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Abstract 

One of the major problems facing the world in the 21
st
 century is feeding a growing 

population on ever-decreasing arable land. The majority of the world’s calorific intake 

comes from seeds, primarily those of wheat, rice and maize which are principally 

composed of endosperm tissue. Achieving a greater understanding of endosperm 

development, and applying this knowledge to improve seed yield is an important step 

towards increased food productivity. This project aims to add to the pool of 

knowledge associated with endosperm development in the model plant Arabidopsis 

thaliana. 

 

Our first goal was to generate a method by which we could rapidly assay seed size. 

We achieved this by placing seeds on a consumer-level scanner and processing the 

images with digital imaging software. This method was able to accurately identify 

differences in seed size caused by altered plant growth and mutations. We applied this 

method to perform a quantitative trait loci (QTL) analysis and a mutant screen, 

identifying 8 QTL and a novel seed size mutant, respectively. 

 

Rational alteration of seed size through the endosperm was achieved by taking a 

strong endosperm-specific promoter and fusing it to a number of genes associated 

with increased plant growth. Using transcriptome data we identified a number of 

putative endosperm-specific promoters and tested their activity using GFP fusion 

proteins. The most suitable promoter was fused to seven genes of interest and seed 

size was determined. Overexpression of DWARF4, a gene involved in brassinosteroid 

biosynthesis, resulted in a significant increase in seed size. 
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A mutant screen of endosperm-preferred early-seed-specific genes identified 

previously by our laboratory was performed. We tested homozygous lines for a seed 

size effect (see above) and heterozygous lines for seed abortion phenotypes. This 

yielded a number of putative seed-lethal mutants, one of which was selected for 

further analysis. The MCM5 gene encodes a subunit of the replicative helicase 

complex, consisting of six homologous subunits. Analysis of mutants of each subunit 

revealed that different phenotypes occurred in the developing seed, suggesting unique 

individual functions. In addition, a pool of MCM5 and MCM7 protein was identified 

in the central cell which was capable of supporting seed development when de novo 

endosperm transcription was abolished with a microRNA. 

 

We have taken a multi-faceted approach to seed development and significantly 

contributed to the pool of knowledge associated with endosperm development in 

Arabidopsis thaliana. Future work can be directed at determining the mechanism by 

which seed size is altered in our rationally altered seed size mutants, and the causes of 

the different phenotypes seen in MCM2-7 mutants can be more fully characterized.  
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Nomenclature 

Crosses 

When referring to seeds resulting from crosses, the maternal plant is always listed 

first; for example met1/MET1 indicates a met1 mutant flower has been pollinated with 

MET1 wild-type pollen. 

 

MCM2-7 complex 

When referring to the entire complex or gene family “MCM2-7” or “MCM2-7” will 

be used, respectively, while “mcm2-7” refers to all mutants of the MCM2-7 complex. 

When referring to a list of individual subunits or mutants the abbreviation “MCM” 

will be used, followed by a list of numbers separated by commas and spaces; for 

example “MCM2, 3, 4 and 5” refers to the MCM2, MCM3, MCM4 and MCM5 genes, 

while if it were lower case it would refer to the mutants of these genes. When 

referring to a subcomplex of MCM proteins, such as the homodimer that forms 

between MCM4, MCM6 and MCM7, backslashes will be used between numbers, for 

example “MCM4/6/7”. 
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1. Introduction 
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1.1 Introduction 

Seeds represent a significant amount of the world’s food intake, therefore 

understanding seed development is critical to ensure that the production of food can 

keep up with population growth. In addition to food, seeds are also a potential source 

of carbon for the production of biofuels, which are becoming increasingly important 

as demand for oil rises as well as the requirement to reduce CO2 emissions from fossil 

fuels. Seed development in Arabidopsis thaliana (hereafter Arabidopsis) closely 

resembles many important crop plants making it a useful model organism for studying 

the process due to its short life cycle and the large body of knowledge associated with 

it, including its sequenced genome. Understanding the morphology, genetics and 

biochemistry of seed development is extremely important if we wish to continue to 

improve crop yields. 

 

1.2 Morphology of developing seeds 

Understanding the morphology of seeds as they develop is vital to interpreting the 

functions of the genes involved in this process. Seed development in Arabidopsis 

begins with the double fertilization of the ovule by two sperm cells delivered by a 

pollen tube. The ovule contains an egg cell and a central cell which, once fertilized, 

form the embryo and endosperm, respectively. The central cell is diploid, becoming 

triploid after fertilization, thus the endosperm has a 2:1 ratio of maternal to paternal 

genomes. Surrounding the endosperm/embryo is the integument, which is a 

maternally derived tissue. The endosperm supplies nutrients for the developing 

embryo; in Arabidopsis the endosperm is almost totally consumed by the embryo and 

remains as only a single layer of cells in the mature seed. The energy required for 

germination is stored in the cotyledons of the embryo in Arabidopsis; however, in 
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cereals the endosperm is persistent and comprises much of the mature seed – it is not 

until germination that the endosperm is consumed. Even though the endosperm of 

Arabidopsis is only a single layer of cells in the mature seed it still plays an important 

role in embryo development as well as seed size determination, thus Arabidopsis is a 

good model for early endosperm development. 

 

1.2.1 The morphology of the developing endosperm 

Early seed development is characterized by rapid endosperm proliferation, while the 

embryo develops more slowly (Figure 1.1A). Later in development three 

compartments are apparent in the endosperm – the micropylar (MCE), peripheral 

(PEN) and chalazal endosperm (CZE; Figure 1.1B). The MCE surrounds the embryo, 

the PEN is a thin layer of cells which lies between a large central vacuole and the 

integument and the CZE is situated at the maternal attachment site of the seed. The 

CZE has projections into the maternal tissues which are thought to be used to draw 

nutrients which are passed to the embryo (Brown et al., 2004). Endosperm 

development begins with a period of DNA replication without cytokinesis to form a 

syncytium. This is a unique characteristic of the endosperm, making it an ideal tissue 

to examine fundamental aspects of the cell cycle such as DNA replication and nuclear 

division. This is discussed in more detail later in the chapter. Nuclear division in the 

syncytial endosperm is synchronized for the first three divisions, then the nuclei 

separate into mitotic domains corresponding to the three compartments mentioned 

above. Nuclear division is coordinated in the MCE and PEN at various stages of 

development (Boisnard-Lorig et al., 2001). The CZE contains some nuclei which are 

larger than those of the PEN suggesting that endoreduplication may be occurring in 

the CZE (Boisnard-Lorig et al., 2001). The number of endosperm nuclei can be 
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correlated with the stage of embryo development (Boisnard-Lorig et al., 2001). At 

approximately 5 days after pollination (DAP), once the embryo reaches the heart 

stage, cellularization of the micropylar and peripheral endosperm occurs in a wave 

starting at the micropylar end (Figure 1C). The chalazal endosperm remains a 

syncytium until it is consumed by the embryo at ~7 DAP (Scott et al., 1998; Brown et 

al., 1999). The embryo now stores the nutrients it requires for germination in the 

cotyledons; it goes into a quiescent state at approximately 12-15 DAP enabling the 

seed to stay dormant until conditions are favourable for germination.  
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1.3 The determination of seed size 

One of the most important traits of seeds is their size, as this has effects on both yield 

and germination (Krannitz et al., 1991; Jofuku et al., 2005). Seed size is, in part, 

determined by the availability of resources from the maternal plant. The size of seeds 

produced by a plant has an inverse relationship with the total number of seeds 

produced. This seed size/number trade-off is influenced by the availability of maternal 

resources and is only seen in Arabidopsis when sufficient nutrients are available so as 

not to restrict growth of the maternal plant (Paul-Victor and Turnbull, 2009). Alonso-

Blanco et al. (1999) conducted a QTL analysis in which they crossed the small seeded 

Landsberg erecta accession with the large seeded Cape Verde Islands accession. 

Several traits were examined in this study enabling the separation of QTLs affecting 

seed size from those which affect traits of the maternal plant which may be related to 

resource availability. Five of the 11 loci discovered that affected seed weight and 

length co-localised with loci affecting traits of the maternal plant such as total seed 

number and leaf number. Additionally, some of these loci had been shown previously 

to affect flowering time (Alonso-Blanco et al., 1998). These results show that there is 

input into the determination of seed size from both the maternal plant and the 

developing seed. 

 

1.3.1 Genetics of seed size: integuments 

Alterations in seed size may either be driven by over-proliferation of the integument 

or the endosperm and it is likely that there is cross-talk between the two tissues 

(Garcia et al., 2005). Several mutants have been identified that control seed size 

through either the integument or the endosperm and allow insight into the 

determination of seed size. The auxin response factor 2 (arf2) mutants possess extra 
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cell divisions in the integument resulting in an enlarged seed cavity, whereas the 

transparent testa glabra 2 (ttg2) mutant has restricted integument cell elongation, 

resulting in larger and smaller seeds respectively (Johnson et al., 2002; Schruff et al., 

2006). Early endosperm proliferation is not affected in the arf2 mutant however it was 

suggested that more endosperm cells may form later in order to fill the enlarged seed 

cavity (Schruff et al., 2006). Endosperm growth was restricted in the ttg2 mutant, 

likely a downstream consequence of reduced integument growth (Garcia et al., 2005). 

Seed size effects caused by the arf2 and ttg2 mutations only occurred when the 

maternal plant was homozygous for the mutation, regardless of the genotype of the 

developing embryo/endosperm, confirming that the mutation was acting through the 

integuments (Johnson et al., 2002; Schruff et al., 2006). Another gene involved in 

integument cell proliferation is the KLUH gene. The KLUH gene is expressed in the 

inner integument and overexpression results in increased seed size, suggesting it may 

be a rate limiting factor for expansion of the integuments (Adamski et al., 2009). The 

regulation of seed size by the integument provides a mechanism by which the 

maternal plant can influence seed development which may need to be manipulated in 

order to improve yields. 

 

1.3.2 Genetics of seed size: endosperm 

The HAIKU1 and 2 (IKU1 and 2) genes are also involved in seed size control in 

Arabidopsis (Garcia et al., 2003). The IKU1 gene encodes a VQ motif protein which 

interacts with MINI3 (Wang et al., 2010). IKU2 encodes a LRR receptor kinase and 

maps to a seed size QTL identified by Alonso-Blanco et al. (1999). MINISEED3 

(MINI3) encodes a WRKY class transcription factor and acts in the same pathway as 

IKU1 and IKU2 (Luo et al., 2005). MINI3 also maps to one of the QTLs identified by 



8 

 

Alonso-Blanco et al. (1999) suggesting that this pathway is important in the natural 

variation in seed size observed between different accessions (Luo et al., 2005).   

Endosperm proliferation is reduced in the iku1 and 2 mutants followed by precocious 

cellularization of the endosperm, an effect that was observed only in seeds from selfed 

homozygous mutants (wild-type pollen rescued the effect), suggesting that the genes 

are not acting through the integuments (Garcia et al., 2005). RT-PCR was used to 

determine the order in which IKU1, 2 and MINI3 act by looking at the levels of 

transcript in various mutants. In an iku1 mutant both MINI3 and IKU2 mRNA are 

reduced, in a mini3 mutant only IKU2 is reduced; however, in an iku2 mutant MINI3 

mRNA is unaffected. This suggests that IKU1 acts upstream of MINI3 which is 

upstream of IKU2 in the pathway (Luo et al., 2005). Direct interaction of the MINI3 

protein with the IKU2 promoter has been suggested due to a putative binding domain 

for a WRKY transcription factor in the IKU2 promoter (Luo et al., 2005). SPATZLE, 

KNOLLE and HALLIMASCH are genes which control cellularization in Arabidopsis 

and when knocked out cellularization is delayed or abolished (Sorensen et al., 2002). 

When these mutants are combined with iku mutants the small seed phenotype is 

retained; however, cellularization does not occur, indicating that iku affects the 

proliferation of the endosperm and the precocious cellularization is a downstream 

result (Garcia et al., 2005). Transcriptional control of the IKU2 and MINI3 genes 

relies on the SHORT HYPOCOTYL UNDER BLUE1 (SHB1) gene. SHB1 associates 

with the promoters of IKU2 and MINI3 to activate transcription; however, it is 

possible that other proteins are required for DNA binding at these locations (Zhou et 

al., 2009). Interestingly, knock-outs of SHB1 resulted in a small decrease in seed size, 

in contrast to the large increase observed when SHB1 was over expressed (Zhou et al., 

2009). This result suggests that there may be other genes involved in turning on the 
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MINI3 and IKU2 genes that can compensate for the loss of SHB1, which are yet to be 

elucidated. Mutations in another LRR receptor kinase, EXTRA SPOROGENOUS 

CELLS (EXS), also cause reductions in seed size; however this was accompanied by 

other traits such as male sterility (Canales et al., 2002). EXS expression was shown in 

the endosperm and the embryo, and the exs mutant showed reductions in growth of 

both of these tissues (Canales et al., 2002). What drives the seed size reduction in exs 

mutants and whether it interacts with the IKU2/MINI3 pathway has not been 

elucidated. 

