTAGGAGGACGATGATGA 
R: AGCTGAAATCCACAATGCGA 

174 80 63.6 

7.75 F:  ACACAATCCTCCTCTCCACT     
R: TCCGACTGTGATTGGACCC 

956 550 60.7 

8.20 F: AACTTCTCCACACGGTAGGG      
R: GCCACGGAAGAAGAAAGACC 

695 395 63.3 

8.32 F: CCAATGGTTGAGTACGCGAT     
R: GCACTCTGAGGGGATTAGGG 

1567 680 63.4 

8.58 F: CCAAGACCAGGGGAGTGATT   
R: CACTCGTACTGTGCTCTTGT 

1786 650 62.6 

   Tm, annealing temperature; bp, base pairs; F, forward; R, Reverse 

 

4.2.4.2.2  Twenty-three background markers: Similar to foreground markers, the 

background markers recruited for any marker-assisted selection must also be 

polymorphic between the two parental lines. Background markers are unlinked to the 

target locus and are useful in selecting backcross progenies containing the highest 

proportion of the recurrent parent (Col-0) genome (Collard and Mackill, 2008). 

Background indel markers were designed at 5-6cM throughout the Arabidopsis 

genome for background screening. It was impossible to design these markers at a fixed 

location because most of the deletions in the Arabidopsis genome are transposon or 

pseudo gene-based and gene-specific indels are randomly and unevenly distributed in 

the Arabidopsis genome. Therefore, these background markers were later excluded 

from screening the progenies because of their inconsistency.  
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4.2.4.2 Marker-assisted backcrosses to produce NILs 

4.2.4.2.1 BC1F1 backcrosses 

To create some diploid Col-0 NILs (near-isogenic lines) with maternal rescue, 

three RILs (3RV428, 3RV494 and 3RV484) with good recombination patterns within the 

Tsu-0 QTL interval were chosen for fine-mapping (see Figure 4.6 for their 

recombination details).  These RILs were independently backcrossed into Col-0. Col-0 

was chosen as the recurrent parent while these RILs stand as the donor parents for 

maternal rescue in the backcrosses. Genotyping five of the F1 progenies from each Col 

x RIL crosses with a few foreground markers confirmed their heterozygosity, indicating 

that these F1 progenies have truly gained some Col-0 alleles within the QTL interval 

(Figure 4.7). These lines were selfed to produce F2 lines for further selection steps.  

 

 

Figure 4.7: The banding patterns of the BC1F1 progenies confirmed that they are F1s. All the 
F1s in the image were genotyped with four foreground markers and indel c5_6.50 and indel 
c5_8.20 were used as the representative gels. Col-0 is the recurrent parent, C: Col-0 product 
size, T: Tsu-0 product size (Supplemental information, Table S1). 428, 494 and 484 are the 
donor RILs chosen for fine-mapping. All the parents are under the red line while the progenies 
are under the white line. The progenies with two bands are heterozygous within the QTL 
interval, whereas those with one band are homozygous. DNA ladder is 1Kb. The last two rows 
represent the no-template control and positive control.  The positive control was carried out 
with a Col-0 DNA using the Phire Plant Direct control primer mix (ThermoFisher Scientific) that 
amplifies a highly conserved 297bp fragment in plant chloroplast.  

 

4.2.4.2.2 BC1F2 backcrosses  

To confidently estimate the physical position of the Tsu-0 maternal modifier 

gene within the QTL on chromosome 5, an F2 population was generated. This 
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population are from the F1 seeds of each RIL backcrossed into Col-0 to aim for a 

sample size of 80 individuals.  Leaf samples were obtained from each BC1F2 plant at the 

seedling stage and frozen to later isolate DNA for further foreground selection of 

recombinants. All the BC1F2 individuals were phenotyped for maternal rescue and 

submissiveness.  An analysis of the mean seed weight of the progenies resulting from 

these crosses revealed a high level of continuous phenotypic variation for mean seed 

weight among the BC1F2 individuals when compared to control crosses between Col-0 

and Tsu-0, with significantly different mean seed weight values for extreme rescuers 

and extreme submissives (Figure 4.8 and 4.9A).  

The extreme individuals for both phenotypes were selected out of the 

population to increase accuracy when validating their genotypes. Furthermore, the 

segregation ratios of the heterozygous alleles were excluded from the Chi-square 

analysis of marker segregation distortion as an equal level of homozygosity (AA=BB) is 

expected to occur in the parental alleles in a F2 population (4.9B). In contrast to the 

other markers, c5_4.03 and c5_8.58 fit into the expected equal segregation ratio of 

homozygous Tsu-0 and Col-0 alleles at the 0.05 probability level (Figure 4.9B). 

However, only marker c5_8.58 is associated with the maternal rescue phenotype 

based on the association of Tsu-0 alleles with high mean seed weight and the 

association of Col-0 alleles with a low mean seed weight (Figure 4.9C).
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Figure 4.8: The mean seed weight of the 3RV-428 BC1F2 progenies in response to Col4x pollen. The first six bars are the control crosses; Col-0 X Col-0 (first), 
Col4x X Col4x (second), Col-0 X Col4x (third), Tsu-0 X Col4x (fourth), Col-0 X Tsu-0F1 (fifth) and 3RV-428 X Col4x (sixth). Col-0 is highly submissive to Col4x pollen to 
produce inviable seeds with a low mean seed weight. Tsu-0 maternally resists the killing effect of Col4x to produce viable seeds with a high mean seed weight. The 
other bars are the experimental crosses with the BC1F2 x Col4x progenies. The error bars are standard error of the mean. 
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Figure 4.9: Marker c5_8.58 at the QTL peak is linked to the maternal rescue phenotype in the BC1F2 progenies. A: A Chi-square test revealing the segregation 

distortion of most of the markers used within the QTL region. B and C: Only marker c5_8.58 is associated with the mean seed weight phenotype. The combined 

mean seed weight phenotype of the extreme rescuer and submissive BC1F2 individuals were also compared with the parental controls. Col-0 is the recurrent 

parent, and 3RV-428 is the donor RIL parent. The error bars are the standard error of the mean. AA: Col-0 alleles; AB: Heterozygous; and BB: Tsu-0 alleles. 

Expected F2 segregation ratio (1AA:2AB:1BB). *: significant at p< 0.05; **: significant at p<0.01; ***: significant at p<0.001 and ns: non-significant.   

 

A. 
 Markers AA AB BB 

 
χ2 p-value 
(AA=BB) 

Fits into the 
expected 
ratio 
(AA=BB)? 

4.03Mb c5_4.03 7 4 5  0.264 Accept 

4.49 Mb c5_4.4 4 11 1 0.004 Reject 

4.94 Mb c5_4.94 16 0 0 0.0001 Reject 

5.48 Mb c5_5.96 2 8 6 0.025 Reject 

6.50 Mb c5_6.50 14 0 2 0.006 Reject 

7.20 Mb c5_7.20 16 0 0 0.0001 Reject 

7.75 Mb c5_7.75 16 0 0 0.0001 Reject 

8.20 Mb c5_8.20 16 0 0 0.0001 Reject 

8.58 Mb c5_8.58 8 5 3 0.077 Accept 

    

 

         
Observed Expected   

 

B. 
 

Locus AA BB (AA=BB) 

χ2 
p-value 
(df=1) 

Expected 
ratio 
(AA=BB)? 

Submissives       
 C5_4.03 2 3 2.5 0.554 Accept 
 C5_8.58 7 1 4 0.034 Reject 
Rescuers       
 C5_4.03 6 2 4 0.157 Accept 
 C5_8.58 7 1 4 0.034 Reject 
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4.2.4.2.3 Narrowing the TSU-0 QTL region with F3 progenies 

4.2.4.2.3.1 The phenotype data of an F3 population 

The Tsu-0 QTL region was further narrowed by examining the phenotypes of an 

F3 population derived from 3 extreme recombinant rescuers selfed from BC1F2 crosses. 

A total of 48 BC1F3 progenies were evaluated and phenotyped for two seed traits, i.e., 

mean seed weight and percentage seed death. Both traits were normally distributed 

across all the BC1F3 progenies evaluated with a negative correlation between these 

two traits (Figure 4.10 and 4.11, respectively). Compared to all parental controls, three 

groups of F3 progenies can be identified; the first group to the left of the range (Figure 

4.11) are submissive to Col4x pollen, and they all display a significantly lower mean 

seed weight (around 14µg) and a high percentage of dead seeds (approximately 70%).  

The other group to the right of the range (Figure 4.11) display extreme rescuer 

phenotypes like their Tsu-0 parent to resist the lethality induced by the Col-killer (mean 

seed weight above 30µg and percentage seed death below 30%). The last group are 

sandwiched between the first and the second group with moderate rescue against 

Col4x pollen.  

The continuous phenotypic distribution and segregation pattern of these F3 

progenies (3:1) strongly indicates the dominant action of the maternal modifier gene in 

both the Tsu-0 and the BC1F2 RILs (Figure 4.11). Secondly, this dominant maternal 

modifier trait is highly heritable in different generations without breaking down its 

ability to mendelise. Thus, the extreme submissive and rescuer progenies distinguished 

from this population are suitable for analysing the recombination patterns of these 

individuals. 
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Figure 4.10: A negative correlation between the two traits used to generate the data for QTL 
fine-mapping. Seed death (y-axis) and mean seed weight (x-axis) are two crucial traits used to 
assess the progenies derived from the interploidy crosses. The negative correlation between 
the two traits indicates a considerable variation for the frequency of the two traits among the 
populations used to narrow the QTL. 
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Figure 4.11: Mean seed weight of the BC1F3 population.  The total population was compared with control crosses from diploid, tetraploid and triploid progenies 
from their accession and RIL parents. Error bars are standard error of the mean.  
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4.2.4.2.3.2 Genotype data of the F3 population 

The segregation data of the BC1F3 population was also used to estimate the 

chromosomal position of the Tsu-0 maternal modifier. A total of 14 extreme submissive 

progenies and 16 extreme rescuers significantly distinguishable from this population 

were genotyped with ten indel markers. These markers have been previously designed 

to span approximately 0.5Mb intervals within the QTL region and are based on 

deletions in Tsu-0 compared to Col-0, the reference genome (Table 4.1). The whole QTL 

interval is bounded by markers c5_4.03 at the beginning of the QTL and c5_8.58 close 

to the peak. A new indel marker, c5_8.32, was introduced between markers c5-8.20 

and c5_8.32 to further delineate the region between these two markers in the F3 

population (Table 4.1).  

DNA samples from these extreme individual plants per group were collected to 

obtain representative samples for genotyping each bulk. Following genotyping, the 

genotype and phenotype data of the BC1F3 population was ranked according to the 

mean seed weight of the extreme progeny groups evaluated. The markers used to 

screen the BC1F3 population displayed a segregation distortion towards one of the 

parental genotypes, starting from the beginning of the QTL (4.03Mb) to 8.20Mb (Figure 

4.12A). However, two of these markers at the end of the QTL (c5_8.32 and c5_8.58) fit 

into the expected equal segregation ratio for Col-0 and Tsu-0 alleles in the BC1F3 

population (Figure 4.12A). An increase in Tsu-0 alleles accounts for seed viability at 

these two markers, with c5_8.32 giving a tighter linkage to the candidate gene in terms 

of the Col-0 alleles associated with a significantly lower mean seed weight in the 

submissive progenies (Figure 4.12C). Thus, given these data, the Tsu-0 maternal 

modifier gene lies within between these two markers. 
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Figure 4.12: Markers c5-8.32 and c5_8.58 at the QTL peak are linked to the maternal rescue phenotype in the BC1F3 progenies. A: A Chi-square test revealing the 

segregation distortion of most of the markers used within the QTL region. B: A Chi-square test associating markers c5_8.32 and c5_8.58 with the maternal rescue 

phenotype. C. Marker c5_8.32 has a higher association with the mean seed weight phenotype. The combined mean seed weight phenotype of the extreme 

rescuer and submissive BC1F3 individuals were also compared with the parental controls. The error bars are standard error of the mean. AA: Col-0 alleles; AB: 

Heterozygous; and BB: Tsu-0 alleles. *: significant at p< 0.05; **: significant at p<0.01; ***: significant at p<0.001 and ns: non-significant.

A. 
Markers AA AB BB 

χ2 p-value 
 
(AA=BB) 

Fits into the 
expected ratio 
(AA=BB)? 

4.03Mb c5_4.03 19 7 6 0.01 Reject 

4.49Mb c5_4.49 4 10 17 0.01 Reject 

4.94 Mb c5_4.94 27 1 4 0.0001 Reject 

5.48 Mb c5_5.48 5 7 20 0.01 Reject 

6.50 Mb c5_6.50 31 0 1 0.0001 Reject 

7.20 Mb c5_7.20 31 0 1 0.0001 Reject 

7.75 Mb c5_7.75 31 0 1 0.0001 Reject 

8.20 Mb c5_8.2 31 0 1 0.0001 Reject 

8.32 Mb c5_8.32 15 4 13 0.4292 Accept 

8.58 Mb c5_8.58 13 8 11 0.145 Accept 

B. 
 

Locus AA BB 
Expected
(AA=BB) 

χ2 
p-value 
(df=1) 

Expected 
ratio 
(AA=BB)? 

Submissives       
 C5_8.58 10 2 6 0.021 Reject 

 C5_8.32 14 0 7 0.0001 Reject 

Rescuers       
 C5_8.58 2 8 5 0.058 Accept 

 C5_8.32 0 12 6 0.001 Reject 
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4.2.5 Candidate gene analysis in the narrowed QTL region 

4.2.5.1 The Tsu-0 maternal modifier locus is enriched with genes involved in cell 

growth regulation. 

To screen the narrowed F3 population identified in the previous section for 

potential candidate genes, all the genes in this narrow QTL region were considered. 

The physical position of the indel markers at the extreme ends of this 0.48Mb region 

was used to retrieve all the candidate gene lists and gene models from Arabidopsis 

TAIR 10 genome via the UCSC genome browser.  This retrieved gene list revealed 122 

genes, and all these were analysed using the singular enrichment analysis tool of the 

agriGO portal (GO analysis toolkit and database for the agricultural community). All the 

candidate genes were screened for significant associations between the traits they 

control and significant gene ontologies using overrepresented biological processes, 

cellular component, and molecular functions. The GO terms were parsed using their 

frequency, p values (<0.05), dispensability in a cluster, uniqueness, and their false 

discovery rate (FDR) values. Among all these criteria, p-values and FDR provided a 

clear-cut margin to identify statistically significant GO terms within each GO category 

(Table 4.2). 

A summary of the GO analysis across all GO categories using the agriGO 

interface revealed 63 significant GO terms (<0.05) associated with different traits such 

as trichome morphogenesis and differentiation, hair cell differentiation, leaf 

morphogenesis and epidermis development. Highly significant GO terms with p values 

and FDRs lesser than 0.001 were used to screen all the GO terms analysed, using 

overrepresented biological processes, cellular component, and molecular functions. 

Biological processes constituted the largest bulk of the most significant GO terms (30), 

followed by molecular function (2) and cellular component (1). Among these three 

terms, molecular function and cellular function seem to the weakest in analysing these 

candidate genes as they are not directly linked to any trait (Table 4.2). The gene set in 

the most significant biological processes (BPs) topping the GO analysis are positive 

regulation of growth (GO:0045927), hair cell differentiation (GO:0035315), trichome 

differentiation (GO:0010026) and leaf morphogenesis (GO:0009965) were used as the 

final set of candidate genes. 
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Table 4.2: A list of all the significant GO terms enriched in the candidate genes within the 

narrowed QTL interval. 

  

GO Term Description 
Log10 p-
value 

Uniqueness Dispensability FDR GO 
CATEGORY 

BP GO:0045927 
positive regulation of 
growth 

-10.0969 0.836 0 8.00E-11 

  GO:0035315 hair cell differentiation -10.0362 0.629 0 9.20E-11 

 GO:0010026 trichome differentiation -10.0362 0.59 0.52 9.20E-11 

  GO:0045793 
positive regulation of cell 
size 

-9.7696 0.747 0.13 1.70E-10 

  GO:0009965 leaf morphogenesis -8.1871 0.617 0.348 6.50E-09 

  GO:0007049 cell cycle -4.3665 0.784 0.223 4.30E-05 

  GO:0051276 chromosome organisation -4 0.828 0.261 0.0001 

  GO:0008361 regulation of cell size -3.5376 0.713 0.905 0.00029 

  GO:0090066 
regulation of anatomical 
structure size 

-3.5376 0.882 0.36 0.00029 

  GO:0006259 DNA metabolic process -3.5086 0.892 0.259 0.00031 

  GO:0040007 Growth -3.1024 0.97 0 0.00079 

  GO:0032502 developmental process -2.9208 0.973 0 0.0012 

  GO:0032501 
multicellular organismal 
process 

-2.4437 0.973 0 0.0036 

  GO:0009607 
response to biotic 
stimulus 

-2.4318 0.917 0.335 0.0037 

  GO:0008104 protein localisation -2.0223 0.953 0 0.0095 

  GO:0051704 multi-organism process -2.0088 0.97 0 0.0036 

CC GO:0009330 
DNA topoisomerase 
complex (ATP-hydrolysing) 

-10.4318 0.44 0 3.70E-11 

  GO:0032991 macromolecular complex -1.7212 0.62 0 0.0068 

MF GO:0003690 
double-stranded DNA 
binding 

-6.8539 0.75 0 1.40E-07 

BP-Biological process, CC-Cellular component, and MF-molecular function. Most of the non-

significant GO entries have been filtered out with p-values (>0.05) and FDR and do not appear 

in this table and further analyses. Log10 p-value is derived from the logarithm value of each 

GO entry. 

Definition of terms 

1. Dispensability: The semantic similarity threshold at which the term was removed from 
the list and assigned to a cluster. Cluster representatives always have dispensability 
less than the user-specified 'allowed similarity' cutoff. 

2. Uniqueness: Measures whether the term is an outlier when compared semantically to 
the whole list, calculated as 1-(average semantic similarity of a term to all other 
terms). More unique terms tend to be less dispensable. 
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4.2.5.2 Narrowed candidate genes  

The final list of genes in the narrowed QTL interval contains three genes in the 

final filtered gene set (Table 4.3). The published panel of AtGenIE expression data 

series on TAIR shows that these three genes in the QTL interval were expressed in both 

seeds and siliques. Among these, only ATXR6 is fully expressed in the pollen and is 

involved in chromatin silencing. Below is a concise description of each gene and its 

mutants. 

4.2.5.2.1  BIN4: This gene encodes a plant-specific nuclear protein that is an 

integral component of the DNA topoisomerase VI complex in plants is vital for cell 

endoreduplication and genome integrity in Arabidopsis (Schrader et al., 2013). The 

functional loss of BIN4 or any other part of the other plant topo isomerase VI 

components, results in the upregulation of the genes involved in DNA damage 

response (Christian et al., 2007). Mutation in BIN4 usually display severe dwarfism with 

reduced cell and organ size to about 25% of the size of the corresponding wildtype 

plants. The major organs affected include leaves, roots, hypocotyls and the seed coat 

columella cells, with all these organs displaying a reduced ploidy number by 

endoreduplication. All these cell and organ defects can be partially restored to the 

wildtype by polyploidisation with colchicine treatment (Christian et al., 2007). 

4.2.5.2.2  TTG1: A transcriptional regulator that encodes an evolutionarily 

conserved WD40 repeat protein in plants and its function is pleiotropic in the control 

of seed pigmentation, seed coat mucilage deposition, anthocyanin accumulation, 

trichome patterning, root hair patterning and even more recently the participation in 

flowering time regulation (Zhang and Schrader, 2017; Golz et al., 2018; Jiang et al., 

2020; Paffendorf et al., 2020). The main visual phenotype of the majority of the ttg 

mutants in Arabidopsis is yellow seeds due to the lack of proanthocyanidin (PA) 

deposition and pigmentation in the seed coat. Other ttg mutant phenotypes include 

low accumulation of anthocyanins in vegetative tissues, absence or reduction in 

trichome number and the excessive production of root hairs.  

4.2.5.2.3  ATXR6: An imprinted gene encoding a H3K27 monomethyltransferase 

that is essential for chromatin structure, cell cycle regulation and gene silencing. It 

interacts with a proliferating cell nuclear antigen (PCNA), a binding platform required  
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         Table 4.3: The final list of genes from the filtered gene set.  

Gene Gene alias GO terms Variants Key traits Expressed in 
seeds? 

AT5G24630 BIN4 
(BRASSINOSTEROID-
INSENSITIVE4) 

GO:0051276-Chromosome organisation 
GO:0009330-DNA topoisomerase complex 
(ATP-hydrolysing) 
GO:0010090-Trichome morphogenesis 
GO:0030307-Positive regulation of cell growth 
GO:0042023-DNA endoreduplication 
GO:0048364-Root development 
GO:0003690-Double-stranded DNA binding 

AT5G24630.1 
AT5G24630.2 
AT5G24630.3 
AT5G24630.4 
AT5G24630.5 
AT5G24630.6 

Dwarfism, reduced cell size in 
leaves, roots and hypocotyls, root 
hair growth, and trichome 
development.  

Yes 

AT5G24520 TTG1 (TRANSPARENT 
TESTA GLABRA 1) 

GO:0009965-leaf morphogenesis 
GO:0009957-epidermal cell fate specification 
GO:0035315: Hair cell differentiation 
GO:0000166-nucleotide binding 
GO:0005515-protein binding 
GO:0003677-DNA binding 
GO:0010026-trichome differentiation 
GO:0032880-regulation of protein localisation 

AT5G24520.1 
AT5G24520.2 
AT5G24520.3 
 

Trichome differentiation, root 
hair growth, epidermal cell fate 
specification, flavonoid 
biosynthesis, mucilage 
deposition, anthocynanin content 
and proanthocyanidin deposition. 

Yes 

AT5G24330 
ATXR6 (ARABIDOPSIS 
TRITHORAX-RELATED 
PROTEIN 6) 

GO:0051726-regulation of cell cycle 
GO:0005634-nucleus 
GO:0006355-regulation of transcription, DNA-
dependent 
GO:0009901-anther dehiscence 
GO:0005515-protein binding 
GO:0003677-DNA binding 

AT5G24330.1 
 

Chromatin structure and gene 
silencing, cell cycle regulation, 
anther dehiscence and petal 
differentiation 

Yes 

          The GO terms in bold are often related and control the same traits such as trichome differentiation and leaf morphogenesis. 
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for the deployment of regulatory proteins involved in repairing DNA damage repair, 

and epigenetic signalling (Davarinejad et al., 2019). Mutation in ATXR6 results in plants 

with no physical defects, but they possess reduced H3K27me1 in vivo and the 

transcriptional activation of repressed heterochromatic elements (TAIR description). 

ATXR6 has been demonstrated to interact with the RNA processing factor (RDR6), a 

component of the RdDM to regulate transposon expression (Saivageethi et al., 2013). 

Transposable elements in plants are epigenetically silenced through the RNA-directed 

DNA methylation (RdDM) pathway, and this pathway underlies genomic imprinting in 

Col-killing (Erdmann et al., 2017). Based on these facts mentioned above, ATXR6 is 

unlikely to participate in the maternal control of chromatin modifications or DNA 

methylation in the triploid block. 

4.3 Discussion 

4.3.1 The first round of backcrossing delivered a considerable gain of Tsu-0-derived 

maternal rescue in the Col-0 background 

Backcrossing is an ancient plant breeding method employed to introduce one 

or few genes into an elite variety (Collard and Mackill, 2008). The incorporation of 

marker-assisted selection (MAS) into any breeding scheme shortens the breeding cycle 

as individuals are selected based on their genotype combination. Two selection types 

are employed in MAS: foreground selection and background selection. In foreground 

selection, markers within or close to the target QTL are used to select desirable 

progenies whereas, background selection involves the use of markers located 

throughout the genome (unlinked to the target QTL) to choose the progeny with the 

highest proportion of recurrent parent genome (Collard and Mackill, 2008; Huang et 

al., 2016). Following these, phenotype screening is then carried out on the selected 

recombinants to pick the best candidate. 

In this study, phenotype screening was carried out first before MAS in order not 

to miss out on the best individuals (most especially extreme rescuers) by chance. This 

analysis is particularly important for fine-mapping, which ultimately relies on very few 

plants with recombination events close to the locus of interest (Huang et al., 2016).  

Although, the maternal rescuer trait is highly heritable, some lines showing good 

recombination patterns may not be phenotypically the best candidates for the next 

round of backcrossing. Thus, considering the phenotype of the progenies first before 



101 
 

genotyping offers a great advantage, most especially for verification purposes at the 

very early stages of backcrossing. For quantitative traits, the phenotype of each 

progeny is controlled by a continuum of allelic effects which vary from minimal to 

large. The large effects are more apparent in the extreme phenotypes and segregate as 

Mendelian variants, whereas the minimal effects occur in the intermediate phenotypes 

and segregate as quantitative genetic variation (Mackay, 2009).  