 

1.3.3 Genetics of seed size: ploidy 

Endosperm proliferation also causes seed size effects in interploidy crosses (Scott et 

al., 1998). When pollen from a tetraploid plant is applied to a diploid flower, the 

resulting seeds are larger than those of either the maternal or paternal plant (Scott et 

al., 1998). This is due to the excess of paternal genomes in the endosperm which 

causes it to overproliferate; however, the opposite occurs in a reciprocal cross. This 

effect is thought to be due to parental conflict for resource allocation in the offspring 

(Haig and Westoby, 1991). It is beneficial to the maternal plant to restrict resource 

allocation in seeds resulting in a decrease in seed size, whereas it is beneficial for the 

paternal plant to increase resource allocation to its offspring. Imprinted genes were 

thought to be responsible for this phenomenon. Paternally-expressed imprinted genes 

increase seed size and maternally-expressed imprinted genes decrease seed size, thus 

an overrepresentation of either genome will cause an overrepresentation of their 

respective imprinted genes. Recent evidence points to a different mechanism, as 

maternally expressed imprinted genes appear to be upregulated in response to paternal 

genome excess, contrary to expectations (Jullien and Berger, 2010). New evidence 
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suggests that small RNAs may contribute to this phenomenon, as 24 nt siRNAs are 

more abundant in seeds with a paternal genome excess than maternal genome excess 

(Lu et al., 2012).  

 

1.4 Imprinting in the endosperm 

Imprinting is the monoallelic expression of a gene dependent on its parent of origin. 

The endosperm is the only tissue in Arabidopsis where imprinting occurs. The 

FERTILIZATION INDEPENDENT SEED (FIS) genes are of central importance to 

proper endosperm development and also act to regulate imprinting. FIS genes include 

FERTILIZATION INDEPENDENT ENDOSPERM (FIE), FIS2, and MEDEA (MEA) 

which were identified by their ability to induce endosperm formation without 

fertilization when inactivated (Ohad et al., 1996; Chaudhury et al., 1997; Grossniklaus 

et al., 1998). The FIS proteins are part of the polycomb group (PcG) complex as well 

as MULTICOPY SUPPRESSOR OF IRA1 (MSI1; Kohler et al. 2003a). The PcG 

complex plays a large role in imprinting in the endosperm and is responsible for 

repression of imprinted genes. Interestingly two of the genes coding for the PcG 

complex, FIS2 and MEA, are themselves imprinted (Vielle-Calzada et al., 1999; Luo 

et al., 2000). When self-fertilization occurs in heterozygous fis mutants a 50% rate of 

seed abortion occurs where the embryo dies and the endosperm overproliferates 

(Ohad et al., 1996; Chaudhury et al., 1997; Grossniklaus et al., 1998). This seed 

abortion phenotype only occurred when the mutation was inherited from the maternal 

plant suggesting that the genes were either gametophytic in action or imprinted. The 

overproliferation of the endosperm also indicates that the FIS genes are active later in 

seed development as well as repressing endosperm development before fertilization in 

the central cell of the ovule. Such a phenotype is also consistent with the hypothesis 
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that the seed size effects in interploidy crosses are caused by imprinted genes. 

PHERES1 (PHE1) is another imprinted gene; however, unlike the FIS genes it is the 

paternal copy that is expressed (Kohler et al., 2005). Deregulation of PHE1 

expression in mea mutants is partly responsible for the seed abortion phenotype, due 

to the fact that a reduction in PHE1 expression in a mea mutant partially rescues this 

phenotype (Kohler et al., 2003b).  

 

DNA methylation is thought to be partly responsible for imprinting in the endosperm 

of Arabidopsis. Early experiments showed that mea mutants could be rescued by 

pollen from a decrease in dna methylation1 (ddm1) mutant, suggesting that the 

paternal copy of MEA escapes silencing by DNA methylation (Vielle-Calzada et al., 

1999). However later experiments using mutants of DNA METHYLTRANSFERASE1 

(MET1; a gene which is more active in methylation than DDM1) showed that this 

effect was not a direct effect of demethylation of the MEA gene from the pollen parent 

(Luo et al., 2000). Methylation in the central cell is controlled by DEMETER (DME), 

which demethylates specific regions in the promoters of FIS2, FWA (another 

imprinted gene) and MEA allowing them to be expressed (Gehring et al., 2006; Jullien 

et al., 2006). DME is not expressed in the pollen and so the paternal copy of these 

imprinted genes remains silent in the endosperm. Histone modification is another 

important regulator of imprinting in the endosperm and is regulated by members of 

the PcG complex. This protein complex acts to methylate H3K27 residues resulting in 

gene repression. Two genes are known to be regulated in this way: MEA and PHE1 

(Gehring et al., 2006; Makarevich et al., 2006). How the maternal MEA allele escapes 

repression by the PcG complex is unknown. Bisulfite sequencing revealed that PHE1 

and MEA have important regions of DNA methylation upstream of their coding 
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sequences which act to regulate their expression (Gehring et al., 2006; Makarevich et 

al., 2008). Therefore it is likely that coordination between DNA methylation and 

histone modification is required to obtain appropriate expression of imprinted genes. 

 

The action of MET1 in seed size control is somewhat unusual. Reciprocal crosses 

between met1 mutants caused seed size effects consistent with the idea that MET1 was 

regulating imprinted genes (Adams et al., 2000). However on closer examination it 

was clear that the met1 mutation was acting through the endosperm only when 

paternally inherited and that the seed size effects observed when the mutation was 

maternally inherited were predominantly due to the reduced action of MET1 in the 

maternal integuments (FitzGerald et al., 2008). The results presented by FitzGerald 

and colleagues make the assumption that MET1 function in the central cell of the 

ovule is required for imprinting. By this logic, in a met1/MET1 heterozygote, half of 

the ovules will contain central cells that are hypomethylated and should produce 

larger seeds when pollinated with wild-type pollen. This was not observed; however, 

an overall increase was observed. It was concluded that in met1/MET1 mutants an 

overall reduction in methylation in the integuments led to the seed size increase seen 

in all seeds. The absence of a direct effect of met1 in the gametophytes can also be 

explained by its down-regulation in this tissue, which suggests that it is not needed 

during gametogenesis (Jullien et al., 2008). The overall increase in seed size seen by 

FitzGerald and colleagues could then be explained by the overall reduction in 

methylation throughout the plant being passed on to the female gametophyte, 

preserving the original hypothesis that an imbalance of methylation in the endosperm 

causes seed size effects. Interestingly, when a wild-type plant is pollinated with 

met1
+/-

 pollen the seeds inheriting the functional copy of MET1 were larger than those 
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from a wild type self-fertilization. FitzGerald and colleagues suggested that this was 

due to an overall reduction of methylation in the met1
+/-

 pollen donor; however, this 

would most likely result in a reduction in seed size (based on the fact that the seeds 

inheriting a non-functional copy of MET1 have smaller seeds). It is possible that the 

seeds inheriting a functional copy of MET1 are larger than wild type due to the fact 

that fewer resources are directed towards the seeds which inherited a non-functional 

copy (because they are smaller) leaving more resources for the rest of the seeds. 

 

Recently many studies have tried to identify novel imprinted genes using next 

generation sequencing technologies (Gehring et al., 2011; Hsieh et al., 2011; Wolff et 

al., 2011). Next generation sequencing is an ideal tool for determining parent-of-

origin gene expression as single nucleotide polymorphisms can be easily detected. 

Single nucleotide polymorphisms can be used to distinguish which parent a particular 

transcript in the seed has come from when two different Arabidopsis accessions are 

crossed to produce seeds. There is little overlap between the three studies mentioned 

here, largely due to differences in accessions used and different time-points of seed 

development analysed; however, analysis of these novel putative imprinted genes will 

be intriguing. Additionally, small RNAs have recently been implicated in imprinted 

gene expression, giving rise to a new avenue for future studies (Lu et al., 2012). 

 

1.5 Hormonal regulation of seed development 

Hormones are important regulators of seed development, although the intrinsic 

aspects of hormone production and response during seed development are not well 

studied. Cytokinins (CK) and auxin act to coordinate growth processes in plants. CK 

is thought to be involved with the early stages of seed development to promote rapid 
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division of the early endosperm (Lur and Setter, 1993; Day et al., 2008). The rapid 

proliferation of the endosperm causes the seed to become a strong sink for nutrients 

and possibly has an effect on seed size. This hormonal response may be a useful trait 

to exploit in order to rationally alter seed size. Later in seed development auxin plays 

a larger role as the endosperm switches from rapid division to the production of 

storage compounds (Lur and Setter, 1993). Transcriptome analysis of the endosperm 

at 4 DAP revealed an over-representation of CK synthesis and response genes 

strengthening the hypothesis that they are the major hormone involved in early 

endosperm development (Day et al., 2008). Conversely, auxin responsive genes were 

under-represented at this time point consistent with the idea that auxin reduces the 

level of CK synthesis and is expressed later in development. Whether most CK in the 

early endosperm is synthesized locally or supplied by the maternal plant is unknown. 

Both sources of CK may be important in seed size determination and it is possible that 

maternal supply of CK (and possibly auxin) can influence seed size through 

endosperm proliferation. CK signal reception is achieved by histidine kinases 

followed by signal transduction by histidine phosphotransfer proteins (Hutchison et 

al., 2006; Riefler et al., 2006). Multiple knock-outs of histidine kinases and histidine 

phosphotransfer proteins, preventing CK signal reception/transduction resulted in 

enlarged seed compared to wild type, an effect that was inherited maternally 

(Hutchison et al., 2006; Riefler et al., 2006). Due to the fact that the knock-out 

maternal plants have severe growth defects, and thus fewer seeds than wild type, this 

effect could be due to the seed size/number trade-off (Alonso-Blanco et al., 1999; 

Paul-Victor and Turnbull, 2009; Herridge et al., 2011) 
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Other hormone responsive genes are present in the endosperm transcriptome, such as 

gibberellin, ethylene and abscisic acid; however, these genes were more enriched in 

the other silique tissues (Day et al., 2008). ABA has an effect on embryo lipid 

mobilization as well as germination (Penfield et al., 2006). Two endosperm-expressed 

genes, ABI4 and ABI5, which regulate this effect have been discovered and provide a 

context in which endosperm-expressed genes can affect germination (Penfield et al., 

2006). It is possible that the ABA-responsive genes are absent in the early endosperm 

but become up-regulated later in development when the embryo has consumed most 

of the endosperm. This would allow ABA to regulate germination through the single 

layer of endosperm cells surrounding the mature embryo. Although gibberellin 

responsive genes were not significantly enriched in the endosperm of wild-type 

Arabidopsis, there is evidence that they may be associated with over-proliferating 

endosperm (Day et al., 2008; Tiwari et al., 2010). Microarray data from seeds of 

interploidy crosses with an excess of paternal genomes shows upregulation of 

gibberellin responsive genes, therefore this may be a pathway that is exploited in the 

parental conflict for seed resources (Tiwari et al., 2010). Gibberellins have also been 

shown to be essential for seed development in Arabidopsis (Singh et al., 2010). 

Expression of a pea gibberellin oxidase (which inactivates gibberellins) under the 

MEA promoter resulted in seed abortion, indicating a role for active gibberellin in the 

seed tissues (Singh et al., 2010). 

 

1.6 Attempts to improve yield 

Improving the yield of seed is difficult due to the seed size/number trade off which 

causes any increase in seed size to be offset by a decrease in seed number, and vice 

versa. This can potentially be overcome by increasing the sink strength of developing 
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seeds or increasing the total resources available to the plant. Sink strength refers to the 

ability of an organ to demand resources for its own growth, if more maternal 

resources are put towards developing seeds then an overall increase in yield will 

occur. A review by (Gonzalez et al., 2009) separates yield-enhancing genes in 

Arabidopsis into functional categories. Genes involved with transcription, protein 

synthesis/modification, hormone response and cell division/expansion are all 

important regulators of yield in Arabidopsis. This functional categorization of yield-

enhancing genes gives a good indication of the complexity involved in yield 

determination and suggests many pathways must be taken into account in order to 

manipulate seed yield. However, elucidation of individual pathways in the process 

must first be undertaken before the complex interactions of all pathways can be 

understood. 

 

Many attempts to increase yield have been made involving CK biosynthesis. The 

levels of CK spike at the beginning of seed development coinciding with a period of 

rapid endosperm proliferation. It is therefore reasonable to assume that increasing CK 

biosynthesis at this stage will increase endosperm proliferation and thus seed size. 