Theoretically, one would expect the BC1F2 and BC1F3 progenies to segregate 

into two distinct phenotypic classes in a Mendelian fashion; however, the normal 

distribution and continuous variation of the mean seed weight as a trait can be 

explained by many factors. First, in response to Col4x pollen, this trait is genetically 

complex, and this genetic complexity is due to the segregation of two different alleles 

(the Tsu-0 maternal rescue allele and the Col-0 submissive allele) conferring distinct 

phenotypes to varying loci within the QTL region (Mackay, 2009). The tug and pull of 

these allelic effects also depend on the pattern of recombination in the other regions 

of the genome, which in turn tends to show different interactions in the new genetic 

background (Col-0). Thus, the pattern of variation observed in the backcross progenies 

suggests that an observable form of recombination with Tsu-0 has occurred within the 

new genetic background. 

4.3.2 Candidate gene identification 

The process of selecting candidate genes in this study relied on three methods, 

first, i) published information retrieved from different expression portals, ii) generation 

of a narrowed candidate gene list using significant GO terms and iii) sequence 

comparison in different accessions (Col-0, Ler-0, Bla-1, Tsu-0, Tsu-1 and Tu-0). The 

ability to narrow down the huge list generated from TAIR and the other databases 

describes the usefulness of predicted functions and gene ontologies in the selection of 

candidate genes.  

For most of these genes, trait associations with regards to seed development 

exist for them in the literature, with only MEE61 specifically involved in attenuating 

endosperm arrest. A more in-depth insight from the literature reveals that AAD3 

belongs to a multi-gene family and encodes one of the two key enzymes (∆9 palmitoyl-

ACP desaturases) in the biosynthesis of ω-7 fatty acids in the maturing endosperm 
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(Troncoso-Ponce et al., 2016). On the other hand, CSLA2 is expressed in the seed coat 

and is crucial for maintaining the structural integrity of galactoglucomannan in seed 

coat epidermal cells which is a key requirement for mucilage development in 

Arabidopsis seeds (Yu et al., 2014). These two lines of evidence combined with the late 

expression patterns of these genes during seed development suggest that AAD3 and 

CSLA2 are unlikely to be the loci responsible for the maternal rescue of Col-killing in 

Tsu-0. Rather, these genes are more likely to have a role in seed maturation to prepare 

the young seed for seedling establishment. 

Both TTG1 and TT16 play a significant maternal role in seed development with 

many features in common.  First, their mutants exhibit similar straw-coloured seed 

phenotypes due to the failure to accumulate proanthocyanidin in the Arabidopsis seed 

coat (Garcia et al., 2005; Coen et al., 2017). Secondly, the failure of PA accumulation 

following the mutation of both genes is underpinned by the switching-off of BANYULS 

(BAN), one of the regulators of proanthocyanidin (PA) biosynthesis.  PAs are flavonoids 

with antioxidant properties acting as a protective barrier to the embryo during seed 

development. Of these two candidate genes, only TTG1 possesses a distinct non-

synonymous mutation leading to an amino acid change from aspartic acid to 

asparagine in all the accessions that are genetically identical to Tsu-0 (. Increasing 

evidence shows that TTG1 and TT16 act through different mechanisms to control PA 

accumulation in the Arabidopsis seed coat. TT16 is involved in the morphological 

patterning of PA in the seed coat (Garcia et al., 2005). Importantly similar phenotypes 

underlie the ttg1 and ttg2 mutants (Garcia et al., 2005).  TTG2, another member of the 

TTG1-TT16-BAN transcriptional network, has been validated to underlie the survival of 

F1 progenies in Ler x Col4x crosses (Dilkes et al., 2008). TTG2 is dependent on an intact 

TTG1 gene for its proper expression in the seed coat endothelium during early seed 

development (Johnson et al., 2002). Taken together, these data suggest that TTG1 is 

highly likely to be the Tsu-0 maternal modifier of Col-killing.  

4.3.3 Different genomic regions with candidate genes interacting in the same 

pathway may control maternal rescue in Arabidopsis accessions 

One of the goals of this research is to determine whether significant differences 

exist in the genomic region(s) or genes associated with the maternal rescue trait 
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against the Col-killer among some well-studied Arabidopsis accessions.  A population 

of 144 Tsu-0 and Col-0 RILs was initially used to map the maternal modifier locus in the 

Tsu-0 accession to an upper region on chromosome 5. Notably, the position of this QTL 

is different to that for DR STRANGELOVE 1 (DSL1) which was found to control maternal 

rescue in the Ler, C24 and Bla-1 accessions (Dilkes et al., 2008). However, DSL1 was 

found to interact with an epistatic locus EOP2 on chromosome 5, and EOP2 

corresponds to the chromosomal position of the maternal modifier locus found in Tsu-

0 (Dilkes et al., 2008). QTL refinement has identified the candidate genes in these loci 

to be TTG2 (chromosome 2) and TTG1 (chromosome 5). These two genes are the key 

regulators of the flavonoid biosynthesis pathway, with TTG1 acting as the WD-40 

repeat transcriptional factor, while TTG2 acts as the WRKY-class transcriptional 

regulator of this evolutionarily conserved pathway. Mutation in both genes produce 

similar phenotypes in trichome development, PA deposition in the seed coat and root 

hair development with TTG2 acting downstream of TTG1. (Garcia et al., 2005; Zhang 

and Schrader, 2017). Though there exists considerable variation for maternal rescue in 

different Arabidopsis accession rescuers, the involvement of the TTG1-TTG2 network 

on the regulation of flavonoid biosynthesis strongly indicates a common genetic 

mechanism underlying maternal rescue in these accessions.  

The considerable improvement in the triploid F1 seed survival in Col-0, a highly 

submissive parent, indicates a strong genetic basis of the TTG2 gene and the singular 

effect of its mutation on the F1 lethality of polyploids (Dilkes et al., 2008).  Thus, since 

the maternal rescue trait is quantitatively continuous, it is possible that genetic 

mutations in TTG2 or TTG1 only are not sufficient in ameliorating triploid block in 

highly submissive accessions like Col-0 and Cvi whereas, single mutations in any of 

these two genes could be sufficient to abolish triploid block is strong rescuers like Bla-1 

and Tsu-0. In addition, other modifiers of Col-killing may be operating in the 

submissives and rescuers to modulate the strength of the central TTG1/TTG2 effect. To 

verify this, it is necessary to first validate the maternal role of TTG1 in triploid block, 

using homozygous TTG1 mutant lines in Col-0 and Tsu-0. It will also be worthwhile to 

investigate the joint role of TTG1 and TTG2 in maternal rescue, most especially in 

submissive mothers like Col-0.  
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Chapter 5 The maternal impact of DDM1 and TTG1 mutation in triploid 

block 

5.1 Introduction 

5.1.1 DDM1 and the RdDM in genomic imprinting 

Genomic imprinting is a process of gene silencing through DNA methylation 

and histone modifications without any alterations in the DNA sequence. The RNA 

Polymerase IV (Pol IV)-RdDM pathway coordinates the de novo initiation, reactivation, 

and epigenetic maintenance of transposable element (TE) silencing whereas, the RNA 

Polymerase6 (RDR6)-RdDM pathway is a piece of RNA-silencing machinery induced by 

transcriptionally active transgenes (Saivageethi et al., 2013; Erdmann and Picard, 

2020). Genomic imprinting in the triploid seed endosperm underlies the outcome of 

paternal-excess interploidy crosses (Scott et al., 1998). The Col-killer effect describes 

the lethality associated with the F1 triploid seeds obtained from interploidy crosses 

featuring Col4x fathers (Scott et al., 1998).  Recent lines of evidence have implicated 

the Pol-IV pathway in the paternal repression of the Col-killer. Specifically, a single 

mutation in NRPD1a, the largest subunit of the RdDM in a Col-0 tetraploid background, 

is sufficient to reduce seed lethality by 87% (Erdmann et al., 2017; Satyaki and Gehring, 

2019). The Paternal role of the RdDM has also been studied in the repression of the 

top endosperm MEGs such as SDC and MOP9.5 (Vu et al., 2013; Hornslien et al., 2019).  

The RdDM pathway does not exclusively regulate genomic imprinting at all the 

loci in the genome as it also interacts with DDM1, a SW12/SNF2 chromatin remodeller 

in other methylation pathways (Jeddeloh et al., 1998; Jan and Andrzej, 2003). DDM1 is 

a nucleosome remodeller that can shift nucleosomes in vitro (Jan and Andrzej, 2003). 

DDM1 and RdDM synergistically mediate almost all transposon methylation and 

collaborate to repress their transposition (Erdmann and Picard, 2020; Zemach et al., 

2013a). However, DDM1 acts against the RdDM, as it preferentially works in the 

heterochromatin, a dense chromatin structure to mediate TEs of distinct sizes and 

domains (Zemach et al., 2013a; Zemach et al., 2013b). One possible way of unravelling 

the MEGs in triploid block is to find the genes countering the Col-killer activity of the 

RdDM, and DDM1 is a main candidate. In this chapter, it is shown that the Col-0 

sequence of NRPD1 (RdDM) and DDM1 is distinctive from that of the other accession 
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rescuers such as C24 and Tsu-0. However, the maternal loss of DDM1 function does 

not resist the Col-killing activity of the RdDM in triploid block. 

5.1.2 The flavonoid biosynthesis pathway and triploid block 

Plants possess different pigments such as chlorophylls, carotenoids, and 

flavonoids in diverse tissues such as leaves, flowers, fruits, and seeds. Among these, 

flavonoids are secondary metabolites with six major classes, including flavones, 

chalcones, flavandiols, flavonols, anthocyanins and proanthocyanidins. All these 

groups are essential for plants in floral colouration to attract pollinators, protect 

against the harmful effects of UV radiation, male fertility, signalling in root nodulation, 

auxin transport, scavenging against ROS and other toxic signals (Mol et al., 1998; 

Schemske and Bradshaw, 2003; Williams, Spencer and Rice-Evans, 2004). Recently, the 

diverse types and functions of flavonoid subclasses in plant organs have been explored 

for human nutrition, species identification and breeding interventions (Zhang and 

Schrader, 2017). 

The pathway for flavonoid biosynthesis is preceded by one molecule of p-

coumaroyl-CoA, a product synthesised from phenylalanine via the general 

phenylpropanoid pathway, and three molecules of malonyl-CoA derived from the 

Krebs cycle. Chalcone synthase, an enzyme that acts explicitly in the flavonoid 

pathway, generates chalcone scaffolds to serve as the starting product for all 

flavonoids (Figure 5.1). Quercetin, kaempferol, apigenin, and other aglycone molecules 

are the main flavonoids synthesised in the very first steps of the FBP, and all these are 

known to inhibit polar auxin transport and facilitate the localisation of auxin in plant 

tissues (Peer and Murphy, 2007; Kuhn et al., 2011; Lewis et al., 2011).  A series of key 

enzymes, genes and transcriptional factors act together to convert phenylalanine into 

chalcones, flavanones, flavonols, anthocyanidins, flavan-3-ols and proanthocyanidins, 

and the brown proanthocyanidins that accumulate in the vacuole. Although these six 

core groups of flavonoids are generated in the Arabidopsis FBP pathway, the early 

steps of the pathway are conserved in plants and mosses with an ancient origin (Zhang 

and Schrader, 2017). The remaining backbone for the network has some conserved 

features in different plant species with a range of critical enzymes such as reductases. 
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These modify the backbone into distinct flavonoid subgroups or derivatives (Martens 

et al., 2010). 

The modification or combinatorial control of the TTG1-TTG2 transcription 

factor complexes with their immediate or downstream components to form different 

flavonoid subclasses offers the advantage of various signals for trait diversification. 

Thus, the trait complexity of the flavonoid pathway is governed by the transcription 

factor gene families involved (Zhang and Schrader, 2017). All ttg1 and ttg2 mutants are 

phenotypically identified with the absence of or reduced trichomes (glabra) and seeds 

with a transparent testa (tt) phenotype due to the reduction in the oxidation of PAs in 

the seed coat. Mutants displaying both phenotypes are called transparent testa glabra 

(ttg) mutants (Lepiniec et al., 2006; Zhang and Schrader, 2017). A collection of enzyme-

encoding mutants in the FBP pathway such as tt4 and tt8, also display seeds with a 

transparent testa phenotype. Still, only tt4 has been demonstrated to improve the 

outcome of interploidy crosses between diploid Ler-0 females and tetraploid Col-0 

males (Doughty et al., 2014). The rest of the maternal mutants in the FBP pathway 

have also been explored to repress the lethality induced by the Col-killer gene in Col-0 

tetraploids using Ler-0 diploids as females but among these, TTG2 is the only promising 

gene (Dilkes et al., 2008).  