Daskalova et al. (2007) used a seed specific promoter to express the Agrobacterium 

ISOPENTENYL TRANSFERASE (IPT) gene in tobacco. This was successful in 

increasing seed weight without affecting other factors of plant development. Another 

approach was taken by He et al. (2005); expressing the Agrobacterium IPT gene 

under the cyclin B promoter to induce expression in dividing cells. This resulted in 

increased plant size but also increased seed size, given that the cyclin B promoter is 

active in the seed this effect may be through endogenous expression.  
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A large number of genes regulating brassinosteroid synthesis/response are involved in 

yield determination in Arabidopsis (Gonzalez et al., 2009). A study in rice implicates 

brassinosteroid action in the flow of assimilates from the maternal plants to the grain 

without an endogenous effect in the grain (Wu et al., 2008). In Arabidopsis, activation 

of the CYP72C1 gene results in dwarf plants with smaller seeds (Takahashi et al., 

2005). The CYP72C1 gene encodes a P450 monooxygenase protein, involved in 

brassinosteroid inactivation. Although plant size was reduced in CYP72C1-activated 

plants, the number of seeds per silique was similar to wild type; and although this 

does not exclude the possibility of resource allocation being the cause of the reduced 

seed size, it suggests that brassinosteroids may be acting directly in the seeds either 

through the integuments or fertilization products. When brassinosteroids are 

overproduced in Arabidopsis seed size is not significantly increased; however, yield 

was increased by up to 59% due mostly to an increase in seed number (Choe et al., 

2001). These results strongly implicate brassinosteroids in yield determination, how 

much influence they have directly on seed development and sink strength remains to 

be determined. 

 

The arf2 mutant is known to increase seed size through integument growth; however, 

this mutation also caused a significant reduction in fertility due to improper flower 

development (Schruff et al., 2006). Hughes et al. (2008) sought to overcome this 

difficulty by rescuing the arf2 mutation in the flowers by expressing functional ARF2 

under the floral APETALA1 (AP1) promoter. This significantly improved the fertility 

of the plants and only slightly decreased the seed size (due to a larger number of seeds 

being produced). The harvest index (dry weight of seeds compared to dry weight of 

the entire plant) was significantly improved in the AP1::ARF2 (arf2) plant compared 
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to the arf2 homozygous mutant; however, this was still less than wild-type plants. 

Importantly, this study showed the utility of harvest index for assessing yield in 

Arabidopsis; a technique which is crucial given the significant limitations set on yield 

by the seed size/number trade-off. 

 

1.6 Cell cycle and the endosperm 

As mentioned earlier the endosperm is a unique tissue in that it undergoes mitotic 

divisions without cytokinesis to form a syncytium. Fundamental aspects of the cell 

cycle are altered in the endosperm allowing nuclei to rapidly divide without the need 

to form cell walls. Several mutants involved in this process have been identified, 

notably the titan mutants (which are characterized by enlarged endosperm nuclei; Liu 

and Meinke, 1998) as well as several mutants involved in altering the cellularization 

response (such as spätzle, knolle and hallimasch; Sorensen et al., 2002). Directly 

adjacent the endosperm is the embryo where a different set of controls regulate cell 

division, mutations in PILZ group genes cause defects in embryo cell cycle 

progression as well as the endosperm (Mayer et al., 1999; Steinborn et al., 2002). 

These classes of mutants illustrate the different processes acting in the endosperm and 

embryo and highlight the utility of the endosperm for studying cell cycle progression. 

 

1.6.1 DNA replication in seeds 

Mutations of genes involved in DNA replication also commonly have an effect on 

endosperm and embryo development; however, most of our fundamental knowledge 

of this process has come from yeast. Information on the process of DNA replication 

from yeast and other organisms can be useful in identifying and characterizing their 

homologous genes in Arabidopsis. The origin recognition complex (ORC) is 
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important for initiating DNA replication by recruiting various other factors involved 

in DNA synthesis. The ORC is a heterohexamer that forms a ring around origins of 

replication and all six subunits (ORC1-6) are found in Arabidopsis (Shultz et al., 

2007). Arabidopsis contains two homologues of the ORC1 gene (ORC1a and 

ORC1b), which are regulated slightly differently, but likely perform the same function 

given their >80% sequence similarity at the amino acid level (Diaz-Trivino et al., 

2005).  

 

The ORC recruits the MINICHROMOSOME MAINTENANCE (MCM) complex to 

the origin in conjunction with CDT1 and CDC6 during G1 phase of the cell cycle 

(Coleman et al., 1996; Nishitani et al., 2000; Bell, 2002). The MCM complex is the 

replicative helicase, responsible for unwinding double-stranded DNA ahead of the 

replication machinery during the S phase of the cell cycle (Aparicio et al., 1997; 

Moyer et al., 2006). The MCM complex is also a heterohexamer comprising six 

subunits (MCM2-7) which forms a ring around double stranded DNA (Bochman and 

Schwacha, 2008). Once the MCM complex has been recruited to the origin by the 

ORC, DNA is “licensed” for replication, this process can only occur once per cell 

cycle. Arabidopsis contains all 6 subunits of the MCM complex as well as CDT1 and 

CDC6 homologues (Masuda et al., 2004; Shultz et al., 2007).To prevent re-replication 

the MCM complex is shuttled out of the nucleus in budding yeast. However, in 

animals the MCM complex exits the nucleus passively only during cytokinesis when 

the nuclear envelope is absent (Coue et al., 1996; Schulte et al., 1996; Su and 

OFarrell, 1997; Tanaka and Diffley, 2002). Although in Arabidopsis it has been 

shown that MCM5 and MCM7 do not shuttle in and out of the nucleus during the cell 

cycle, different results have been shown in maize where an MCM6 homologue does 
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in fact appear to be transported (Dresselhaus et al., 2006; Shultz et al., 2009). Some 

MCM complex subunits contain CDK sites which may be involved in regulating their 

activity (MCM3 and 6 in Arabidopsis), in addition the NLS is shared between two 

subunits (MCM2 and 3 in Arabidopsis) suggesting different roles for various subunits 

(Dresselhaus et al., 2006). 

 

In order to initiate helicase activity of the MCM2-7 complex MCM10, Cdc45 and the 

GINS complex must bind to the MCM2-7 complex (Bochman and Schwacha, 2008). 

Arabidopsis has homologues of these components, as well as two MCM homologues 

(MCM8 and 9) of unknown function (Shultz et al., 2007). Another factor involved in 

regulating the activity of the MCM complex is GEMININ, which in animals is 

thought to bind Cdt1 and prevent re-loading of the MCM complex during the cell 

cycle (Wohlschlegel et al., 2000). Although Arabidopsis  does not contain a 

GEMININ homologue it does have another protein, GLABROUS EXPRESSION 

MODULATOR (GEM) which acts in a similar manner, as well as binds CDT1 (Caro 

et al., 2007). Whether mutation of GEM has any effect on DNA replication in 

Arabidopsis is not known; however, the similarities to GEMININ are intriguing. 

 

1.6.2 DNA replication mutants in higher plants 

Although DNA replication is a fundamental biological process, most of what we 

know about DNA replication in plants has come from yeast, and so far only a few 

plant DNA replication mutants have been investigated. Mutation of ORC2 in 

Arabidopsis is homozygous lethal, with mutant seeds containing arrested embryos and 

enlarged endosperm nuclei similar to the titan mutants (Collinge et al., 2004). 

PROLIFERA (PRL; or MCM7) is a member of the MCM complex, and when mutated 



21 

 

causes defects in cytokinesis in the embryo and enlarged endosperm nuclei (Springer 

et al., 1995; Springer et al., 2000; Holding and Springer, 2002). This phenotype was 

also shown to be inherited from the maternal parent, suggesting that a pool of protein 

is available from the ovule and that loss of this pool has a significant effect on seed 

development (Springer et al., 2000). Mutants of mcm2 have also been investigated in 

Arabidopsis and have also been shown to be homozygous lethal, although a maternal 

effect was not observed in this study (Ni et al., 2009). Overexpression of MCM2 in 

Arabidopsis also caused reduced endoreduplication and defects in root meristem 

formation (Ni et al., 2009). These results suggest either that MCM2 is the rate limiting 

factor in MCM2-7 complex formation/activity or that MCM2 has other functions, 

separate from its involvement with the other complex members. Mutation of two 

subunits of DNA polymerase epsilon also cause defects in the embryo/endosperm 

similar to the PILZ mutants, suggesting that defects in any stage of DNA replication, 

while lethal, cause different effects on the embryo and endosperm (Ronceret et al., 

2005). Collinge et al. (2004) propose that the endosperm contains unique factors, not 

present in the embryo, which result in nuclear enlargement in orc2 mutants. These 

factors are likely to be important in most DNA replication phenotypes seen in the seed 

and may be involved in important endosperm processes. 

 

1.7 Aims of the project 

It is apparent that there are many factors influencing seed size be they genetic, 

epigenetic, physiological or hormonal. This project aims to identify and analyse many 

of these factors and add to the pool of knowledge associated with seed development in 

the model plant Arabidopsis. We aim to investigate a novel method for measuring 

seed size using a document scanner. Using this method we will investigate factors that 
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influence seed size, and implement this method in a QTL analysis and a mutant 

screen. Using knowledge of the seed development process, and our novel measuring 

technique, we will develop transgenic Arabidopsis mis-expressing genes in the 

endosperm and analyse them for seed size effects. Finally, we will identify genes 

involved in endosperm development in a mutant screen of endosperm-expressed 

genes, followed by characterization of a gene with important functions in endosperm 

development. Results from these experiments will be analysed in the context provided 

above and will significantly enhance our understanding of seed development in 

Arabidopsis.  
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2. Materials and Methods 
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2.1 Reagents and Chemicals 

Antibiotics (see Antibiotics subsection) (SIGMA) 

Agar (Scharlau) 

Agarose (Axygen Biosciences) 

Bactotryptone (Merck) 

BASTA herbicide (Bayer) 

Chloral Hydrate (BDH Laboratory Supplies) 

DMSO (Sigma) 

EDTA (BDH Laboratory Supplies) 

Ethanol (Scharlau) 

Glycerol (Scharlau) 

Isopropanol (Scharlau) 

Murashige Skoog (MS) medium with vitamins (Duchefa Biochemie) 

NaCl (Scharlau) 

SDS (Fisher Scientific) 

Silwet (Lehle Seeds) 

Tris (Applichem) 

Yeast Extract (Merck) 

All other reagents were of analytical grade. 

 

2.2 Antibiotics 

Stock solutions of antibiotics were made up in water (unless otherwise stated) and 

stored at -20
o
C, apart from hygromycin which was stored at 4

o
C. Concentrations of 

antibiotics can be found in Table 2.1. 
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Table 2.1 – Antibiotic working and stock concentrations. 

Antibiotic Working Concentration Stock concentration 

Rifampicin 50 mg.L
-1

 50 mg.mL
-1

 (in DMSO) 

Kanamycin 50 mg.L
-1

 50 mg.mL
-1

 

Chloramphenicol 34 mg.L
-1

 34 mg.mL
-1 

Gentamycin 25 mg.L
-1

 25 mg.mL
-1

 

Hygromycin 15 mg.L
-1

 50 mg.mL
-1

 

 

2.3 Growth media 

2.3.1 Lysogeny broth (LB) 

Materials 

1% (w/v) bactotryptone, 0.5% (w/v) yeast extract, 1% (w/v) sodium chloride, 1.5% 

(w/v) bacto-agar (for solid media). 

 

Procedure 

Media was made up with water in a conical flask and sterilized by autoclaving at 

121
o
C, 15 psi for 20 min. Media was cooled to 55

o
C in a water bath before addition of 

appropriate antibiotics then poured into petri dishes in a laminar flow hood. 

 

2.3.2 Murashige Skoog (MS) 

Materials 

4.4 gL
-1

 MS medium with vitamins, 0.75% (w/v) bacto-agar 

 

Procedure 

Media was made with water and pH was adjusted to 5.7 using 0.1 M potassium 

hydroxide. Bacto-agar was added before media was sterilized by autoclaving at 

121
o
C, 15 psi for 20 min. Media was cooled to 55

o
C in a water bath before addition of 
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appropriate antibiotics then poured into petri dishes in a laminar flow hood. Half MS 

agar plates were made using 2.2 gL
-1

 MS medium with vitamins. 

 

2.4 Plant growth conditions 

Seeds from Arabidopsis thaliana were sown on Yates’ Black Magic seed raising mix 

with added vermiculite and sand. Plants were grown under long day conditions (16 hs 

light/8 h dark) with a light intensity of ~100 µE.m
-2

.s
-1

. Temperature was maintained 

at 21
o
C and humidity at 45%.  

 

2.5 Sterilization of seed 

All sterilization was carried out in a laminar flow hood. An appropriate amount of 

seeds (up to ~0.1 mL for primary selection, or ~50 seeds for other applications) were 

placed in microcentrifuge tubes and washed with 1 mL 33% (v/v) bleach for 8-10 

min. Bleach was removed using a pipette and replaced with 1 mL sterile water. Seeds 

were washed two more times with sterile water. Seeds were then sown onto agar 

plates using a pipette, ensuring that they were spaced as evenly as possible with 

minimal amounts of liquid. Agar plates were left in the laminar flow hood to dry 

before sealing them with perforated tape. Plates were placed at 4
o
C for two days 

before moving into growth rooms 

 

2.6 DNA manipulations 

2.6.1 Genomic DNA preparation for genotyping 

Materials 

PCR extraction buffer (200 mM Tris-HCL pH 7.5, 250 mM sodium chloride, 25 mM 

EDTA, 0.5% SDS made up in water) 
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Procedure 

Discs of leaf material (~1 cm diameter) were taken from plants and placed into 

microcentrifuge tubes on dry ice. Discs were crushed using a sterile swizzle stick and 

vortexed with 400 µL PCR extraction buffer. Samples were centrifuged for 7 min at 

13000 g and 300 µL of supernatant was transferred to a fresh tube. Isopropanol (300 

µL) was added to samples and incubated at room temperature for 2 min. Samples 

were centrifuged for 7 min at 13000 g and supernatant was discarded. Pellets were 

dried then resuspended in 80 µL water and stored at -20
o
C. DNA concentration was 

~10 ng/µL. 

 

2.6.2 Polymerase chain reaction for genotyping 

Materials 

For one 25 µL reaction: 

0.5 µL genomic DNA (~5 ng; Section 2.6.1) 

2.5 µL 10x PCR buffer (Invitrogen) 

0.6 µL 50 mM magnesium chloride (Invitrogen) 

0.5 µL 10 mM NTPs (Invitrogen) 

1.25 µL forward primers (20 pmol/µL stock) 

1.25 µL reverse primers (20 pmol/µL stock) 

18.3 µL water 

0.1 µL Platinum Taq (Invitrogen) 
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Procedure 

Reactions were made up on ice in 0.2 mL microcentrifuge tubes, or 0.2 mL strip 

tubes, using the appropriate left and right primers for each T-DNA insertion line. A 

second reaction was prepared for each line containing the appropriate right primer and 

the LBb1.3 (SALK lines) or LB3 primer (SAIL lines; Table 2.2) which binds within 

the T-DNA insertion. Other primers used are shown in the relevant sections of this 

thesis. Samples were transferred to an Eppendorf Mastercycler PCR machine with the 

following program: 

95
o
C 2 min, (95

o
C 30 s, 58

o
C 30 s, 72

o
C 1 min) x 30 cycles, 72

o
C 10 min 

 

Table 2.2 – Primers used in PCR reactions for SALK and SAIL lines 

Primer name Sequence 

LBb1.3 ATTTTGCCGATTTCGGAAC 

LB3 TAGCATCTGAATTTCATAACCAATCTCGATACAC 

 

2.6.3 Agarose gel electrophoresis 

Materials 

50x Tris-acetate buffer (2 M Tris, 50 mM Na2EDTA [pH8.0], 5.71% (v/v) glacial 

acetic acid) 

Loading dye (65% (w/v) sucrose, 10 mM Tris-HCL [pH 7.5], 10 mM EDTA, 0.3% 

(w/v) bromophenol blue) 

1kb+ DNA ladder (Invitrogen; 5% v/v 1kb+ ladder, 10% v/v loading dye in water) 

 

Procedure 

Agarose gels were made by dissolving 1% (w/v) agarose in 1x Tris-acetate buffer 

(TAE). Gels were poured into moulds with either 5 or 10 µL wells and immersed in 

1x TAE buffer once the gel had set. PCR product (3 or 5 µL) was mixed with 0.5 or 1 
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µL loading dye and the appropriate amount was pipetted into the wells. Either 7 µL 

(10 µL well) or 3.5 µL (5 µL well) 1 kb+ ladder (Invitrogen) was run alongside PCR 

products to indicate the size of bands. Gels were subjected to 100 V for 20 min or 

until the dye had run sufficiently far along the gel. Gels were removed from the tank 

and immersed in 1x TAE buffer containing 1µg.mL
-1

 ethidium bromide for 10 min 

before viewing with a Gel Doc200 gel documentation system (BioRad, U.S.A.). 

 

2.7 Cloning 

2.7.1 PCR for cloning 

PCR for cloning was performed using Phusion DNA polymerase (Finnzymes) 

according to manufacturer’s instructions. Annealing temperatures were primer-

specific, and extension times were calculated based on the size of the expected 

product assuming a rate of 15 s/kb. Products were run on a 1% agarose gel to 

determine size (section 2.6.3). 

 

2.7.2 Gel extraction 

PCR product (20 µL) was run on a 1% agarose gel (section 2.6.3). Bands were 

visualized under a low power UV light and excised using a razor blade taking care to 

minimize the amount of agarose associated with the band of interest. Roche PCR 

product clean up kit was used to purify the DNA according to manufacturer’s 

instructions. 

 

2.7.3 A-Tailing 

Before performing a TOPO reaction (section 2.7.4), PCR products produced by 

Phusion polymerase were A-tailed using Platinum Taq polymerase. Briefly, 10 µL of 
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PCR product was added to 0.5 µL dATP (10 mM), 1.5 µL 10x Polymerase buffer and 

0.1 µL Platinum Taq polymerase (Invitrogen). Reactions were incubated for 2 min at 

94
o
C to activate the Platinum Taq enzyme, followed by 10 min at 72

o
C. This step was 

not required for products undergoing restriction digests or BP reactions. 

 

2.7.4 TOPO reactions 

A-Tailed PCR products (1 µL) were added to 1 µL TOPO reagent (Invitrogen), 1 µL 

salt solution (Invitrogen) and final volume was adjusted to 6 µL using water. 

Reactions were incubated at room temperature for 30 min before transformation into 

competent Escherichia coli (section 2.7.8). 

 

2.7.5 BP reactions 

Purified PCR product (~300 ng; see 2.7.2) was added to 150 ng of donor vector 

(pDONR 221 or pDONR p4-p1r), 1 µL of TE buffer (10 mM Tris pH 7.5, 1 mM 

EDTA) and reaction was made up to 9.5 µL with water. BP clonase enzyme mixture 

(0.5 µL; Invitrogen) was added to the reaction which was incubated at room 

temperature for 1-16 h. Competent E. coli was transformed using 1 µL of the BP 

reaction (section 2.7.8). 

 

2.7.6 LR reactions 

For multisite reactions 100 ng of each entry vector and 300 ng of destination vector 

(pB7m24GW,3) was added to 1 µL TE buffer and made up to 9.5 µL with water. LR 

Clonase II plus enzyme (0.5 µL; Invitrogen) was added and reactions were left 

overnight. Competent E. coli was transformed using 1 µL of the LR reaction (section 

2.7.8). 
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For single site reactions 2 µL of entry vector was used with 1 µL of destination 

vector, 1 µL of LR Clonase II enzyme (Invitrogen) and 1 µL of LR clonase buffer 

(Invitrogen). Reactions were left for one hour before 1 µL was transformed into 

competent E. coli (see section 2.7.8). 

 

2.7.7 Ligations 

PCR products were purified using a PCR product clean up kit (Roche) according to 

manufacturer’s instructions and digested using restriction enzymes to create 5’ and 3’ 

DNA overhangs (section 2.7.11). Plasmid vector (~17 µL) was digested using 

compatible restriction enzymes to create compatible 5’ and 3’ DNA overhangs for 

ligation (section 2.7.11). Digested plasmids were run on an agarose gel (section 2.6.3) 

and the vector backbone was extracted (section 2.7.2). Ligation reactions were set up 

using 1 µL PCR product, 2 µL vector backbone, 1.5 µL 10x T4 DNA ligase buffer 

(Roche) and made up to 14.5 µL with water. Reactions were initiated by adding 0.5 

µL T4 DNA ligase (Roche) and incubated at room temperature overnight. Ligations 

(5 µL) were then transformed into competent E. coli (section 2.7.8). 

 

2.7.8 Transformation of competent E. coli 

Competent E. coli was prepared using the Inoue method (Inoue et al., 1990). Aliquots 

(50 µL) of competent E. coli were thawed on ice. An appropriate amount of plasmid 

was added (usually 1 µL) and briefly mixed by flicking the tube, followed by a 15 

min incubation on ice. Samples were subject to 90 s heat shock at 42
o
C before being 

returned to ice. LB (500 µL) was added to each tube. Tubes were put on a rotating 

platform at 37
o
C for 30-60 min (~15 rpm). Cultures were then spun down at 8000 g 
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for 1 min and ~450 µL of supernatant was removed. The pellet was resuspended in 

the remaining supernatant and plated on LB agar containing appropriate antibiotics 

using a sterile glass spreader. Plates were then incubated at 37
o
C overnight. 

 

2.7.9 Transformation of electro-competent Agrobacterium tumefaciens 

Aliquots of electro-competent A. tumefaciens strain GV3101 (50 µL) were thawed on 

ice, followed by addition of 1 µL plasmid vector (for transformation of A. 

tumefaciens, plasmids must be prepared using a column clean-up kit to remove salts, 

Roche Plasmid Miniprep Kit, or PCR product clean-up kit were used for this purpose; 

see section 2.7.10). Tubes were mixed by gently flicking the tubes and incubated on 

ice for 10 min. Aliquots were transferred to electroporation cuvettes (BioRad) and 

electroporated at 2.4 V. Cold LB (500 µL) was added to the cuvettes immediately 

after electroporation and samples were cooled on ice for ~5 min before transferring 

them to microcentrifuge tubes. Tubes were incubated at 28
o
C for 2-4 h on a shaking 

platform (~60 rpm). Cultures were then spun down at 8000 g for 1 min and ~450 µL 

of supernatant was removed. The pellet was resuspended in the remaining supernatant 

and plated on LB agar containing rifampicin, gentamycin and appropriate antibiotics 

for plasmid selection using a sterile glass spreader. Plates were incubated for 2 days at 

28
o
C. 
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2.7.10 Plasmid minipreps 

Materials 

LB (See section 2.3.1) 

Solution 1 (50 mM glucose, 10 mM EDTA, 25 mM Tris pH 8.0) 

Solution 2 (0.2 M sodium hydroxide, 1% SDS) 

Solution 3 (3M potassium acetate pH 5.5) 

Absolute ethanol (-20
o
C) 

 

Procedure 

Liquid cultures of E. coli and A. tumefaciens were prepared by inoculating LB, 

containing appropriate antibiotics, with a single colony scraped from an LB agar plate 

using a sterile toothpick. E. coli cultures were grown overnight at 37
o
C, while A. 

tumefaciens cultures were grown for 2 days at 28
o
C before plasmid extraction. For E. 

coli, plasmids were extracted using the Roche plasmid miniprep kit according to 

manufacturer’s instructions. For A. tumefaciens, ~3 mL of culture was centrifuged for 

1 min at 13,000 g (this was performed with 3x 1 mL samples, sequentially as the size 

of the tube was only 1.5 mL). The pellet was resuspended in 250 µL solution 1 by 

vortexing thoroughly. Solution 2 (250 µL) was added and samples were gently 

inverted five times and incubated at room temperature for 5 min. Solution 3 (350 µL) 

was added to samples which were gently inverted five times and incubated on ice for 

5 min. Samples were centrifuged for 7 min at 13,000 g. The supernatant (~600 µL) 

was transferred to a new tube and 500 µL of chilled ethanol was added. Samples were 

gently inverted five times to mix and incubated at room temperature for 2 min before 

centrifuging at 13,000 g for 2 min. Ethanol was decanted and tubes were allowed to 
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dry in an inverted position for ~15 min until no traces of liquid remained. Pellets were 

resuspended in 50 µL water and stored at -20
o
C. 

 

To ensure plasmids transformed into A. tumefaciens had retained their integrity, 1 µL 

of prepared plasmid was transformed into E. coli (section 2.7.8) which was selected 

using appropriate antibiotics. Plasmids were extracted from E. coli (section 2.7.10) 

and subsequently digested using restriction enzymes (section 2.7.11) and run on an 

agarose gel (section 2.6.3) ensuring bands of the expected size had formed. 

 

2.7.11 Restriction enzyme digests 

After preparing plasmids from E. coli (section 2.7.9) it was necessary to check that 

plasmids containing the desired insertions had been formed. Appropriate restriction 

enzyme digests were devised to cleave the plasmid in such a way that a unique 

product would form and could be analysed on an agarose gel (section 2.6.3). Prepared 

plasmid (~1-2 µL) was combined with 1 µL appropriate 10x restriction enzyme buffer 

(Roche), volume was adjusted to 9.5 µL with water before addition of 0.5 µL 

restriction enzyme. When more than one restriction enzyme was used the volume of 

water was decreased to maintain a final volume of 10 µL. For preparation of plasmids 

for ligation, 20 µL reactions were performed for 2 h including 1 µL of each restriction 

enzyme to ensure complete digestion. 
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2.8 Transformation of Arabidopsis plants 

Materials 

Floral dropping buffer (0.22 g Murashige Skoog medium, 5 g sucrose, 5 µL silwet, 

make up to 100 mL with water) 

 

Procedure 

Cultures of A. tumefaciens carrying the desired plasmid were re-streaked from stock 

cultures on LB agar plates containing rifampicin, gentamycin and the selectable 

marker included in the vector at the concentrations listed in Table 2.1. Cultures were 

allowed to grow for two days at 28
o
C. Cells were then scraped off the plate using a 

sterile metal loop and placed into 1 mL floral dropping buffer and mixed by 

vortexing. The OD600 of the solutions was measured using a spectrophotometer and 

was between 1.5 and 2.5. This solution was dropped onto the buds of 3-4 week old 

Arabidopsis Col-0 plants using a pipette. This process was repeated two days later. 