The degree of F1 lethality in the triploid block is accession-dependent in A. 

thaliana (Bolbol, 2010). Col-0 diploids are highly submissive seed parents to Col4x 

pollen, resulting in a high frequency of inviable seeds (Bolbol, 2010). Other accessions, 

most especially Bla-1, C24 (Chapter 3) and Tsu-0 diploids (Chapter 4), bypass this 

barrier to produce viable and significantly bigger seeds. QTL analysis in Tsu-0, another 

accession from Japan exhibiting a stronger maternal modifier trait, has mapped a new 

maternal modifier locus in this ecotype to a region near the TTG1 gene on 

chromosome 5 (Chapter 4). Both TTG1 and TTG2 promote seed coat development, 

trichome morphogenesis, proanthocyanidin synthesis and seed mucilage deposition 

with crosstalk to auxin signalling (Golz et al., 2018; Zhang and Schrader, 2017; Dilkes et 

al., 2008). However, it is still unknown whether the two genes play the same role as 

maternal modifiers of interploidy lethality in the triploid block. Therefore, this chapter 

provides a piece of evidence that mutant TTG1 mothers also bypass the Col4x-induced 

interploidy lethality to produce viable seeds.  However, the other TTG1-controlled 
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traits, especially trichome morphogenesis, cannot predict paternal excess F1 triploid 

survival in different Arabidopsis accessions. It is also shown that in contrast to TTG2, 

TTG1 together with auxin exhibits a ‘large effect’ on the final seed size.  

 

Figure 5.1: A modified flavonoid biosynthesis pathway in A. thaliana. The TRANSPARENT 
TESTA genes involved are in blue boxes with transcription factors in uppercase and bold red 
letters. The key enzymes are in blue uppercase letters.  CHS (Chalcone synthase), CHI (chalcone 
isomerase), F3H, flavanone 3-hydroxylase; F3 H, flavonoid-3 hydroxylase; DFR (dihydroflavonol 
4-reductase), FNR (flavanone 4-reductase), ANS (anthocyanidin synthase), FLS (flavonol 
synthase), LAR (leucoanthocyanidin reductase), ANR (anthocyanidin reductase) and BAN 
(banyuls). The genes involved are in red uppercase letters. EBG (early biosynthetic genes), 
LBGs (late biosynthetic genes), TT (TRANSPARENT TESTA), TTG (TRANSPARENT TESTA GLABRA), 
bHLH (basic helix-loop-helix), R3-MYB (small MYB protein family). The MYB and bHLH proteins 
form ternary complexes with TTG1. Adapted from Zhang and Schrader, 2017. 

5.2 Results 

5.2.1 Loss of DDMI function does not repress the Col-killer 

In Arabidopsis, maternal rescue is accession-dependent and is extremely weak 

in Col-0, mild in Ler, but very strong in extreme rescuers such as C24, Bla-1 and Tsu-0. 

The Col-0 accession is generally submissive when crossed with Col-0 pollen parents to 

produce a large proportion of inviable seeds. Given the published link between NRPD1 

and Col-killing, it was hypothesised that the Col-killer syndrome might result from 

some significant polymorphisms distinguishing this accession from the others (Satyaki 

and Gehring, 2019; Erdmann et al., 2017). To test this hypothesis, the NRPD1 

(AT1G63020) 
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and DDM1 (AT5G66750) coding sequence of this accession were compared to that of 

the other accessions that display maternal rescue against Col4x pollen parents. For the 

NRPD1 gene, Col-0 is distinct from all the different Arabidopsis accessions aligned 

based on non-synonymous SNP changes (Figure 5.2). Apart from weak rescuers like 

Sha and Bay-0, each of these accession rescuers possess at least nine conserved non-

synonymous SNP changes, which were absent in the Col-0 sequence of this gene. 

Figure 5.2A shows the distinctive conserved non-synonymous SNP polymorphisms 

resulting in amino acid changes in the NRPD1 sequence. These include phenylalanine 

(F), alanine (A), serine (S), threonine (T), lysine (K), aspartic acid (D), glycine (G), 

arginine (R), proline (P), cysteine (C). These polymorphisms occur widely throughout 

the sequence but are more frequent in the C-terminal of the protein. Likewise, the 

DDM1 sequence of these rescuer accessions has at least two conserved amino acid 

changes for threonine (T) in exons 3 and 5, distinguishing them from the Col-0 

accession (Figure 5.2B). The presence of these distinctive amino acids strongly 

indicates a conserved protein function in DDM1 and NRPD1 and, Col-0 may also display 

differential DNA methylation or histone modification patterns in these imprinted 

genes.  

      Furthermore, the two independent homozygous DDM1 knockouts (Col-0 

background) as maternal parents in crosses to WT Col4x showed no maternal rescue, 

implying that DDM1 does not play a maternal role in triploid block or it may 

collaborate with the RdDM in Col-killing (Figure 5.3A and B). In addition, a colchicine-

based genome doubling was conducted to generate some ddm1 tetraploid plants to 

test the role of this gene in tetraploid killing, but no seeds were recovered. The 

colchicine-treated ddm1 plants with altered phenotypes showed significant 

abnormalities in all their inflorescences, with all the siliques containing shrivelled or no 

viable seeds (Figure 5.3 C and D). Despite the fact that it proved problematic to 

generate vigorous ddm1 tetraploid lines within a reasonable timeframe, it was 

interesting to note that a small number of seeds were produced from the ddm1 

diploids that resisted tetraploidisation. These showed abnormalities consistent with 

the paternal excess phenotype (Figure 5.3D). It is therefore hypothesised that ddm1 

may play a significant role in a tetraploid block, not the triploid block. 
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Figure 5.2: Amino acid polymorphisms in NRPD1-RdDM (A.) and DDM1 (B.) distinguishes Col-
0 from the other Arabidopsis accessions. The figure shows the coding sequence of NRPD1 and 
DDM1; the purple boxes are the exons while the light purple lines are the introns. The letters 
shaded in different colours indicate each specific amino acid change resulting from the distinct 
non-synonymous SNPs detected in each accession. 
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Figure 5.3: Seed phenotypes of ddm1 mutants. A and B: In contrast to Tsu-0 diploids, ddm1 
diploids are submissive to the Col-killer. The error bars are standard error of the mean. The 
images were taken at 20x magnification with a scale bar of 2mm in blue. C and D: ddm1 
diploids resist tetraploidisation by colchicine treatment. C: Silique images showing Col-0 2x (1), 
nrpd1 4x (2), ddm1 2x (3), colchicine treated ddm1 2x containing regular and shrivelled seeds 
(4), and tetraploidised ddm1 siliques that failed to produce seeds (5 and 6). Scale bar 10mm. 
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5.2.2     TTG1 exhibits a parent-of-origin effect in interploidy crosses 

5.2.2.1   Mutant TTG1 alleles are recessive in the seed coat 

All the seeds obtained from homozygous ttg1 mutant alleles are yellow (tt 

phenotype), whereas all the wildtype seeds are brown. To confirm the inheritance 

mode of TTG1 alleles for seed coat colour, reciprocal crosses were made between 

different ttg1 mutant alleles (ttg1-21, ttg1-22 in Col-0 background) and wildtype alleles 

(Col-0 and Tsu-0 alleles). The results obtained from each reciprocal cross was identical: 

all the F1 seeds inherited the tt phenotype with the ttg1 maternal parents.  Conversely, 

the ttg1 allele was not inherited in the F1 when the wildtype was the maternal parent, 

resulting in seeds with a deep brown colour (Figure 5.4). Furthermore, a 3:1 

segregation of the Col-0 wildtype to the ttg1-like phenotype was observed among the 

F2 progenies from a self-pollinated F1 with the wildtype maternal allele, suggesting that 

these ttg1 alleles are recessive.  These results strongly indicate that the maternal 

genotype strongly determines the tt seed colour inheritance in ttg1 mutants; 

notwithstanding, these ttg1 alleles are not genetically dominant.  

Figure 5.4: The seed coat colour in ttg1 mutants is determined by the maternal genotype. 
Col-0, Ler-0 and Tsu-0 are the wild-type TTG1 alleles coding for brown seed colour, while ttg1-
21, ttg1-22 and ttg1-1 are the ttg1 mutant alleles coding for yellow seeds. Images were taken 
at 10x magnification with a scale bar of 1mm in blue. 
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5.2.2.2 The TTG1 role in trichome density is not linked with triploid block 

Interestingly both ttg1 and ttg2 mutant alleles produce similar tt phenotypes in 

Arabidopsis seeds (Figure S8, supplemental section). Since these genes also control 

other traits such as trichome morphogenesis, mucilage deposition and PA biosynthesis, 

it is worthwhile to investigate whether any of these traits can be used to predict the 

survival of F1 triploids derived from a Col-0 tetraploid father in some Arabidopsis 

accessions. Among all these traits, trichome density was chosen as an observable trait 

in the plant architecture of ttg mutants, and the observation of this trait is non-

destructive to the mother plant. Therefore, to investigate the relationships between 

trichome density and triploid block, a panel of Arabidopsis accessions with divergent 

trichome phenotypes were selected as the mother genotypes. Mean trichome density 

measurements were taken as the total trichome number divided by the mean 

calculated area (cm2) obtained from the 11th to 13th leaf from three biological 

replicates. The mean seed weight (µg) obtained from the seeds of paternal excess 

(Col4x) F1 triploids was chosen as the trait for maternal rescue against a triploid block 

in the accessions studied. The rationale behind this is that an extreme maternal 

modifier of Col-killing will produce siliques with a high proportion of viable seeds 

resulting in high mean seed weight. 

Table 5.1 shows that the observed phenotypic variation in mean seed weight is 

normally distributed (P < 0.03), whereas trichome density is not normally distributed 

among the different accessions (P < 0.972). C24 and Cvi are phenotypically divergent, 

with C24 exhibiting a glabrous phenotype (lacks trichomes on stems and leaves with a 

few trichomes on leaf margins), just like the ttg mutants. In contrast, Cvi exhibits an 

extreme glabra phenotype (produces excessive trichomes on stems and leaves). 

However, no significant phenotypic relationship was found to exist between trichome 

density and mean seed weight amongst all the accessions studied (Figure 5.5). This 

strongly suggests that the continuum of glabrous or glabra phenotypes in wildtype 

Arabidopsis accessions cannot be used to predict their maternal response to a triploid 

block. 
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Table 5.1: Only the mean seed weight phenotype is normally distributed in all the accessions 

studied 

 

Tests of Normality 

 

Kolmogorov-Smirnova Shapiro-Wilk 

Statistic Df Sig. Statistic Df Sig. 

Mean trichome density .103 17 .200* .982 17 .972 

Mean seed weight .206 17 .054 .874 17 .026 

*. Indicates a lower bound of the true significance. 

a. Lilliefors Significance Correction 

 

 

 
Figure 5.5: No correlation between mean seed weight and trichome density across A. 
thaliana accessions.  The regression model for the graph is indicated in the small box with 
white borders. 
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5.2.2.3   A new TTG1 mutant is generated in the Tsu-0 background 

One of the objectives of this chapter is to verify the maternal rescue role of 

TTG1 role against a triploid block. Interestingly, the published TTG1 alleles described 

by TAIR and NASC are in accession backgrounds that primarily perform as submissives 

(Col-0) or weak rescuers (Ler-0) in response to Col4x pollen (Table 2.1 and Table 5.2). 

Notwithstanding, it is worthwhile to further clarify the effect of TTG1 mutation in an 

extreme rescuer background, such as Tsu-0. The QTL refinement carried out in 

Chapter4 identified TTG1 as the maternal modifier of Col-killing in Tsu-0. Therefore, a 

homozygous TTG1 knockout in the Tsu-0 background was produced (Figure 5.6). The 

first exon of TTG1 was targeted with a single pHEE401E CRISPR-Cas9 plasmid 

containing dual-gRNAs (described in the methodology section 2.7, refer to the 

supplemental section S1-S5 for further details). The expression cassette of this plasmid 

utilises an egg cell-specific EC1.2 promoter to drive the expression of Cas9 (Wang et al., 

2015). The transformed T0 plants were selfed, T1 seeds were collected and screened 

with BASTA (PESTANAL R, Sigma-Aldrich) to select CRISPR transformants. All the 

BASTA-resistant T1 plants were phenotyped for the absence of trichomes (the most 

observable ttg1 phenotype), and three T1 lines with no trichomes were obtained in the 

Tsu-0 accession. These results show that a low frequency of homozygous mutants 

(approximately 1%) can be achieved in the T1 generation. 

These T1 transformants were selfed to obtain T2 progenies, and the individual 

T2 plants displaying a little (3 ttg1- like: 1 TTG1-like) or no (all ttg1-like) segregation 

were chosen as the final transformants. Based on the ttg1-like T2 progenies derived 

from each T1 parent, three novel ttg1 mutants in Tsu-0 were identified. The presence 

of indels was verified in these ttg1 alleles by sequencing a genomic fragment flanking 

the TTG1 mutation site, and these mutations were found to be deletions, ranging from 

14bp to 28bp. Figure 5.7 shows the amplified TTG1 region, including the dual gRNAs. 