Seeds from these plants were collected by placing an 88 x 120 mm cellophane bag 

over the maturing plants to catch the seeds.   

 

2.8.1 Selection of transformed Arabidopsis seeds 

T1 generation seeds were sprinkled on to pots containing soil. After ~10 days (when 

the first true leaves were emerging) seedlings were sprayed with BASTA herbicide 

(Bayer; 0.1% v/v H2O), this process was repeated 2 days later. Surviving seedlings 

were transferred to individual pots and grown to maturity to collect T2 seed.  

 

Selection of hygromycin resistant seedlings was achieved using the method described 

by Harrison et al. (2006). Briefly, hygromycin resistant seeds were sterilized (section 
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2.5) and sown on ½ MS agar plates containing 15 mg.L
-1

 hygromycin. Seeds were 

cold treated for two days at 4
o
C. Seeds were exposed to light for 6 h, before being 

wrapped in tin foil for 48 h. Resistant seedlings were identified 24 h after being 

returned to the light by their elongated hypocotyls and their position on the plate was 

marked. After ~10 days marked seedlings were transferred to potting mix. 

 

2.9 Real Time PCR 

2.9.1 RNA Extraction 

Materials 

Frozen plant material 

100% ethanol 

Swizzle sticks 

Ambion RNA micro kit 

 

Procedure 

Fresh plant material was placed into microcentrifuge tubes on dry ice. For developing 

seeds ~10-20 siliques were dissected using forceps and a hypodermic needle and 

seeds were removed and placed into the tubes, taking care not to damage the seeds. 

For apex, ovary and post-fertilization siliques a tissue homogenizer was used to 

disrupt the tissue in 100 µL lysis buffer (provided with the Ambion micro kit). For 

developing seeds a chilled swizzle stick was used to break apart frozen material 

before addition of 100 µL lysis buffer and subsequent vortexing. Centrifugation of 

samples to collect debris was not performed as this resulted in extremely poor RNA 

recovery. Absolute ethanol (50 µL) was added to samples before transferring them 

into the filter cartridges supplied with the kit. Manufacturer’s instructions were 
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followed for subsequent steps and samples were eluted in 10 µL of elution buffer. 

RNA yield and purity were examined spectrophotometrically using a nanodrop 

(Thermo Scientific). 

 

2.9.2 cDNA synthesis 

Materials 

RNA samples 

DNAase I (Invitrogen) 

10x DNAase buffer (Invitrogen) 

25 mM EDTA (Invitrogen) 

SSIII Reverse Transcriptase (Invitrogen) 

RNAase inhibitor (Invitrogen) 

5x RT Buffer (Invitrogen) 

0.1 mM DTT (Invitrogen) 

Random primers (150 ng/µL; Invitrogen) 

10 mM dNTPs (Invitrogen) 

RNAase free water 

 

Procedure 

To remove contaminating DNA, 1 µg of total RNA was combined with 1 µL 10x 

DNAase buffer, 1 µL DNAase I enzyme (Invitrogen) and made up to a total volume 

of 10 µL with RNAase free water. Reactions were left at room temperature for 10 

min, followed by addition of 1 µL 25 mM EDTA and heating to 65
o
C for 15 min to 

inactivate the enzyme. Next, 150 ng random primers were added and the reaction was 

heated to 65
o
C for 15 min before returning the samples to ice. Finally, 5x RT buffer (4 
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µL) and 1 µL each of DTT, dNTPs, RNAse inhibitor and SSIII reverse transcriptase 

were then added and reactions were incubated at 50
o
C for 45 min, followed by 15 min 

at 70
o
C. Samples were stored at -20

o
C. 

 

2.9.3 Real Time PCR 

Materials 

For one 10 µL reaction: 

3 µL cDNA (1/30 dilution; Section 2.9.2) 

0.5 µL Forward primer (20 pmol/µL) 

0.5 µL Reverse primer (20 pmol/µL) 

1 µL RNAase free H2O 

5 µL SYBR green master mix (Roche) 

 

Procedure 

Reactions were prepared in 96 well PCR plates (Roche), using filter tips to avoid 

contamination. Plates were sealed and vortexed to mix, followed by a short spin in the 

centrifuge to ensure contents were at the bottom of the wells. Plates were placed in a 

Roche Lightcycler 480 Real Time PCR machine. The cycle conditions were as 

follows: 

95
o
C 2 min, [58

o
C 10 s, 72

o
C 8 s, 95

o
C 10 s, measuring fluorescence once per cycle 

during the 58
o
C annealing phase] x50 cycles, followed by a gradual increase from 

40
o
C-95

o
C with continuous fluorescence measurement to generate melting curves for 

each product. Relative expression levels were calculated and data analysed in 

Microsoft Excel. 
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2.10 Microscopy 

2.10.1 Clearing seed samples 

Materials 

Forceps 

Needle 

Microscope slides/cover slips 

Hoyer’s medium (chloral hydrate:water:glycerol 80:30:10) 

 

Procedure 

Developing siliques of Arabidopsis were removed and placed under a dissecting 

microscope using forceps. Holding the base of the silique with the forceps a 

hypodermic needle was used to score either side of the central replum to separate the 

valves. Seeds were gently removed with the needle onto microscope slides. A drop of 

Hoyer’s medium was applied to the seeds and a cover slip was placed on top. 

Additional Hoyer’s medium was pipetted under the coverslip to ensure no air gaps 

remained. Prepared slides were left in the dark overnight to clear. 

 

2.10.2 Preparing pollen samples for GFP and DNA visualization 

Materials 

DAPI staining buffer (0.1 M sodium phosphate (pH 7), 1 mM EDTA, 0.1% Triton X-

100, 0.4 mg/mL) 

DAPI (0.5 µg/µl; add 1 µL to 100 µL DAPI staining buffer immediately before use) 
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Procedure 

Samples were prepared according to the method described by Park et al. (1998). 

Briefly, 3-4 mature flowers were immersed in 300 µL of DAPI staining buffer with 

DAPI added. Samples were vortexed and subsequently centrifuged for 2 min. ~10 µL 

of the pelleted pollen was pipetted onto a microscope slide and a coverslip was 

subsequently applied. GFP and DAPI were visualised using the appropriate filters as 

outlined in section 2.10.4 

 

2.10.3 Differential Interference Contrast Microscopy 

Cleared seeds were viewed under DIC optics using an Olympus BX51 microscope 

equipped with a blue laser and green filter and Nikon DS-Qi1Mc camera and DS-U3 

imaging system.  Images were analysed using NIS Elements Advanced Research v3.2 

imaging software. 

 

2.10.4 Fluorescence microscopy 

Samples were prepared in a similar manner to section 2.10.1 for clearing seeds; 

however, 25% glycerol instead of Hoyer’s medium was used to immerse samples and 

samples were examined immediately after preparation. Slides were viewed using an 

Olympus BX51 microscope equipped with a blue laser and green filter and Nikon DS-

Qi1Mc camera and DS-U3 imaging system.  Images were analysed using NIS 

Elements Advanced Research v3.2 imaging software. 

 

2.10.5 Confocal microscopy 

Samples were prepared as for fluorescence microscopy. Prepared slides were viewed 

using an Olympus BX61 confocal microscope. The EGFP setting (467 nm) was used 
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to visualize GFP fluorescence and Alexa Fluor (647 nm) was used to detect 

chlorophyll autofluorescence. Images were captured using Olympus Fluoview v3.0. 
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3. Development of a method for analysing seed size 
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3.1 Development and testing of a rapid method for seed size determination 

The first goal of my project was to develop a method by which we could rapidly 

determine seed size in order to perform a mutant screen and analyse natural variation 

in seed size of Arabidopsis. We published a paper in Plant Methods detailing the 

implementation of the method which involved using a scanner to generate digital 

images of seeds for particle analysis in Image J. Rob Day instigated the use of 

transmitted light for particle analysis of seed size and both Rob Day and Richard 

Macknight advised me on study design. I then developed the approach and carried out 

the validation experiments and mutant screen as well as generating data for a QTL 

analysis. Samantha Baldwin performed the QTL analysis. I wrote the majority of the 

manuscript and produced the figures with contributions from Rob Day, Samantha 

Baldwin (wrote the methods section for the QTL analysis) and Richard Macknight. 

Supplementary data for this chapter can be found in Appendix I. 
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Rapid analysis of seed size in Arabidopsis for mutant and 

QTL discovery 

3.2 Abstract 

3.2.1 Background 

Arabidopsis thaliana is a useful model organism for deciphering the genetic 

determinants of seed size; however, the small size of its seeds makes measurements 

difficult. Bulk seed weights are often used as an indicator of average seed size, but 

details of individual seed is obscured. Analysis of seed images is possible but issues 

arise from variations in seed pigmentation and shadowing making analysis laborious. 

We therefore investigated the use of a consumer level scanner to facilitate seed size 

measurements in conjunction with open source image-processing software.  

 

3.2.2 Results 

By using the transmitted light from the slide scanning function of a flatbed scanner 

and particle analysis of the resulting images, we have developed a method for the 

rapid and high throughput analysis of seed size and seed size distribution. The 

technical variation due to the approach was negligible enabling us to identify aspects 

of maternal plant growth that contribute to biological variation in seed size. By 

controlling for these factors, differences in seed size caused by altered parental 

genome dosage and mutation were easily detected. The method has high 

reproducibility and sensitivity, such that a mutant with a 10% reduction in seed size 

was identified in a screen of endosperm-expressed genes. Our study also generated 

average seed size data for 91 Arabidopsis accessions and identified a number of 

quantitative trait loci from two recombinant inbred line populations, generated from 

Cape Verde Islands and Burren accessions crossed with Columbia. 
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3.2.3 Conclusions 

This study describes a sensitive, high-throughput approach for measuring seed size 

and seed size distribution. The method provides a low cost and robust solution that 

can be easily implemented into the workflow of studies relating to various aspects of 

seed development. 

 

3.3 Background 

More food will need to be produced during the next 50 years than in the entire history 

of humankind. Therefore, increasing crop yields is a major challenge for the 21
st
 

century. Since most of the world’s food calories come from seed, one way to meet 

this challenge is to create plants with more and larger seeds. Arabidopsis thaliana is a 

useful model organism for studying seed development due to its ease of cultivation 

and extensive genetic and community resources available. Thus far, only a handful of 

genes are known to be directly involved in determining Arabidopsis seed size 

(Mizukami and Fischer, 2000; Garcia et al., 2005; Jofuku et al., 2005; Luo et al., 

2005; Schruff et al., 2006; Adamski et al., 2009; Zhou et al., 2009; Wang et al., 2010) 

 

Genes that regulate seed size can be discovered by screening for mutants or by 

quantitative trait loci (QTL) analysis to identify the genes that underlie the natural 

variation in seed size between different accessions. Alonso-Blanco et al. (1999) 

performed a QTL analysis on recombinant inbred lines (RILs) from crosses between 

the small seeded Landsberg erecta (Ler) accession and the large seeded Cape Verde 

Islands (Cvi) accession. Seed weight and length QTL were mapped as well as those 

affecting maternal factors that contribute to seed size (such as seed number and leaf 
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size). Six QTL affecting seed size, without significant effects on the maternal plant, 

were identified (Alonso-Blanco et al., 1999). The genes/alleles underlying these QTL 

have not been determined, which is an important step if they are to be applied in a 

biotechnological context. Only a few Arabidopsis mutants have been identified that 

directly affect seed size. These mutants reveal that both endosperm and integument 

growth are involved in seed size determination in Arabidopsis (Garcia et al., 2005). 

HAIKU1, 2 (IKU1 and 2) and MINISEED3 (MINI3) act in the same pathway to 

control early endosperm proliferation and subsequent seed size at maturity (Garcia et 

al., 2003; Luo et al., 2005). MINI3 and IKU2 are in close proximity to two 

quantitative trait loci (QTL) discovered by Alonso-Blanco et al. (1999) suggesting 

that they may play an important role in the natural variation observed between 

accessions (Luo et al., 2005) . SHORT HYPOCOTYL UNDER BLUE1 (SHB1) 

binds the promoters of IKU2 and MINI3. However, the shb1 mutant only has a minor 

effect on seed size, suggesting that there may be other regulators of seed size 

upstream of this pathway (Zhou et al., 2009). The AUXIN RESPONSE FACTOR2 

(ARF2) and TRANSPARENT TESTA GLABRA2 (TTG2) genes affect seed size via 

integument cell elongation (Johnson et al., 2002; Schruff et al., 2006). Crossing ttg2 

and iku2 mutants reveals that, although the genes operate in independent pathways, 

cross-talk occurs between the integument and endosperm to determine final seed size 

(Garcia et al., 2005). 

 

Parental genome dosage can also affect seed size. In interploidy crosses, a seed size 

effect is observed when the ratio of maternal to paternal genomes is altered in the 

endosperm, with over-representation of paternal genomes resulting in larger seeds 

whereas the opposite is true for maternal genomes (Scott et al., 1998). A similar 
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phenomenon is found when reciprocal crosses of met1 mutants are performed, 

suggesting that DNA methylation plays an important role in seed size determination, 

via the action of imprinted genes in the endosperm and also hypomethylation in the 

integuments  (Adams et al., 2000; FitzGerald et al., 2008). 

 

A major aim of our laboratory is to discover the molecular mechanisms that regulate 

seed size. We have developed a sensitive, high-throughput method of measuring seed 

size using a scanner and particle analysis software. Furthermore, by identifying and 

taking into account certain maternal factors that contribute to seed size we were able 

to reduce variation, enabling routine detection of subtle differences in size. We show 

that the approach is capable of identifying differences in seed size due to mutation, 

parental genome dosage, natural variation and detection of a number of novel seed 

size QTL. 

 

3.4 Results 

3.4.1 A document scanner and open source image analysis software provide a low 

cost and reliable means of rapidly measuring seed size 

We investigated whether a document scanner could provide a means of rapidly 

screening a large number of Arabidopsis plants for seed size phenotypes with a high 

degree of sensitivity. Using a commercially available scanner with a resolution of 

1200 dpi combined with image analysis software we were able to quickly obtain 

accurate measurements of seed size. The slide-holder included with the scanner 

enabled 24 samples to be scanned simultaneously, reducing the amount of labour 

required (Figure 3.1A). A major factor with regard to the ease of processing was the 

use of transmitted light. This enabled us to avoid potential complications due to seed 
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colour or variation in the white background that may occur when using reflective 

imaging (Figure 3.1B). This enabled us to quickly process the images using the 

“threshold” function of ImageJ and ensured that the resulting black and white images 

were accurate representations of the seeds (Figure 3.1C).  

 

Due to the fact that seeds are ellipsoid it is possible that their orientation on the 

scanner bed will affect the measurement. We tested the ability of the scanner to 

generate reproducible results from a large number of seeds by measuring the seeds 

from a single silique multiple times and reorienting the seeds between measurements. 

The distribution of seed sizes generated by the scanner remained relatively constant 

(Figure 3.1D), indicating that the effect of seed orientation is negligible when 

measuring multiple seeds. 
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Figure 3.1 – Reliable measurement of seed size is achieved using transmitted 

light. 

(A) Scanner with slide-holder insert allows simultaneous scanning of 24 samples. (B) 

Images are generated by emitting light from the lid, through the frame and onto the 

scanner bed; the seeds cast shadows which are detected by the scanner bed. (C) The 

resulting images are converted to solid black and white images using the threshold 

function of ImageJ prior to particle analysis. (D) Ten measurements were made on 54 

seeds from a single silique, reorienting the seeds between measurements (circles = 

outliers > 1.5 IQR from median). 
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3.4.2 The biological variation in seed size can be reduced by controlling the growth of 

the maternal plant 

When performing a mutant screen or QTL analysis, variation in seed size must be 

reduced as much as possible to increase the sensitivity of the screen. More consistent 

results will allow detection of more subtle phenotypes which may otherwise be 

overlooked, thus controlling this variation is of great importance. The maternal plant 

plays an important role in seed size determination, therefore to reduce biological 

variation in seed size the growth of the maternal plant must be kept constant. We 

investigated a number of easily controlled factors of the maternal plant that may 

contribute to variation in seed size. 

 

To test whether the position of the silique on the main bolt had an effect on seed size, 

every silique was taken from the main bolt and the seeds measured three times. The 

first three siliques show a marked increase in seed size, after the fourth silique there is 

a small decrease in average seed size up the shoot (Figure 3.2A). The likely cause of 

the increase in seed size in the first three siliques was the fact that these siliques 

contained fewer seeds (16, 32 and 45, for silique 1, 2 and 3, respectively, compared 

with an average of 56 for siliques 4-20). To investigate if the number of seeds in a 

silique affects seed size, seed number was varied by allowing plants to self-pollinate 

or emasculating flowers and partially pollinating or fully pollinating the stigma. As 

the number of seeds in a silique decreases there is some evidence that the average 

seed size increases; however, this is accompanied by an increase in the variation of 

seed size (Figure 3.2B). Once a silique contains ~50 seeds this variability is reduced. 

Thus, fully extended siliques should be selected for seed size measurement to reduce 

variation. To investigate if the availability of maternal resources affects seed size, the 
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total number of siliques on the plant was altered by trimming auxiliary buds and 

flowers to allow only a set number of siliques to form. It was found that the more 

siliques on a plant the smaller the average seed size (Figure 3.2C). However, the 

standard deviation within treatments was similar between treatments, indicating that 

there is not an optimum number of siliques for improving accuracy (Figure 3.2C). The 

flowering time of a plant may have an effect on seed size due to increased vegetative 

growth before seed production. To determine the extent to which flowering time 

affected seed size, plants were grown in short day conditions to delay flowering. 

Plants were moved into long day conditions once they began to flower to ensure a 

comparable amount of light was available while producing seeds. The increase in 

vegetative growth caused by the delayed flowering led to a minor but significant 

increase in seed size (8%, p < 0.05, student’s T-test). From this data it was concluded 

that the simplest way to obtain consistent results would be to remove auxiliary buds to 

reduce variability in total silique number and take only fully extended siliques from 

between the fourth and tenth position on the main bolt. When performing a QTL 

analysis, controlling the growth of the maternal plant (including vernalization) will 

reduce the possibility of identifying QTL which affect seed size through maternal 

resource availability; however, this will increase the likelihood of identifying QTL 

intrinsically affecting seed size. 
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  Figure 3.2 – Factors affecting seed size. 

(A) Average seed sizes from siliques in different positions on the main bolt (Error bars = 

S.D. of biological replicates; logarithmic trendline). (B) Average seed sizes from siliques 

containing different numbers of seeds after partial, full or self-pollination (Error bars = SE of 

seed size within silique). (C) Average seed sizes of plants with different numbers of siliques 

(Wild-type, untrimmed; error bars = S.D. of biological replicates; linear trendline). 
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3.4.3 Validation of the seed size measurements using interploidy crosses and known 

mutants 

Interploidy crosses using C24 and Ler accessions of Arabidopsis produce seeds of 

variable size, depending on whether there is an excess of maternal or paternal 

genomes (Scott et al., 1998). The average weight of seeds from a 2x4x and 4x2x cross 

was ~2.5x and ~0.75x that of a 2x2x cross respectively for both C24 and Ler 

accessions (Scott et al., 1998). To confirm these results using the Col-0 accession, and 

to demonstrate the utility of our seed size assay, we performed crosses with diploid 

and tetraploid Col-0 plants. Surprisingly, we found average seed size to be similar 

between seeds from a 2x4x and 2x2x cross (Appendix I: Figure A1.1). Similar results 

were found in interploidy crosses of the Ler accession (Appendix I: Figure A1.1). It 

was apparent that a large number of seeds were aborting in the 2x4x cross, thus 

reducing the average seed size. To better illustrate the differences in seed size 

between these crosses, measurements from the interploidy crosses were normalized 

relative to the mean of a balanced cross and plotted on a box and whisker diagram 

(Figure 3.3). This showed that although a large proportion of seeds from the 2x4x 

cross were aborting there were some that were ~2 fold larger than 2x2x seeds. In 

addition, although the average size of seeds from a 4x2x cross was significantly less 

than those of a 2x2x cross, some seeds were still similar in size to those from a 

balanced cross (Figure 3.3). 
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Figure 3.3 – Parental dosage affects seed size. 

Reciprocal crosses were made between diploid and tetraploid Col-0 plants causing a 

genomic imbalance in the endosperm causing alterations in seed size depending on 

the direction of the cross. Seeds were measured from the crosses and each 

measurement was divided by the mean of the balanced cross (2x2x) and plotted on a 

box and whisker diagram (circles = outliers > 1.5 IQR from median) 
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To validate the method as a tool for detecting novel seed size mutants we examined a 

number of known seed size mutants. We grew several seed size mutants under 

controlled conditions (without auxiliary buds) and measured the seeds in triplicate. 

Figure 4A shows the average seed size of the iku2-1, arf2-9, APETALA1 promoter 

driving expression of the ARF coding sequence (AP1-ARF in an arf2 mutant 

background) and fis2-1 mutants. The iku2-1 mutant is known to have smaller seeds, 

whereas the arf2-9 and AP1-ARF (arf2 mutant background) mutants have larger seeds 

(Garcia et al., 2003; Schruff et al., 2006; Hughes et al., 2008). The AP1-ARF construct 

rescues the arf2-9 mutation in the flowers resulting in improved fertility and a reduced 

seed size compared to arf2-9 mutants (Hughes et al., 2008).  The fis2-1 mutant has a 

50% rate of seed abortion, where the aborted seeds appear smaller than the viable 

ones (Chaudhury et al., 1997). All mutants were detected with a high level of 

significance including the subtle difference between arf2-9 and AP1-ARF mutants 

(Figure 3.4A), indicating that the scanner is capable of detecting these known 

mutants. It is also possible that a mutation may result in an altered distribution of seed 

sizes within a silique which can be observed using a histogram. The fis2-1 mutant is a 

model for such a phenotype; seeds of a wild-type silique and a fis2-1 mutant silique 

were measured three times, measurements were normalized by dividing by the 

average seed area and plotted on histograms (Figure 3.4B). The 50% seed abortion 

phenotype is clearly shown in the histogram and suggests that the scanner is capable 

of identifying mutants based on differences in the distribution of seed sizes in a 

silique.  

 

To identify novel genes with effects on seed size and demonstrate the effectiveness of 

the scanner in a high-throughput application we performed a mutant screen. 137 
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homozygous T-DNA insertion lines from the SALK collection (Alonso et al., 2003)  

corresponding to 119 endosperm-expressed genes identified by Day et al. (2008) were 

selected for the screen.  Average seed size for each line was calculated and compared 

to the average of all other lines grown simultaneously, resulting in a relative 

increase/decrease in seed size for each line (Appendix I: Table A1.1). Lines which 

showed a significant (p < 0.05) change in seed size greater than 10% were confirmed 

by growing alongside wild-type Col-0 plants. One line (SALK_147417C) showed a 

reproducible 10% reduction in seed size (Figure 3.4C). The identification of a novel 

mutant as part of a high-throughput screen demonstrates the effectiveness of this 

method in performing large-scale analysis of seed size phenotypes. 
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Figure 3.4 – Known seed size mutants can be detected. 

(A) Seeds were measured from iku2, arf2, AP1-ARF (arf2 mutant background) and 

fis2 (Error bars = S.E.M. of biological replicates; asterisks represent p-value 

compared to line designated by bracket, iku2-1 was compared to Ler; *, p<0.1; **, 

p<0.05; ***, p<0.01). (B) Three measurements of seeds from a wild type (left) and a 

fis2-1 mutant silique (right) were normalized and plotted on a histogram, respectively. 

(C) Average seed size of SALK_147417C compared to wild-type Col-0 (Error bars = 

S.E.M. of biological replicates; p<0.01, student’s t-test) 
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3.4.4 Variation in seed size between different Arabidopsis accessions 

A large amount of genetic diversity is present between different accessions of 

Arabidopsis. This genetic diversity can be used in a QTL analysis to discover new loci 

that regulate seed size. Accessions with the greatest difference in seed size are most 

informative in a QTL analysis as they are more likely to contain alleles with large and 

easily detectable effects on seed size. We aimed to detect differences in seed sizes 

between different accessions of Arabidopsis with a view of performing a QTL 

analysis. Plants were vernalized at 4
o
C for 3 weeks in an attempt to reduce any 

differences in seed size caused by flowering time and were grown in controlled 

conditions (without auxiliary buds). Significant differences in average seed size 

between accessions were observed (Figure 3.5). Seeds of the Bur accession were 

clearly the largest, while Bay-0, Ler, Eil and Sha accessions had the smallest seeds. 

Although we attempted to reduce biological variation by vernalization and trimming 

of the auxiliary buds, it is likely that maternal resource allocation still had some 

influence on the differences we observed. Average seed weight of these accessions 

was determined by weighing multiple seeds (between 149 and 269) and calculating 

the average; counting of seeds was facilitated by using the scanner and particle 

analysis software. Average seed weight showed a strong correlation with average seed 

area; discrepancies are likely to have arisen due to differences in seed shape 

(Appendix I: Figure A1.2). We also examined the seed size of 80 different 

Arabidopsis accessions from the 1001 genomes project (Weigel and Mott, 2009). 

Seeds obtained from the stock center were measured directly on the scanner; the size 

of seeds from these accessions varied from ~77,000-155,000 µm
2
, a difference of 

100% (Appendix I: Figure A1.3). These results provide a basis for analyzing the 

natural variation in seed size found between accessions. 
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Figure 3.5 – Variation between accessions can be detected. 

Seeds from various accessions were vernalized at 4
o
C for 3 weeks and final seed size 

was measured (Error bars = S.E.M. of biological replicates) 
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3.4.5 Identification of QTL affecting seed size 

Based on the differences in seed sizes between accessions (Figure 3.5), two core 

populations of 164 RILs resulting from crosses between BurxCol and CvixCol were 

obtained from INRA (Simon et al., 2008). These RILs were selected as Bur had a much 

larger seed size than Col, and seed size QTL in LerxCvi RILs had been mapped 

previously, allowing some comparison with our results (Alonso-Blanco et al., 1999). 