There are no deletions within the vicinity of gRNA 1, indicating that all the deletions 

observed are upstream of the TTG1 exon1. Therefore, all the deletions identified are 

exclusively around gRNA14. These deletions are largely heritable and are consistent 

with the mutations reported in pHEE401E CRISPR-Cas9 knockouts (Wang et al., 2015).  
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The resultant Tsu-0 ttg1 mutants architecturally resemble Tsu-0, but their 

transparent testa and glabra phenotypes are like those described in the homozygous 

Col-0 ttg1 mutant obtained from NASC (Figure 5.6, refer to supplemental images S6-S7 

for further descriptions). A set of homozygous T3 seeds were derived from each of 

these ttg1-like T2 parents and were used for interploidy crosses in section 5.2.2.4. 

 

 

 

 
Figure 5.6: The phenotype of the ttg1 allele with the largest deletions in Tsu-0 is consistent 

with that of ttg1-21. The ttg1-21 allele is a homozygous TDNA insertion line in the Col-0 

background (Zhang and Schrader, 2017). A. The presence of a yellow and transparent seed 

coat (tt). B. The complete absence of trichomes (g). Seedling Images were taken three weeks 

after planting. The red scale bar is 1cm. 
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Figure 5.7: CRISPR/Cas9 editing of the TTG1 gene in Tsu-0. A: The genomic position of the 

gRNAs. The red arrow at the beginning indicates the 60bp AtTTG1 promoter region (Chr5: 

8372820-Chr5: 8372879). X is ttg1-21, a previously characterised ttg1 mutant in Col-0 

background; A and B: the gRNAs designed to target TTG1 in this study. UTR: Untranslated 

region; CDS: Coding DNA sequence. B and C: A Clustal W Multiple sequence alignment of the 

PCR fragments amplified from a region flanking the TTG1-Cas9 mutation site, and this was 

compared in Col-0 WT, Tsu-0 WT and the ttg1 mutants. Only the regions of interest are 

displayed, and the expanded alignment details are in the appendix. Sequence highlights: 

yellow highlights are gRNAs, green highlights indicate the PAM sequence, all red letters are 

substituted bases, and the stars indicate conserved bases. The dashes represent base 

deletions, and the numbers on the right indicate the corresponding number of deletions. 
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5.2.2.4 TTG1 mutation influences the survival of triploid F1s in an accession-

dependent manner 

Previous data has shown that Col4x pollen is more aggressive in Col-killing than 

the tetraploid pollen derived from many other accessions such as Tsu4x (Bolbol,2010). 

To validate the role of TTG1 as a maternal modifier in the triploid block, Col4x pollen 

was chosen as the most potent pollen killer whereas, Tsu4x was selected as a mild 

pollen killer to assess the differences or changes in F1 triploid seed survival across a 

panel of published ttg1 mutants (Table 5.2).  Different inter-crosses [2x X 4x] featuring 

a range of ttg1 mothers and Col4x fathers were made, with Col-0, Ler-0, Tsu-0 and a 

ttg2 mother as a control (ttg2 mutants are established maternal rescuers of triploid 

block in Arabidopsis). Additionally, the F1 hybrid triploids within the siliques obtained 

from each cross were evaluated by quantifying the mean seed weight and the 

percentage frequency of shrivelled seeds (Figure 5.8). 

All the maternal ttg1 mutations significantly repressed seed lethality, with the 

seeds resulting from these inter-crosses exhibiting a mild or strong rescue (Figure 5.8 

and 5.9). The weak rescuer group had a considerable percentage of shrivelled seeds 

(24µg mean seed weight and 40% viability) in response to Col4x pollen. These were 

obtained from the interploidy crosses featuring the TTG1 and TTG2 knock-outs in the 

Col-0 background. In contrast, a TTG1 knock-out in Ler (ttg1-1) and the total deletion 

of the whole AtTTG1 region in a Col-0/Ler F3 line (ttg1-13) resulted in an increased 

seed survival (28µg mean seed weight and 78% viability).  Similarly, the ttg1 mothers in 

a pure Col-0 background could substantially bypass the mild killing induced by Tsu4x to 

produce a high percentage of viable seeds. However, the CRISPR-Cas9 knock-out of the 

TTG1 protein resulted in a significant reduction in mean seed weight compared to 

wildtype Tsu-0. Nevertheless, these ttg1Tsu-0 triploids still have a high viability rate as 

roughly half of the seeds have irregular shapes, signifying that they are somewhere 

around the walking stick stage.  

These results strongly indicate the influence of accession differences and the 

strength of TTG1 mutation on the performance of the ttg mothers crossed with Col4x 

pollen. The ttg1-13 mutant is the most extensive deletion (> 4 kb) ever carried out in 

the TTG1 gene, and together with the ttg1-1 mutant in Ler background, these two are 
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the strongest ttg1 mutants based on their null phenotypes (Larkin et al., 1999; Zhang 

and Schrader, 2017).  Thus, defining the role of ttg1 mutants in the maternal 

regulation of triploid block may be more effective in strong mutants with large 

deletions. 

  Table 5.2: A list of the published Arabidopsis ttg1 alleles used in this study. 

Allele Accession 
number 

Accession Mutation Mutagenesis Phenotypes 

ttg1-1 N89 Ler Q317stop EMS tt, g 

ttg1-21 N2105596 Col-0 Exon1 (N) TDNA tt, g 

ttg1-22 N2105596 Col-0 Exon1 (C) TDNA tt, g 

ttg1-13 CS67772 Col-0/Ler 
F3  

Whole 
deletion  

Fast 
neutrons 

tt, g 

ttg2-1 N277 Ler Exon1 (N) TDNA tt, g 

ttg1-18 N372 En-1 S310stop Kranz collect NA 

ttg1-19 N406 Est-1 W183stop Kranz collect NA 

ttg1-15 N300 An-1 S310stop Kranz collect NA 

Note that ttg1-21 and ttg1-22 are ttg1 homozygous lines from the complete set of tt-isogenic  
collection lines (N2105571) from NASC. The other ttg1 mutants were derived from (Larkin et 
al., 1999) and obtained from NASC. N277 is a ttg2 mutant line. Ler: Landsberg erecta, Col-0: 
Columbia-0, En-1: Enkheim-1, Est-1: Estland-1, An-1: Antwerp-1, EMS: Ethyl methanesulfonate 
(mutagenesis method), Q: Glutamine, S: Serine, W: Tryptophan, N: N-Terminus, C: C-Terminus, 
T-DNA: transfer-DNA, NA: not available as the lines failed to germinate, tt: transparent glabra 
and g: glabra.  
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Figure 5.8: The maternal loss of TTG1 results in an increase in plump seeds except in the Tsu-
0 accession. The images are the triploid F1 seeds generated from ttg1 mutants [2x X 4x] inter-
crosses. The mother comes first in all crosses. All the images are in 20x magnification with a 
2mm scale bar on Col-0 x Col4x and Col-0 x Tsu4x. 
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Figure 5.9: The maternal mutation of TTG1 increases the viability of the triploid F1 seeds 
generated from 2x X 4x inter-crosses. A: The mean seed weight of the seeds derived from the 
intercrosses. Only the ttg1 mutant in Tsu-0 has a significant reduction in mean seed weight. B: 
The percentage viability of the seeds derived from the interploidy crosses. The mother comes 
first in all crosses. The error bars are standard error of the mean. 
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5.2.2.5 Decreased PA biosynthesis suggests that PAs contribute to the suppression of  

triploid seed abortion in ttg1 mutants 

The excessive seed browning phenotype observed in triploid seeds (2x x Col4x) 

derived from submissive mothers such as Col-0 suggests that the overproduction of 

PAs in these brown seeds prevents or delays endosperm cellularisation.  The oxidation 

of PAs in the Arabidopsis seed coat typically results in the brown colour of mature 

seeds; however, the darker colour observed in Col-0 x Col4x triploids may have 

indirectly resulted from an abnormal PA oxidation. To verify this hypothesis, the 

phenotypic expression of PAs in the Arabidopsis seed coat derived from triploid seeds 

obtained from inter-crosses between four ttg1 mothers was analysed alongside 

respective wildtype accessions at different time points following various pollination 

events with Col4x pollen.    

The time-course silique dissection data in Figure 5.10 showed the variations in 

seed development among the ttg mothers (mitigating against Col4x-induced F1 

lethality) and wildtype mothers following different pollination events with Col4x 

(aggressive pollen) and Tsu4x (pollen with mild killing). In contrast to the Col-0 control, 

both the ttg1 and ttg2 mothers significantly resisted the mild Tsu4x induced lethality 

throughout all the seed developmental stages to produce an excellent proportion of 

healthy yellow seeds (Figure 5.10B). Similarly, in response to Col4x, the ttg1 mutants in 

Ler-0 and a mixed Ler background (ttg1-1 and ttg1-13, respectively) significantly 

improved their original Ler-0 maternal rescue to produce a higher proportion of viable 

seeds (Figure 5.10). In contrast to these observations in Tsu-0 and all the ttg1 mutants, 

many of the triploids obtained from WT Col-0 and Ler-0 mothers started showing signs 

of excessive oxidation in the seed coat around 9DAP with Col-0 mothers displaying a 

more severe phenotype. In summary, these results show that decreased PA signalling 

in the Arabidopsis seed coat can suppress Col4x induced seed abortion, strongly 

suggesting that the over-production of PAs in the Col-0 seed coat could be partly 

responsible for the dark-brown shrivelled seeds in the 3x seed abortion phenotype.  
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Figure 5.10: The percentage of healthy seeds obtained from interploidy crosses between 

different diploid mothers and tetraploid donors at different days after pollination. (a): 

Crosses with col4x pollen.  (b): Crosses with Tsu4x pollen.  Error bars represent the standard 

error of the mean. 
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5.2.3 TTG1 significantly interacts with AXR1 to regulate seed size only in diploids 

Triploid F1 seed abortion has been linked to increased auxin activity following 

fertilisation, and the downregulation of auxin biosynthesis and signalling genes 

coincides with an improved cellularisation (Batista et al., 2019). Among the auxin-

deficient lines available to the Arabidopsis community, auxin resistant (axr) lines are 

commonly studied. Moreover, axr1-3 lines have moderate morphological 

abnormalities and are less resistant to auxin (Cynthia et al., 1990; Batista et al., 2019). 

To investigate if the lowered auxin requirement for cellularisation could potentially 

increase the maternal rescue potential of ttg1 and ttg2 mutants in a Col-0 mother, two 

double mutants were made by crossing a homozygous axr-1 mutant with homozygous 

ttg1 and ttg2 mutants, respectively (Figure 5.11).  

The F1 plants obtained from these crosses were selfed to obtain homozygous 

F2s that were axr1-like, inherited a homozygous axr1-3 mutation, and displayed a loss 

or reduction in trichome number (Figure 5.11, refer to Figure S9 for supplemental 

information). The resultant axr-1-ttg1/ttg2 double mutants (F2s) generally displayed 

both auxin-deficient and glabrous phenotypes. The glabrous phenotype was more 

pronounced in the axr1ttg1 double mutants with no trichomes, a strong indication of 

an additive effect of axr-1 and these two genes (Figure 5.11). In addition, the 

corresponding transparent testa (tt) seed phenotype was inherited in all these axr1-

ttg1/ttg2 F2s. The axr1ttg1 double mutants were more fertile and produced longer 

siliques to suppress the short siliques induced by the axr1 gene, signifying a possible 

compensation strategy against the adverse pleiotropic effects of the axr1 mutation 

(Figure 5.11). Furthermore, these axr1ttg1 double mutants significantly produced 

bigger seeds when compared to their parents and the axr1ttg2-3 double mutants 

(Figure 5.12). The high mean seed weight of these seeds is similar to that of a Col-0 

tetraploid, indicating that ttg1 and axr1 mutations act maternally to regulate seed size. 

However, the additive action of these genes does not completely abolish the 

submissiveness to Col-killing in a Col-0 mother (Figure 5.13 A and B).  
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Figure 5.11: The phenotypes of axr-1 and ttg1/ttg2 double mutants. A. Images of the plants 

at the bolting stage (Note that the flowering times are different). B. Mature siliques with dry 

seeds of 1(Col-0), 2(Col-04x), 3(ttg2-3), 4 (ttg1-22), 5(ttg1-22 X axr1-3F2), 6(ttg2-3 X axr1-3F2), 

and 7(axr1-3). The Scale bar is 10mm in B. 
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Figure 5.12: The axr1ttg1 double mutants show an additive effect on seed size and weight 

that is not seen in axr1ttg2 double mutants. A: The diploid seeds obtained from axr1-ttg2F2s 

compared with their parental controls and a Col-0 tetraploid. The diploid double mutants 

mixed with Col-0 tetraploids for seed size comparison. B: The mean seed weight of the 

axr1ttg1 and axr1ttg2 double mutants compared with their parental controls and a Col-0 

tetraploid. All the images were captured on the same scale so that seed sizes can be 

compared. The scale bar is 2mm in A. The error bars indicate the standard error of the mean. 
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Figure 5.13: Maternal mutations in axr1 and ttg1/ttg2 has a significant but weak additive 

effect on maternal rescue. A. The mean seed weight of the axr1-3 double mutants in 

interploidy crosses B. The germination rate of the seeds obtained from interploidy crosses. The 

y-axis represents the level of seed survival in terms of mean seed weight (µg) and percentage 

viability rate. The x-axis represents the different interploidy crosses (2x X 4x). The error bars 

indicate the standard error of the mean. 
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5.2 Discussion 

5.2.1 DDM1 does not maternally oppose the RdDM in the triploid block 

To find a significant imprinted MEG controlling maternal rescue against 

paternal excess, the nucleosome remodeller DDM1 was chosen as a candidate from 

the literature (Zemach et al., 2013a; Zemach et al., 2013b). In the Arabidopsis genome, 

DDM1, together with the RdDM, facilitates DNA methylation and TE silencing. 

However, DDM1 preferentially and independently maintains DNA methylation and 

histone modifications in the heterochromatin with the concerted action of 

CHROMOMETHYLASE 2 (Zemach et al., 2013a; Stroud et al., 2014).  Thus, DDM1 is 

antagonistic to the RdDM, most especially in the heterochromatin (Zemach et al., 

2013a, b; Tan et al., 2018). The RdDM pathway itself does not play a role in maternal 

rescue against Col4x and, the absence of significant amino acid changes in the Col-0 

RdDM sequence is not related to this trait. However, the predominance of these 

distinctive NRPD1 amino acid changes in many of the Arabidopsis accessions displayed 

on the SALK genome browser may explain the genetic variation of the strength of Col-

killing in these accessions. For example, Tsu-0, C24, Bla-1, Per, Ler, Ws, Bur and Co 

tetraploids usually display weaker killing when crossed with a Col-0 diploid mother 

(Bolbol, 2010). 

The DDM1 amino acid changes distinguishing Col-0 from the other accessions 

may not be related to triploid block, and the loss of DDM1 function has no roles in 

maternal rescue against a triploid block. One possible reason for this is that ddm1 

mutants generally have high levels of transcriptionally active TEs, resulting in increased 

TE transposition rates (Kasschau et al., 2004; Tsukahara et al., 2009). Since a timely 

endosperm cellularisation is crucial for seed development, excessive TE activity in the 

endosperm may make the embryo vulnerable as TE silencing in the developing embryo 

is mediated by endosperm-derived 24 nucleotide small RNAs. Secondly, ddm1 mutants 

generally have reduced heterosis in hybrid crosses, and there is also evidence that 

increased selfing rates may abnormally alter the phenotypes of these lines (Zhang et 

al., 2016). Lastly, DDM1 loss is attributed to a significant reduction in histone 

transcripts, thus allowing the production of excess 24 nucleotide small RNAs in plant 

tissues which facilitates RdDM access to the whole genome (Kawakatsu et al., 2016). 

Thus, it is therefore hypothesised that the maternal factors modifying the Col killer 
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action of the RdDM and the other killer PEGs may not necessarily be in the major 

imprinting pathways such as the DDM1 pathway. Although it is not yet established 

whether a loss of DDM1 activity may totally abolish the maternal rescue phenotype in 

extreme accessions such as C24. Future research on extreme rescuers will be needed 

to confirm these hypotheses. 

5.2.2 TTG1 exhibits a timed control against Col4x-induced triploid F1 lethality 

The presence of active maternal modifiers of Col-killing such as TTG1 and TTG2 

in the maternal genome could reduce the overproliferation of the endosperm to 

rescue the developing embryo. The loss of function of both genes has also been 

attributed to reduced levels of the oxidised PAs in the seed coat (Larkin et al., 1999). 

PAs are the main flavonoids accumulated to give Arabidopsis seed coats their 

distinctive brown colour. They are produced explicitly in an endothelial cell layer that is 

narrowly characterised in the seed coat. TTG2 is strictly dependent on the TTG1 

protein in PA production, transparent testa mutants lack the PA pigmentation in 

wildtype seeds, and the expression of these PA biosynthetic genes is strictly 

synchronised with seed testa differentiation (Gonzalez et al., 2016). Furthermore, the 

TTG1-complex acts in the FBP pathway to regulate the late biosynthetic genes, possibly 

repressing the other signals of late embryogenesis, such as seed storage proteins 

(Gazzarrini et al., 2004). Among these, TTG1 plays a prominent role in the fatty acid 

accumulation and carbon partitioning between the maternal and zygotic sinks in 

developing seeds (Li et al., 2018). Thus, the loss of TTG1-TTG2 activity may delay the 

onset of seed maturation signals, giving some seeds more time to attain a cellularised 

endosperm state, ultimately increasing their chances of seed survival.  

The majority of the seeds obtained from Col-0 mothers and other submissives 

in response to Col4x pollen usually display an abnormal brownish colouration during 

early seed development. This indicates a delayed endosperm cellularisation, ultimately 

resulting in shrivelled seeds containing dead or aborted embryos. Previous studies on 

Arabidopsis seed development reveal that seeds take approximately 21 days to 

complete their development to attain an average mature seed weight of 22 ug. This 

starts from early embryogenesis (rapid cell divisions to form the three basic structural 

compartments of the mature seed), to a maturation phase (Baud et al., 2002; Becker 
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et al., 2014). In response to Col4x-induced killing, the seeds resulting from Col-0 F1 

triploids possess some excessive PA oxidation as early as 9DAP. This may indicate that 

the misregulation of PA biosynthesis prematurely ushers the affected seeds into the 

maturation phase. Similarly, TTG1 mutants in the Col-0 genetic background cannot 

recover beyond 12DAP. All the seeds in the siliques switched to the maturation phase 

at around 15DAP, which the tipping point for seed fresh matter accumulation (Baud et 

al., 2002). Following this, the last two seed development stages (late maturation and 

desiccation tolerance) start at 17DAP to usher the embryo into desiccation tolerance 

(Baud et al., 2002; Becker et al., 2014), and at this point, an immature embryo stops 

growing within its seed coat.  

5.2.3 Decreased auxin signalling does not completely abolish the Col-killer effect in 

axr1-ttg1/ttg2 mothers 

The seed coat has a maternal origin and imposes a physical and turgid 

mechanical constraint around the other seed structures within which embryos 

develop. Maternal modifiers (TTG1 and TTG2) of the FBP significantly reduce PA 

production in the seed coat to ameliorate the lethality induced by Col4x pollen. It has 

always been thought that paternal-acting factors such as the RdDM and easiRNAs can 

solely trigger Col4x induced killing in the endosperm (Edmann et al., 2019, Borges et 

al., 2017). Still, increasing evidence has shown that some maternal-acting factors could 

also trigger this effect (Batista et al., 2019). Recent evidence has shown that increased 

auxin levels in both the endosperm and the seed coat in balanced ploidy crosses of 

yuc6 mutants are sufficient to reproduce the F1 triploid-like seed abortion observed in 

Col-0 x Col4x crosses (Batista et al., 2019). Previous studies have found that auxin is 

the maternal signal for endosperm cellularisation: it is produced in the endosperm and 

transported to the seed coat. Therefore, the downregulation of auxin-related gene 

expression in all the endosperm domains is crucial for endosperm cellularisation 

(Batista et al., 2019; Figueiredo et al., 2016). Hence, the maternal cues promoting 

survival in the triploid hybridisation barrier are compartmentalised in the endosperm 

and seed coat.  

Paternal-excess F1 triploid seeds show a substantial increase in auxin activity 

and a reduction in auxin signalling with an axr-1 mutant even in the presence of PEGs 

like ADM, PEG2, and PEG9 (Batista et al., 2019). Consequently, triploid axr1 F1 seeds 
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also experience a delayed cellularisation compared with diploid seeds. However, these 

mutants possessed some signs of endosperm cellularisation as early as 7DAP, in 

contrast to triploid Col-0 seeds (Batista et al., 2019).  The similarity between the 

ttg1/ttg2 mothers and axr1 seeds is that both mildly alleviate Col-killing, but the 

viability of the triploid F1 seeds from each of these genes or their double mutants 

(axr1-ttg1/ttg2) do not exceed 45% (Figure 5.12). The inability of these two maternal 

cues to significantly suppress seed abortion in Col-0 submissive mothers under 

conditions of paternal excess strongly signifies the presence of an incompatible 

combination system of maternal signals to overcome Col-killing completely.  Thus, in 

line with our current data, ttg1/ttg2 and auxin signalling have a common or an 

opposing genetic link, depending on the trait in question. While both pathways may be 

complimentary in plant architecture and trichome regulation, their joint action in seed 

size appears additive; however, ttg1 and ttg2 act in different auxin pathways. 
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Chapter 6  General Discussion 

6.1 Multiple loci are involved in the fate of interploidy crosses 

Many of the imprinted genes influencing Arabidopsis seed development are 

preferentially expressed in the endosperm, and these could be maternally or 

paternally imprinted (Erilova et al., 2009; Wolff et al., 2011; Kohler et al., 2012; 

Kradolfer et al., 2013). Specifically, a null mutation in some of these paternally 

expressed genes (PEGs) in the endosperm: ADMETOS, SUVH7, SUVH9, AHL10, PEG2, 

PEG9, PICKLE RELATED2 (PKR2), and PHERES1 (PHE1) suppresses lethality in F1 triploids 

(Kradolfer et al., 2013; Wolff et al., 2015; Erdmann et al., 2017; Huang, 2017; Inoue et 

al., 2017; Martinez et al., 2018; Wang et al., 2018; Batista et al., 2019). Also, the 

maternal repression of TT4, TTG2 and TTG1 in the flavonoid biosynthesis pathway 

promotes maternal rescue against the Col-killer (Aljabri 2016; Dilkes et al., 2008; and 

This study). However, a knock-out of the NRPD1 unit of the RdDM pathway in a Col-0 

tetraploid background has the largest suppression on the Col-killer effect (Erdmann et 

al., 2017; Satyaki and Gehring, 2019). In general, these reports indicate that the 

imprinting marks underlying the triploid block are underpinned by many genes at 

different loci in the Arabidopsis genome.  

In this research, it is shown that the maternal genes acting against the lethality 

induced by these paternally imprinted genes may also be controlled by many genes. 

However, the differences in their loci are primarily attributed to the ‘maternal modifier 

genotype’ of the accessions involved. Some accessions like Col-0 are highly sensitive 

seed parents to Col-0 tetraploids resulting in a high frequency of inviable seeds. Other 

accessions, most especially C24, Tsu-0 and Bla-1, bypass this barrier to produce viable 

and bigger seeds. While Tsu-0 and Bla-1 mothers employ one genetic locus to combat 

the Col-killer, other maternal genotypes such as the C24 background act as a robust 

buffer against the lethality induced by using at least two maternal rescuers. Paternal 

genome excess significantly increases endosperm growth by overproliferation 

whereas, the maternal genome restricts the development of the endosperm and seed 

coat, irrespective of the paternal genome ploidy (Povilus et al., 2018). Where most 

PEGs have been shown to act in the endosperm, most MEGs acting in interploidy 
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outcomes are more likely to work in both the endosperm and the seed coat 

preferentially (Batista and Kohler, 2020).  

Loss of function mutations at TTG1 and TTG2 loci restrict excessive seed coat 

proliferation in Col-0 paternal excess, indicating that these genes may act as a 

buffering system in paternal excess crosses. On the other hand, experiments that 

reduced auxin signalling in the endosperm demonstrated that this hormone is one of 

the maternal signals controlling endosperm cellularisation in interploidy crosses 

(Batista et al., 2019). A possible hypothesis to explain the activity of these factors in 

the endosperm and seed coat could be the re-allocation of resources to promote the 

developing embryo following exposure to the Col killer genes. Although the mutations 

in ttg1, ttg2 and axr1 do alleviate Col-killing to some extent in Col-0, they do not 

alleviate Col-killing as effectively as some accessions like Tsu-0. This strongly implies 

that an interplay between or among the MEGs and other loci acting in all the seed 

compartments is required to significantly improve maternal rescue in a typical Col-0 

diploid. Genic interactions explain how these loci operate in different backgrounds, 

and these could range from additive to complementary, epistasis or even duplicate 

genes.  

6.2 DDM1 has no maternal role in triploid block 

The RdDM and DDM1 synergistically control the majority of the TE methylation 

in Arabidopsis. Despite this fact, both pathways have been thought to be antagonistic, 

most especially in the heterochromatin (Zemach et al., 2013a, b). Nonetheless, this 

study shows that the maternal loss of DDM1 does not alleviate the Col-killing induced 

by the RdDM in the triploid block. In contrast to the RdDM mutants, homozygous 

ddm1 mutants display some phenotypic abnormalities such as increased branching but 

are broadly viable and fertile. However, different lines of evidence have shown that 

inbred ddm1 knockouts undergo uncontrollable transposition rates accompanied by an 

array of developmental defects, which gradually accrue in the following generations. 