Seeds obtained from the stock center were measured directly using the scanner. 

 

Regions of interest were first explored using basic single marker analysis, which revealed 

significant associations (log of odds (LOD)>3) with markers on chromosomes 1 and 4 in 

CvixCol and 1, 4 and 5 for the BurxCol RIL populations (Figure 3.6). To better define 

and identify putative QTLs, interval mapping was carried out using the EM algorithm. A 

5% significance threshold was calculated as LOD 2.44 and 2.35 for CvixCol and 

BurxCol, respectively, using 1000 permutations. Based on this threshold, interval 

mapping  identified significant QTL on chromosome 1, 2, 3, 4 and 5 for CvixCol and 1, 4 

and 5 for BurxCol (Figure 3.6). Similar results were obtained using Haley-Knott and the 

extended Haley-Knott analysis (Haley and Knott, 1992; Feenstra et al., 2006). Given that 

multiple QTL were identified further analysis was used that could better identify and 

model the effects of multiple QTL segregating in the population. Therefore a 2 QTL 

analysis (scantwo) was used to compare each chromosome for likely additive effect and 

or interacting (the full model) QTL. The significance of the association was determined 

using 1000 permutations. 
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Figure 3.6 – QTL associated with average seed size (AvSS) for BurxCol (BC) and 

CvixCol (CC) RIL populations.   

Linkage maps are shown for each chromosome with CC on the left and BC on the right. 

The markers significantly associated with average seed size from single marker analysis 

are indicated (*). The LOD profiles from interval mapping are shown for each significant 

QTL including the permuted 5% significance thresholds (dashed lines). QTL identified 

using multiple QTL modelling are shown by bars and end where the LOD drops by 1.5 

for both CC (diagonal) and BC (filled). 
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For CvixCol the highest LOD scores were for 2 QTL on chromosomes 1 and 4 with a 

slightly higher LOD if interactions were allowed (LOD score for the full model of 10.32 

versus the additive of 10.28) and the LOD scores were higher for the 2 QTL models 

versus the single QTL model (5.67). This was followed by an interaction of QTL on 

chromosomes 2 and 4 (9.28 for 2 QTL model compared to 4.87 for single). There was 

also weaker evidence for QTL on 3 and 5 based on the full model LOD scores (6.46 

compared to 3.6 for just 1 QTL).   

 

For BurxCol the highest LOD scores were also for 2 QTL on chromosomes 1 and 4 

(20.11) the full model that included an interaction between the loci was only slightly 

better than the purely additive model (18.61). There was some evidence of a QTL on 5 

with a significant result for the full model (5.61) when compared to chromosome 3 (a 

chromosome with no large QTL effects). Given this evidence and the results from the 

linkage mapping a chromosome 5 QTL was also included in the subsequent multiple 

QTL modeling. 

 

3.4.6 Multiple QTL modeling 

To further interrogate and to estimate QTL effects, multiple QTL modeling was 

undertaken. Each putative QTL that had been identified from the interval or 2 QTL 

analysis was used to develop a multiple QTL model. This was used to determine the 

amount of variation in seed size explained for both the individual and combined QTL. 

Various models were tested including all of the QTL identified for the CvixCol and 

BurxCol crosses, including the two possible QTL on chromosome 4 (as shown by the 
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multiple peaks in Figure 3.6 from the interval mapping results), individually modeling 

each of the different positions for the QTL on chromosome 4, and possible interactions 

identified from the 2 QTL analysis.  For CvixCol the model was maximized (LOD 20 and 

43% variance explained) when 1 QTL on all chromosomes was tested and the position of 

the QTL on chromosome 4 was 62.7cM.  The variance explained by the model was 43% 

with 5 QTL ranging from individual variance of 4% (CC_AvSS3) – 14% (CC_AvSS4). 

For the BurxCol data the model was slightly improved when a QTL on 5 was included in 

the model along with the QTL on 1 and 4 (LOD 21 and 44% variance explained). The 

variance explained by each of the QTL varied from 3.4 (BCAvSS_5) to 15.3% 

(BCAvSS_4). The variation in average seed size for each genotype at the closest markers 

to the QTL for both BurxCol and CvixCol RIL populations are shown in Figure 3.7. 

 

To summarize, in both populations there were major QTLs on chromosomes 1 and 4 with 

only the QTL on 4 overlapping.  Looking at the LOD profiles from the interval mapping 

using the BurxCol data it is possible that there are actually two regions on chromosome 1 

that are important but that the effect of the locus that would overlap CC_AvSS1a is being 

masked by the effects of the QTL BC_AvSS1b.  
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Figure 3.7 – Boxplots of the average seed size for each QTL marker genotype.  

(A-D) A is homozygous for the Col allele, B is homozygous for the Bur allele and H is 

heterozygous. (E-I) A is homozygous for the Col allele, B is homozygous for the Cvi 

allele and H is heterozygous. 
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3.5 Discussion 

Seed size is a trait of considerable importance. However, the small size of seeds and high 

levels of biological variation hinder its study in Arabidopsis. Here, we describe a rapid 

method of measuring seed size that is capable of detect subtle differences. This method 

offers advantages over weighing large numbers of seeds to determine seed size, as it 

avoids the need to count individual seeds and, as every seed is measured individually, 

alterations in the distribution of seed sizes is easily identified. We demonstrate the utility 

of this method by successfully using it to identify a seed size mutant and seed size QTL. 

 

One important determinant of seed size is the rate and duration of endosperm 

proliferation during the early stages of seed development. This has been demonstrated in 

crosses between Arabidopsis plants of different ploidies (Scott et al., 1998). Crosses 

between a diploid seed parent and a tetraploid pollen parent produces seeds that are more 

than double the weight of seeds from 2x2x crosses and over 40% heavier than those from 

4x4x crosses; these large seeds also contain large embryos (Scott et al., 1998). Seed 

development in these crosses is characterized by an increase in the rate and duration of 

division in peripheral endosperm, delayed endosperm cellularization and an increase in 

the size of chalazal endosperm (Scott et al., 1998).  Our analysis of interploidy crosses 

using the Col-0 accession gave a slightly different result whereby seeds from 2x4x 

crosses had a tendency to abort – as was seen in 2x6x crosses using the C24 accession 

(Scott et al., 1998). However, in addition to the aborting seeds several seeds were ~2-fold 

larger than the average 2x2x seed, a result which is similar  to those reported by Scott et 

al. (1998). Additionally, we identified the presence of some seeds resulting from a 4x2x 



67 

 

cross which were similar in size to 2x2x seeds (Figure 3.3). A more recent study has 

shown that seed abortion in interploidy crosses is dependent on the accession of 

Arabidopsis used, and that when Col-0 is used as the male parent in a 2x4x cross seed 

abortion occurs at a high rate, consistent with the results we obtained (Dilkes et al., 

2008). Parental genome dosage effects, including the dosage of imprinted genes, have 

been implicated in seed viability of interploidy crosses (Gehring et al., 2004); however, it 

is known that the TTG2 gene, expressed in the maternal sporophytic tissues, plays a role 

in seed viability of these crosses and that the Col allele of TTG2 has a negative impact on 

seed viability in interploidy crosses (Dilkes et al., 2008). 

 

The role of the endosperm in determining seed size was also revealed by three mutants 

that function in the same genetic pathway, HAIKU1 (IKU1), IKU2 and MINISEED3 

(MINI3) (Garcia et al., 2003; Luo et al., 2005). The small seed size of these mutants is the 

result of reduced growth and early cellularization of the endosperm. As a first step to 

identify additional genes involved in endosperm development, we obtained the 

endosperm transcriptome from laser dissected proliferating endosperm tissue (Day et al., 

2008). We identified 793 genes that were preferentially expressed during early 

endosperm development. To investigate if any of these genes affect endosperm 

proliferation, and therefore final seed size, we screened through homozygous SALK T-

DNA insertion lines in these genes (Alonso et al., 2003). Using the scanner and image 

software allowed us to rapidly measure the seed size of 137 T-DNA lines. This identified 

a mutant with ~10% decrease in seed size, which had an insertion in exon 3 of the 

At2g01810 locus (Figure 3.4C; Appendix I: Table A1.1). Two other T-DNA insertion 
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lines were also analyzed for this gene, SALK_099086C in exon 3 and a segregating line, 

SALK_079456, in exon 1. However, these lines did not show any effect on seed size 

(Appendix I: Table A1.1), suggesting that the seed size effect seen in SALK_147417C 

was possibly due to another mutation. Back crossing the SALK_147417 to wild-type Col-

0 generated heterozygous seeds. When sown, heterozygous individuals had a 50% 

reduction in seed number per silique (Appendix I: Figure A1.4), indicating that a 

chromosomal translocation had occurred during T-DNA insertion which may be causing 

the phenotype, so a map-based cloning approach will be needed to isolate the mutation 

(Nacry et al., 1998). Nonetheless, the discovery of this seed size mutant demonstrates that 

our method is effective way of screening for novel mutants. 

 

Another approach for identifying genes involved in determining seed size is to utilize the 

considerable natural variation in the size of seeds from different Arabidopsis accessions. 

We grew 11 accessions under controlled conditions and measured the seed size, 

identifying the Bur accession as having the largest seeds (Figure 3.5). An additional 80 

accessions with genome sequences available from the 1001 genomes project were 

measured directly using seeds obtained from the stock center (Weigel and Mott, 2009) 

Appendix I: Figure A1.2). The results obtained in our study are similar to those reported 

by de Jong et al. (2009) who measured average seed weight of 24 accessions. Accessions 

with large differences in seed size offer an ideal resource for identifying the underlying 

genetics. To determine if our method for measuring seed size could be used to identify 

QTL, we obtained two RIL populations generated using Col and the large seed size 

accessions Cvi and Bur. As we were interested in discovering QTL with a major effect on 
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seed size, we limited our analysis to the core populations of 164 RIL lines, described in 

Simon et al. (2008). Five QTL were identified from the CvixCol RIL population and four 

QTL from the BurxCol RIL population. These QTL explained ~44% of the variation in 

seed size and the QTL with the largest effect (explaining ~15% of the seed size variation) 

mapped to a similar location on chromosome 4 in both RIL populations. A major QTL in 

this position was also identified by Alonso-Blanco et al. (1999) in CvixLer RILs. 

Interestingly, this QTL region does not encompass the chromosome 4 genes, 

AINTEGUMENTA or APETALA2, known to affect seed size (Mizukami and Fischer, 

2000; Jofuku et al., 2005). The LerxCvi QTL analysis of Alonso-Blanco et al. (1999) 

showed that the entire lower arm of chromosome 4 had an effect on seed size, suggesting 

a number of genes with the potential to affect seed size might be located within this 

region. The QTL region of chromosome 5 segregating in the CvixCol RIL population 

contains the gene for ARF2, raising the possiblity that this gene may be causing 

differences in seed size between the Cvi and Col accessions. A QTL in a similar position 

on chromosome 5 was also detected by Alonso-Blanco et al. (1999) suggesting that the 

Cvi allele in this position is likely to have a strong effect on seed size. The QTL on 

chromosome 1 detected by Alonso-Blanco et al. (1999), thought to correspond to MINI3, 

was not detected in this study, suggesting that the Col, Bur and Cvi alleles of this QTL 

have a similar effect on seed size (Luo et al., 2005). We are currently backcrossing a 

number of the RILs with Col to generate near isogenic lines to facilitate the cloning of the 

major QTL using a map-based approach. The fact that the only the chromosome 4 QTL 

mapped to similar region in the two RIL populations, highlights the importance of using 

multiple parents to identify different alleles capable of affecting seed size. With an 
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increasing number of RIL populations becoming available (Simon et al., 2008; 

Balasubramanian et al., 2009; Kover et al., 2009), our method for rapidly and accurately 

determining the seed size of the individual RILs should help facilitate the discovery of 

novel QTL. 

 

3.6 Conclusions 

We have developed a simple, inexpensive and rapid method for measuring seed size that 

offers significant advantages over measuring seed weight. Using this method, we 

identified a mutant with smaller seeds and discovered a number of seed size QTL, thus 

proving its utility in high-throughput and large scale applications.  
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3.7 Methods 

3.7.1 Plant material and growth conditions 

All wild-type diploid Arabidopsis accessions were obtained from the Arabidopsis 

Biological Resource Centre (Ohio State University, USA).  The iku2-1 (Garcia et al., 

2003)and fis2-1 (Chaudhury et al., 1997) mutants were provided by Dr Ming Luo 

(CSIRO, Black Mountain, AUS) and the arf2 (Schruff et al., 2006), AP1-ARF (in arf2 

background) mutants (Hughes et al., 2008) and tetraploid Col-0 were supplied by 

Professor Rod Scott (University of Bath, UK). Plants were sown on ½ MS media grown 

at 20
o
C with a 16h photoperiod (8h for short day plants) with light levels of ~100 

μE.m
2
.s

-1
. Seedlings were transferred to potting mix after ~2 weeks on ½ MS media. 