This severity is deleterious in maize, resulting in embryo lethality due to aberrant 

kernel cell proliferation as approximately 80% of the maize genome is made up of 

transposons (Long et al., 2019).  In Arabidopsis, the repeated inbreeding of ddm1 

mutation over many generations results in the hypomethylation of several genomic 
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loci, especially the low-copy regions of the genome (Jeddeloh et al., 1998). The 

tetraploidisation failure of the ddm1 mutants described in this study is a strong 

indication that genome doubling immediately accentuated these adverse effects of 

ddm1 mutation. Consequently, the increased dosage of transposons and other repeat 

elements may significantly affect the heterochromatic features of these new 

polyploids resulting in the genome-wide activation of transposons. It is not yet clear 

how the altered methylome of ddm1 polyploids may impair seed development.  

6.3 TTG1 interacts with genetic factors associated with Col-killing to shape seed 

development 

6.3.1 TTG1 is the master regulator of the FBP pathway 

TRANSPARENT TESTA GLABRA1 (TTG1) is a WD40 repeat (WDR) transcription 

factor that predominantly regulates the late biosynthetic genes (LBGs) in the FBP. This 

gene encodes a protein of 341 amino acid residues divided into four WD40 repeats. 

The correct expression of a MBW (MYB-bHLH[basic helix-loop-helix]-WD40) protein 

complex consisting of TTG1 (WDR), TRANSPARENT TESTA2 (TT2; MYB123) and 

TRANSPARENT TESTA2 (TT8; bHLH) is necessary for the transcriptional regulation and 

expression of flavonoids in the seed coat (Baudry et al., 2004; Gonzalez et al., 2009). 

This gene complex is evolutionarily conserved in all land plants and is well studied in 

angiosperms and gymnosperms (Nemesio-Gorriz et al., 2017; Zhang and Schrader, 

2017).  

The flavonoid biosynthesis regulatory network revolves around the TTG1 and 

TTG2 transcriptional network, with TTG1 acting as the head of this conserved pathway 

to regulate many pigment genes via the MBW complex (Gonzalez et al., 2016; Zhang 

and Schrader, 2017). TTG2 encodes a plant-specific WRKY transcription factor, and just 

like TTG1, it is expressed in leaf trichomes, root tips, and the seed coat; but there is no 

evidence that TTG2 regulates its gene expression (Johnson et al., 2002). Interestingly, 

this gene can also act downstream of GL1, another TTG1 target in trichome initiation 

but can function independently of GL2; however, GL1 does not directly 

control TTG2 expression (Johnson et al., 2002). Thus, the overall activity of the TTG1-

TTG2 complex is positively correlated with TTG1 expression levels in Arabidopsis for 

proanthocyanidin biosynthesis in the seed coat (Baudry et al., 2004). 
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The TTG1 locus in A. thaliana is involved in the regulation of several traits, 

including trichome morphogenesis, root hair formation, stem hair formation, seed 

mucilage production, proanthocyanidin biosynthesis, anthocyanin accumulation and 

even recently the accumulation of seed storage reserves and, participation in flowering 

time (Walker et al., 1999; Chen et al., 2015; Paffendorf et al., 2020). All the vegetative 

organs of Arabidopsis contain the same 1.5-kb TTG1 transcript, and consistent with 

this, diverse mutations within the amino acid residues of the TTG1 WD40 repeats 

abolish all the traits above (Walker et al., 1999; Chen et al., 2015; Zhang and Schrader, 

2017). The two major exceptions are root hair formation and the accumulation of seed 

storage reserves; as strong ttg1 mutants produce excess root hairs, and the gene 

negatively regulates the infilling of storage reserves such as fatty acids in the embryo 

during seed maturation (Larkin et al., 1999; Tsuchiya et al., 2004; Li et al., 2018). The 

common feature among all these TTG1 seed traits is the post-embryonic utility of the 

same carbon source from the mother plant. Therefore, TTG1 could be a primary 

transcriptional regulator mediating carbon partitioning in the maternal tissues during 

seed development (Li et al., 2018).  

6.3.2 TTG1 and TTG2 mediate against the triploid block in the FBP  

The trend observed in the results of the interspecific crosses involving ttg1 

mothers in response to Col4x pollen is generally consistent with the previous studies 

on ttg2 and tt4, the other active genetic components of the FBP pathway (Dilkes et al., 

2008; Doughty et al., 2014). Among these three mutants, only TTG1 and TTG2 

transcriptionally act in the FBP pathway. Except for TT4, different mutations in the 

other canonical FBP genes are not efficient in suppressing the seed lethality induced by 

Col4x in the same manner as TTG1, TTG2 (Aljabri, 2016). TT4 (chalcone synthase) is an 

enzyme involved in the early steps of the FBP pathway. Thus, the genetic results from 

the ttg mutants in this study strongly indicate that the maternal loss of TTG1 and TTG2 

in the FBP pathway is moderately sufficient to reduce the seed death caused by Col4x 

paternal genomic excess. However, a genetically intact FBP pathway is not necessary 

for the seed coat to suppress seed death (Aljabri, 2016; Doughty et al., 2014). 

The somewhat redundant role of the other tt genes in the FBP pathway is 

attributed to a lot of other factors. For example, TT16, a MEG regulating PA 
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biosynthesis in the seed coat with its mutants, also exhibiting a tt phenotype just like 

the ttg mutants but plays no role in the triploid block. Other examples are TT8 and TT2, 

the two genes required for the TTG1-TT8-TT2 catenary structure acting upstream of 

TTG2; however, these genes have not been demonstrated to play any role in triploid 

block (Aljabri, 2016). One possible factor for TTG1 and TTG2 to be outstanding among 

all the other genes is not limited to their maternal origin but their critical roles in the 

transcriptional machinery of the FBP pathway. Secondly, these two genes physically 

interact; however, TTG2 function is strictly dependent on an intact TTG1 gene for its 

proper expression in the seed coat endothelium during early seed development 

(Johnson et al., 2002). Finally, TTG1 and TTG2 are both responsive to auxin and, auxin 

has been recently described as the maternal signal to trigger endosperm 

cellularisation. A sustained auxin trigger in the endosperm abolishes its cellularisation, 

ultimately leading to embryo arrest (Hehenberger et al., 2012; Figueiredo et al., 2016; 

Batista et al., 2019). 

Despite a potentially important role for the TTG regulatory network in 

modifying Col-killing, no significant polymorphisms, including non-synonymous SNP 

mutations, were found to distinguish the TTG1-TTG2 alleles of extreme rescuers like 

C24, Bla-1 and Tsu-0 from the Col-0 accession. Distinctive expression levels of TTG2 

have been attributed to maternal rescue strength in Ler-0 diploids with a relatively 

lower expression suppressing the F1 lethality induced by paternal excess (Dilkes et al., 

2008). This report is consistent with some other findings that included a more 

comprehensive range of Arabidopsis accessions. Some good rescuers such as Tsu-0, Ws 

and Bla-1 have similar expression levels with Col-0, suggesting that the TTG1-TTG2 

roles in the triploid block are only genotype-dependent (Schulz et al., 2015). Our data 

indicated that the accessions with low expression levels and a low trichome density are 

more likely to rescue against Col4x. Nevertheless, these findings do not link the two 

traits, especially when the trichome numbers are increased. Therefore, it can be 

adduced that the threshold distinguishing Col-0 and Tsu-0 F1 triploid survival in 

response to the Col-killer depends on the interactions between the TTG1-TTG2 protein 

and the broader genetic backgrounds involved.  

The severity of the different ttg1 alleles is related to the position and type of 

mutation; therefore, altering these two factors in Col-0 ttg1 mutants could yield a 
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higher rescue against Col4x. A massive deletion of the entire AtTTG1 gene (with fast 

neutrons) in ttg1-13, a mutant in a mixed Col-0 and Ler background, but not a pure 

Col-0 background, resulted in a higher maternal rescue against Col4x. The higher 

degree of rescue displayed by the ttg1-13 mutant indicates that the diversity of 

protein function underpins the TTG1 role in the triploid block, and all its WD40 

domains characterise this. Notwithstanding, several other factors such as different 

DNA methylation patterns, gene expression differences, allelic states, and other 

maternal cues may be mechanisms that could abolish the submissiveness in Col-0 

mothers completely. 

6.4 The maternal modifiers with the FBP have robust links with auxin in seed size  

The loci mapped in this study (Chapter 3, section 3.2.2.2.2) demonstrated the 

predominance of some genes involved in auxin signalling, particularly the differential 

depletion of ARF10 in the submissive Col-0 x C24F2 bulks. In contrast to the other 

auxin-related genes, ARF10 is downregulated in the endosperm of 3x seeds, suggesting 

that this ARF could be essential for maternal rescue (Batista et al., 2019). Auxin also 

regulates the timing of endosperm cellularisation in addition to the dosage-dependent 

epigenetic factors (Figueiredo et al., 2018). These factors are mediated by the 

Polycomb Repressive Complex2 (PRC2), and abolishing PRC2 genes leads to abnormal 

seeds in Arabidopsis (Hehenberger et al., 2012). Mutation in the PRC2 components 

results in the autonomous development of the seed coat as the PRC2 places a block on 

its development. This block is removed following the fertilisation event for endosperm 

cellularisation to occur (Roszak and Kohler, 2011). Ectopic auxin bypasses the PRC2 

block on seed coat development, activating proanthocyanidin production and 

gibberellic acid signalling in the integuments (Figueiredo et al., 2016). Auxin is one of 

the crucial regulators of seed development. Previous work has revealed that this 

phytohormone is essential in driving seed coat initiation in Arabidopsis through the 

endosperm, but not the embryo (Mathieu et al., 2006; Roszak and Kohler, 2011).  

Aside from the auxin-related genes found in the chromosome 2 region mapped 

in C24, TTG1 and TTG2 are involved with crosstalk to auxin signalling. Both genes 

constitute the regulatory network specifying the production and fate of PAs in seed 

coat development. Compared to the wildtype alleles, the TTG1 and TTG2 mutants 
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deficient in flavonoid content also display significantly decreased root and shoot auxin 

transport, confirming the link between the FBP pathway and auxin biosynthesis 

(Charles et al., 2013). Moreover, the TTG mutants that accumulated more quercetin 

and quercetin-glycosides had the most dramatic changes in auxin transport, indicating 

that these compounds are involved in the redistribution of auxin with implications in 

aerial plant growth, including seed development (Charles et al., 2013). Furthermore, a 

decrease in auxin biosynthesis and signalling promotes endosperm cellularisation and 

reduced F1 triploid seed abortion.  Conversely, an increased auxin signalling induces an 

aborted triploid-like phenotype as observed in Col-0 x Col4x crosses (Batista et al., 

2019).  

Both the effects of TTG expression and auxin are pleiotropic, influencing many 

traits in plants. Though TTG-aberrant mutants in Arabidopsis retain their plant canopy 

and size with reasonable reproduction rates, mutations in the auxin-signalling or 

biosynthesis pathway can strongly affect many traits, including reproduction and seed 

viability. The auxin-related defects include reduction in fertility, root gravitropism, 

plant height, hypocotyl elongation, and these abnormalities could be severe in some 

mutants such as PIN1 (Cynthia et al., 1990). Among these, auxin resistant (AXR) 

mutants, most especially axr1-3, are widely studied as their aberrant morphological 

phenotypes are moderate with a reduced silique length and fertility, although seed 

production is not hindered. The lack of a significant additive gene action of the ttg-

axr1-3 double mutants in reducing 2x X 4x interploidy F1 lethality describes a common 

genetic link between the FBP pathway and auxin signalling in this trait.  

In contrast, the additive gene action observed in the ttg1axr1 diploid seeds 

may be attributed to an increase in the accumulation of seed storage reserves (chapter 

5, Figure 5.11). This is consistent with a previous study with ttg1-1 embryos showing 

an increase in their dry weight compared with their respective Ler-0 wildtype embryos. 

FUSCA3, the master regulator of seed regulation, was implicated in suppressing TTG1 

expression in the developing seeds (Chen et al., 2015). Additionally, the mean seed 

weight data in this study strongly indicated that the TTG1 role in seed weight and seed 

size is significantly higher in the presence of reduced auxin signalling. Taking together 

the data described in this thesis, two scenarios are described in the role of auxin and 

the FBP genes in regulating seed size (Figure 6.1). 
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Figure 6.1: A Model for the auxin-mediated regulation of seed size in diploids and paternal excess F1 triploids. The first box represents the regulation of seed size 

in diploids under a balanced auxin distribution favouring timely endosperm cellularisation and seed coat development. Removing the auxin and TTG1 block on 

seed size promotes the development of large seeds. The second box shows how the unbalanced distribution of imprinted genes (MEGs and PEGs) in the 

endosperm can influence seed size. A perturbed auxin redistribution between the seed coat and the endosperm leads to a defective FBP pathway resulting in 

shrivelled seeds with excessive PA deposition. Unlike the PEGs acting in the endosperm, the MEGs acting against a triploid F1 lethality are compartmentalised, 

acting in the endosperm and seed coat. These MEGs could be imprinted or not and can act either singly or in combination to normalise the auxin influx into the 

FBP pathway to develop plump triploid seeds. The mother comes first in the crosses. MEGs: Maternally expressed genes. PEGs: Paternally expressed genes. FPB: 

Flavonoid biosynthesis pathway, TTG1: TRANSPARENT TESTA GLABRA1, TTG2: TRANSPARENT TESTA GLABRA2. Some components were adapted from Doughty et 

al., 2014.        
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6.5 Summary 

This research reported in this thesis has contributed to the current 

understanding of the genetic variation in the maternal loci resisting the Col-killer effect 

in Arabidopsis accessions. QTL refinement has unravelled the role of TTG1, an 

evolutionarily conserved WD-repeat gene in this trait. So far, the pleiotropic nature of 

TTG1 and TTG2 have been correlated in most seed development traits, including seed 

coat colour, PA deposition and seed mucilage deposition. Here, it is demonstrated that 

both genes are also involved in maternal rescue against Col4x induced lethality in 

triploid F1s. Furthermore, the maternal action of these genes is accession-dependent, 

as the Col-0 allele only exhibits a weak rescue even in the presence of reduced AXR1 

signalling. However, the data on the genetics of auxin-related regulation and the TTG 

double mutants indicates that TTG1 and TTG2 are neither equivalents nor 

interchangeable in seed size control. Specifically, ttg1axr1 double mutants significantly 

exhibit an additive ‘large seed effect’ absent in ttg2axr1 double mutants. This strongly 

suggests a complex, trait-dependent functional relationship among the TTG gene 

products and auxin during seed development. Thus, future work addressing the 

molecular interplay of the interacting partners of these genes and the links between 

the triploid block and seed size regulation is needed. 
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Table S1: A list of the CAPs markers tightly linked to the candidate genes within the 

Tsu-0 QTL region 

Marker type Name RE Primers Location  

CAPs TT4 (c5_4.486) Mval TGAAGTACCTTGGTTCAGAGCA 
TGCCGGAGAGTTAAAGACGT 

Chr5:4,486,586 

 TT16 (c5_7.83) BgIII ACCAAACAGCGTTCTTCAGC 
AAGAATAGTTTTGCGGCTTGTAA 

Chr5:7,838,474 

 TTG1 (c5_8.37) Apol CCTCTGCTCACACCAAAACC 
TCTCTGCAGTGTTCACCGAT 

Chr5:8,367,632 

SSR TT4 (CA72) NA CCCAGTCTAACCACGACCAC 
AATCCCAGTAACCAAACACACA 

Chr5:4,254,759 

 TT16 (ICE 5) NA CTTGCAACCGCCAACTCAATCG 
CCTGTCTCGCTCCCGCACG3 

Chr5:7,705,251 

 TTG1 (NGA 139) NA GGTTTCGTTTCACTATCCAGG 
AGAGCTACCAGATCCGATGG 

Chr5:8,428,133 
 

The primers used as the markers. RE: Restriction enzyme, NA: Not applicable. 
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Figure S1: TTG1 possesses four domains in its WD-repeat protein. These domains are 

in red, deep brown, green and deep blue respectively (WD1: 74-118, WD2: 130-170, 

WD3: 173-211, WD4: 262-302). The physical position of the asparagine amino acid 

change (in red letters) is within the fourth WD domain. Amino acid alignments were 

constructed from Clustal Omega web services and the physical position of the protein 

domains extracted from Uniprot. 
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Figure S2: The plasmid map of pCBC-DTIT2 (Source: ADDGENE, catalog # 50590) 
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Figure S3: The plasmid map of pHEE401E (Source: ADDGENE, catalogue# 71287) 

 

 

 

 

 

 

 



165 
 

Primer 
name 

Primer sequence 5'-3' Spacer gRNA Location 

DT1-
14BsF 

ATATATGGTCTCGATTGTCAGCACCA
CACATTTCCAGTT 

1 TCAGCACCACACATTTCCATGG Chr5:837
2730 

DT1-14F0 TGTCAGCACCACACATTTCCAGTTTT
AGAGCTAGAAATAGC 

1 TCAGCACCACACATTTCCATGG Chr5:837
2730 

DT1-
12BsF 

ATATATGGTCTCGATTGAGATACTGA
TTAATCCAGAGTT 

1 AGATACTGATTAATCCAGAGGG Chr5:837
2868 

DT1-12F0 TGAGATACTGATTAATCCAGAGTTTT
AGAGCTAGAAATAGC 

1 AGATACTGATTAATCCAGAGGG Chr5:837
2868 

DT2-1R0 AACCGAAGGAGAGATTCGGGAGCA
ATCTCTTAGTCGACTCTAC 

2 CGAAGGAGAGATTCGGGAGAGG  Chr5:837
2514 

DT2-1BsR ATTATTGGTCTCGAAACCGAAGGAG
AGATTCGGGAGCAA 

2 CGAAGGAGAGATTCGGGAGAGG Chr5:837
2514 

DT2-2R0 AACGGTGAGTCGTATGTGACGGCAA
TCTCTTAGTCGACTCTAC 

2 GGTGAGTCGTATGTGACGGCGG  Chr5:837
2672 

DT2-2BsR ATTATTGGTCTCGAAACGGTGAGTC
GTATGTGACGGCAA 

2 GGTGAGTCGTATGTGACGGCGG Chr5:837
2672 

DT2-3R0 AACTTTTGAGGTCAGTGTCAGTCAAT
CTCTTAGTCGACTCTAC 

2 TTTTGAGGTCAGTGTCAGTCGG  Chr5:837
2797 

DT2-3BsR ATTATTGGTCTCGAAACTTTTGAGGT
CAGTGTCAGTCAA 

2 TTTTGAGGTCAGTGTCAGTCGG Chr5:837
2797 

 

Figure S4: CRISPR gRNA details. The nucleotides in red represent the 19-nt gRNAs 
incorporated into the forward primers (e.g. DT1-14BsF) or the reverse complement of 
the 19-nt gRNAs incorporated into the reverse primers (e.g. DT1-14F0) in front of the 
PAM sequence (NGG). The F0 and R0 primers are 20 times dilution of the F/R primers. 
A ‘G’ nucleotide (in bold black) was added to the start of the target sequences within 
these primers to increase the expression of the U6 promoter. The nucleotides in deep 
brown represent a BSa1 recognition sequence. Image source: ADDGENE and (Xing et 
al., 2014). 
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Verification of CRISPR constructs 

U6-26p-F 

 

U6-29p-F

 

 

Figure S5: The transformed E coli plasmids contained the correct spacers for each 

guide RNA pair. All the sequences were aligned using Clustal W. The alignment result 

was edited with Jalview and the colouring scheme is based on identity.  The first spacer 

is in a red box while the second spacer is in a green box. The template used is the 

‘sequence of two gRNA expression cassettes for dicots (DT1DT2-PCR + pHEE401E) 

adapted from Xing et al., 2014.    

 

 

sgRNA 
name 

sgRNA sequence Genomic location Spacer Primer name 

14 TCAGCACCACACATTTCCATGG Chr5:8372730 1 DT1-14BsF 

    DT1-14F0 

12 AGATACTGATTAATCCAGAGGG Chr5:8372868 1 DT1-12BsF 

    DT1-12F0 

 1 CGAAGGAGAGATTCGGGAGAGG Chr5:8372514 2 DT2-1R0 

    DT2-1BsR 

 2 GGTGAGTCGTATGTGACGGCGG Chr5:8372672 2 DT2-2R0 

    DT2-2BsR 

 3 TTTTGAGGTCAGTGTCAGTCGG Chr5:8372797 2 DT2-3R0 

   2 DT2-3BsR 
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Figure S6: The seedling and flowering phenotypes of the ttg1-Tsu-0 mutant. A. (four 
weeks after planting): The ttg1 mutants in Tsu-0 appeared to have a higher seedling 
vigour than the wildtype from planting till this stage. This resulted in a relatively bigger 
size B. (5 weeks after planting): Both the ttg1 mutant and the Tsu-0 (WT) have similar 
plant sizes and flowering times indicating no off-target effects in the knockouts. 
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Figure S7: The plant architecture of a novel ttg1 mutant in Tsu-0 background. A: The 
same plant architecture in this CRISPR-Cas9 mutant and the original Tsu-0 wildtype 
(N1564) compared with a Col-0 Control. No off-target effects on any parts of the plant. 
Scale bar:15cm. B: No visible trichomes and the stem and leaves of this mutant, 
indicating a strong ttg1 phenotype. The yellow leaves signify the absence of 
anthocyanins on the leaves at the onset of leaf senescence. The Tsu-0 (WT) has this 
pigment in abundance. Scale bar: 4cm. Images were taken at 6.5 weeks after planting. 
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Figure S8: The trichome and seed phenotype of the ttg1 and ttg2 mutants in Col-0 

background 
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A. 

 

 

B.   

 

 

 

 

 

C. Primers 

Primer Primer sequence Phire Tm (0C) 

axr1-3-F GTCGGAAGGAGTAGAAGCGA 62.6 

axr1-3-R Ttcaacggtcttgtgtgtct  

ttg1-22 LP-F TCGATTGGAACGATGTAGAGC 61.0 

ttg1-22 RP-R TGGGTAAAAATTAGAACCTGACG  

GABI-F ATATTGACCATCATACTCATTGC  

ttg2-3F LP-F TAAAACCAAACGACACCGTTC 61.3 

ttg2-3R RP-R TCCAAGTTTGTTGACGATTCC  

SALK-F ATTTTGCCGATTTCGGAAC  

Figure S9: The axr1 and ttg1/ttg2 F2s were confirmed to be double mutants. A: Confirmation 

of the ttg1/ttg2 alleles by PCR. The numbered individuals in both gels are the F2s and are 

ranked from the left panel to the right panel by the strength of the phenotypes. B: 

Confirmation of the axr1-3 allele by sequencing. A single nucleotide substitution characterises 

the axr1-3 (mutation from C to T, in yellow). C: A list of the primers used for confirming the 

mutations. axr1-3F and axr1-3R were used to amplify a 4.5 Kb fragment of the axr1-3 gene. 

axr1-3F was used as the sequencing primer to verify the EMS mutation. 

Col-0              TCGAATACAGAGCTCGTAAAGAAAAAGAAGGCAAAAGCTTCAAAAACCACGTCATTCAGG 214 

axr1-3             TCGAATACAGAGCTCGTAAAGAAAAAGAAGGCAAAAGCTTCAAAAACCACGTCATTCAGG 417 

axr1-3ttg1-22      TCGAATACAGAGCTCGTAAAGAAAAAGAAGGCAAAAGCTTCAAAAACCACGTCATTCAGG 418 

axr1-3ttg2-3       TCGAATACAGAGCTCGTAAAGAAAAAGAAGGCAAAAGCTTCAAAAACCACGTCATTCAGG 420 

                   ************************************************************ 

 

Col-0              TCCCCTCTTTAAACCCTCTCTCTCTAATCAGAATCACCAAAACATAATTATCTTTCACTA 274 

axr1-3             TCCCCTCTTTAAACCCTCTCTCTCTAATCAGAATCACTAAATCATAATTATCTTTCACTA 477 

axr1-3ttg1-22      TCCCCTCTTTAAACCCTCTCTCTCTAATCAGAATCACTAAATCATAATTATCTTTCACTA 478 

axr1-3ttg2-3       TCCCCTCTTTAAACCCTCTCTCTCTAATCAGAATCACTAAATCATAATTATCTTTCACTA 480 

                   ************************************* *** ****************** 

 

Col-0              ATCTAACACTTTTAAAAATCTCAACAGTGGTTTGAAGTACTTGATGGATTACTTGGTTCA 334 

axr1-3             ATCTAACACTTTTAAAAATCTCAACAGTGGTTTGAAGTACTTGATGGATTACTTGGTTCA 537 

axr1-3ttg1-22      ATCTAACACTTTTAAAAATCTCAACAGTGGTTTGAAGTACTTGATGGATTACTTGGTTCA 538 

axr1-3ttg2-3       ATCTAACACTTTTAAAAATCTCAACAGTGGTTTGAAGTACTTGATGGATTACTTGGTTCA 540 

                   ************************************************************ 

 

https://abrc.osu.edu/stocks/number/SALK_000590C