 

3.7.2 Seed size measurement 

Siliques were harvested once they had turned completely brown but before they had 

dropped seeds. Siliques were allowed to dry in open microcentrifuge tubes for at least 

three days before measurement. Dried silique material was removed using forceps and the 

seeds were spread onto the scanner bed (Microtek Scanmaker i800) ensuring that no 

seeds were touching. Images were taken of each individual silique at a resolution of 

1200dpi using transmitted light. ImageJ particle analysis software was used to measure 

seed area (Abramoff et al., 2004). Images were processed using the “threshold” feature of 

ImageJ (to an arbitrary value of 162 on the greyscale) and seed size was measured using 

the “particle analysis” feature, with a lower limit 30,000 m
2
 to exclude any non-seed 

material. Data was analyzed using Microsoft Excel and SPSS statistical analysis software. 
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3.7.3 Manual pollination 

Flowers were emasculated using fine-tipped forceps taking care not to damage the ovary. 

Two days after emasculation, pollen from the appropriate male parent was applied to the 

tip of the stigma. 

 

3.7.4 QTL analysis 

Linkage maps were reconstructed for both populations using marker and recombination 

data from VNAT [http://dbsgap.versailles.inra.fr/vnat/]. QTL analysis was carried out 

with the R/qtl package (Broman et al., 2003) and executed in R [http://www.r-

project.org].  The linkage maps were initially assessed for associations with average seed 

size using single marker analysis and by then interval mapping using the EM algorithm. 

LOD thresholds were calculated using 1000 permutations for a significance level of 5%. 

A two-QTL genome scan using scantwo analysis was then used to identify QTL with 

additive or interactive effects (referred to as the full model) and significance thresholds 

were determined using 1000 permutations. The results from these analyses were used to 

develop multiple QTL models that were compared using the makeqtl and fitqtl functions. 

The best model was chosen based on LOD score, %variance explained and simplicity. 

This model was then used to determine improved estimates of the QTL locations using 

refineqtl. The 1.5 LOD intervals were then calculated for each individual QTL. Each 

QTL was given a name based on the population CC (CvixCol) or BC (BurxCol), AvSS 

(for average seed size), chromosome (number) and individual QTL identifier (letter) 

where the position along the chromosome was different. The linkage maps and QTL 

summary were constructed using MapChart v2.2 (Voorrips et al., 2002). 
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4. Manipulating endosperm development 
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4.1 Rational alteration of seed size through the endosperm 

One major goal of this project was to rationally alter the size of seeds in Arabidopsis by 

mis-expressing a gene in the endosperm. With the abundance of microarray data on the 

developing seed that was available, we aimed to select endosperm-specific promoters 

enabling us to alter the proliferation of the endosperm without affecting other plant traits. 

The following manuscript is being prepared for the Plant Biotechnology Journal. I 

devised the approach and undertook the experiments. I prepared the figures and 

manuscript. Supplementary information for the paper can be found in Appendix II. 

 

Addendum 

During the marking of this thesis it was shown that GFP under the At5g47350 promoter 

was being expressed in the inner-integuments and not the endosperm or embryo. This 

suggests that the activity of DWF4 is mainly through the integuments and many of the 

other genes tested may, in fact, be capable of affecting seed size through the endosperm. 

This uncovered a complex system of brassinosteroid biosynthesis, degradation and 

response occurring in the various seed tissues. In addition, natural variation at the DWF4 

locus was associated with reduced seed size. The following manuscript has been updated 

and reinterpreted with this new information and will be submitted to a different journal.  
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Rational alteration of seed size through the endosperm in 

Arabidopsis 

4.2 Abstract 

Seed size is an extremely important agronomic trait, having effects on germination vigour 

and yield. Increasing seed size is hampered by the fact that many genes that increase seed 

size when overexpressed also have other effects on plant growth. One way to overcome 

this difficulty is to express genes in specific tissues. The proliferation of the early 

endosperm plays an important role in seed size determination in Arabidopsis and is 

therefore a good target for manipulation in an attempt to increase seed size. We used 

available microarray data to identify endosperm-specific promoters and subsequently 

confirmed the activity of six promoters in the endosperm. Genes with the ability to 

increase plant cell division/growth were identified from the literature, and a total of seven 

genes were overexpressed both constitutively and endosperm-specifically. Constitutive 

overexpressors showed similar phenotypes to those reported, confirming the function of 

the genes, while endosperm-specific overexpressors rarely had pleiotropic effects. Seed 

size was examined for all transgenic lines, with DWARF4 overexpressors showing a 

significant increase in seed size, both when constitutively overexpressed and when 

expressed specifically in the endosperm. DWARF4 catalyzes the rate-limiting step in 

brassinosteroid biosynthesis, implicating a role for this hormone in seed size 

determination through the endosperm. The process used in this study to increase seed 

size, as well as the details of various hormonal/developmental pathways in seed size 

determination may be used in future applications in commercially valuable crop plants. 
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4.3 Introduction 

Seeds represent a major source of food and feed, providing more than half of the calories 

consumed by humans worldwide. New technologies are required if we are to feed a 

growing population with limited land availability. Seed size is an important trait in crop 

plants having influences on yield, germination and value (Ellis, 1992). There are many 

factors involved in seed size determination, most notably seed number, which is 

negatively correlated with seed size (White and Gonzalez, 1990). Increasing seed size 

without decreasing yield requires an increase in the sink strength of the seed (Borras et 

al., 2004). Targeted alteration of seed size is a useful tool for specifically altering this 

trait, without other effects on plant growth. We aimed to increase seed size via a rational 

mechanism in the model plant Arabidopsis to provide a framework for future 

developments in more valuable crop plants. 

 

Rational alteration of plant growth can be achieved by over-expressing, or mis-expressing 

genes involved in plant development. Several genes in Arabidopsis are known to affect 

plant growth when mutated or over-expressed (Gonzalez et al., 2009). Arabidopsis is a 

useful model organism for genetic improvement of crop plants, given its small size and 

short life-cycle. Seed development in Arabidopsis, however, has proven difficult to study 

due to the small size of seeds. Recent developments in laser capture microscopy, 

combined with high throughput transcriptome analysis has enabled a better understanding 

of Arabidopsis seed development (Day et al., 2008; Le et al., 2010). In addition, a novel 

technique for measuring seed size in a high-throughput manner has been developed in our 
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laboratory (Herridge et al., 2011). Using these tools we were able to design and 

implement a rational mechanism by which we could alter seed size in Arabidopsis. 

 

Seed size in Arabidopsis is dependent on several factors. The growth of the maternal 

plant has a major influence through the seed size/number trade-off, flowering time and 

vegetative growth (Alonso-Blanco et al., 1999; Paul-Victor and Turnbull, 2009; Herridge 

et al., 2011). The endosperm and integuments also play key roles in determining seed 

size, and cross-talk is known to occur between these two tissues (Garcia et al., 2005). 

Hormone activity is known to have a role in seed development; however, which 

hormones act endogenously to alter seed development is unknown, as altering hormone 

response usually has pleiotropic effects (Sun et al., 2010). The endosperm is believed to 

be involved with parent-of-origin effects on seed size, which are apparent when a ploidy 

imbalance occurs in the endosperm (Scott et al., 1998). Seeds containing an excess of 

paternal genomes have enlarged seed, whereas the opposite is true for maternal genomes 

(Scott et al., 1998). This phenomenon is thought to be due to the parental conflict theory 

in which the paternal parent tries to direct resources to its own offspring, while the 

maternal genome attempts to distribute resources evenly amongst all offspring (Haig and 

Westoby, 1991). Given that the endosperm plays such a pivotal role in seed size 

determination, and may be the mechanism by which the plant itself modifies seed size in 

the parental conflict theory, it is an ideal target for modification to alter seed size without 

undesirable pleiotropic effects. In addition, the most commonly used promoter for 

overexpression of genes in Arabidopsis, the cauliflower mosaic virus 35S promoter, does 

not express in the syncytial endosperm (Boisnard-Lorig et al., 2001). Expression of genes 
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at this stage of endosperm development may reveal new roles for these genes in seed size 

determination that could not be established under the 35S promoter, allowing new 

insights into their function and the development of the endosperm. 

 

In this study we identify a number of endosperm-specific promoters using microarray 

data and confirm their activity in vivo. We confirm the activity of several genes involved 

in plant growth in Arabidopsis and assess their effect on seed size when overexpressed in 

the endosperm, identifying DWARF4 as a potential regulator of seed size. 

 

4.4 Methods 

4.4.1 Plant material and growth conditions 

Seeds from Arabidopsis ecotype Col-0 were sown on seed raising mix with added 

vermiculite and sand. Plants were grown under long day conditions (16 h light/8 h dark) 

with a light intensity of ~100 µE.m
-2

.s
-1

. Temperature was maintained at 21
o
C and 

humidity at 45%.  

 

4.4.2 PCR and cloning 

PCR was performed using Phusion DNA polymerase (Finnzymes) according to 

manufacturer’s instructions. Details of primers and reaction conditions can be found in 

Table A2.1 and Table A2.2. Promoters (see Table 4.1) were inserted upstream of the 

gateway cloning site in the binary vector pB7GW24 in place of the 35S promoter, or 

using multisite gateway and the pB7m24GW vector in combination with the pEN-L1-

NFI-L2 vector (Karimi et al., 2007). Coding sequences were cloned into the pDONR 221 
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vector before insertion into the binary vectors via an LR reaction (Invitrogen). GFP was 

inserted into the modified pB7GW24 vector using the pEN-L1-NFI-L2 entry vector via 

an LR reaction (Karimi et al., 2007). Constructs were transformed into Agrobacterium 

tumefaciens which were subsequently used to transform Arabidopsis Col-0 plants using 

the floral dropping method (Clough and Bent, 1998). T1 seedlings were selected using 

BASTA herbicide (Bayer). 

 

4.4.3 Microscopy 

Seeds from developing siliques were extracted using a needle and fine forceps. Seeds 

were placed onto microscope slides with a drop of 25% glycerol before application of a 

coverslip. Fluorescence microscopy was performed using an Olympus BX51 

fluorescence microscope equipped with a Nikon Digital Sight imaging system. NIS 

advanced elements v3.0 was used to capture and process images. 

 

4.4.4 Gene expression analysis 

To harvest developing seeds, ~20 siliques were dissected using forceps and a hypodermic 

needle and seeds were removed and placed into microcentrifuge tubes on dry ice, taking 

care not to damage the seeds. A chilled swizzle stick was used to break apart frozen 

material before addition of 100 µL lysis buffer (Ambion RNA micro kit). Absolute 

ethanol (50 µL) was added to samples before putting them into the filter cartridges 

supplied with the kit. Manufacturer’s instructions were followed for subsequent steps and 

samples were eluted in 10 µL of elution buffer. RNA yield and quality were examined 

spectrophotometrically using a nanodrop, typically achieving 150-300 ng/µL. To prepare 



80 

 

the samples for reverse transcription, contaminating gDNA was removed by treating 1 µg 

of total RNA with DNAase I (Invitrogen) according to manufacturer’s instructions. 

Random primers (150 ng) were added and the reaction was heated to 65°C for 15 min 

before returning the samples to ice. RNA were reverse transcribed using SuperScript III 

(Invitrogen) according to manufacturer’s instructions. Real time PCR reactions were 

prepared using 5 µL 2x SYBR Green master mix (Roche), 3 µL cDNA (diluted 1/30) and 

10 pmol of each primer and made up to a total volume of 10 µL with RNAase-free water. 

Primers used for each target are displayed in Table A2.3. 

 

4.4.5 Seed size measurement 

Seed size was measured according to the method described by Herridge et al. (2011). 

 

4.5 Results 

4.5.1 Identifying putative endosperm-specific promoters 

The At4g21080, At4g18870 At5g05030, At2g26320 and At3g27785 promoters were 

selected from data available in Day et al. (2008). Promoters were also selected from the 

Goldberg/Harada Seed Genes network using the “analyze” tool available on the website 

(http://seedgenenetwork.net). This website contains data generated from laser captured 

seed tissue from peripheral, micropylar and chalazal endosperm, seed coat and embryo at 

5 stages of seed development. Endosperm-specific promoters were selected using the 

following criteria: >5000 average signal intensity in the preglobular and globular stage 

peripheral endosperm, <500 average signal intensity in the preglobular, globular and 

heart stage seed coat and <500 average signal intensity in the mature green embryo. In 
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addition, three promoters were selected with high expression throughout the seed (but 

still low expression in the mature embryo) which we would use as positive controls to 

determine if our selected proliferation genes could have an effect on seed size through the 

integuments. Example expression patterns of endosperm-specific and whole seed 

expressed genes are shown in Figure 4.1. Low expression in the mature embryo was 

required to reduce the number of genes with expression in other plant tissues. This 

process was effective in reducing the number of genes with expression in other tissues, as 

judged using the Arabidopsis eFP browser, which shows expression in all plant tissues 

based on microarray results (Schmid et al., 2005; Winter et al., 2007; Figure 4.2). 

Promoters selected for analysis are shown in Table 4.1 and activity was determined by 

creating promoter::GFP transgenic Arabidopsis and examining the seeds of T1 BASTA-

selected plants on a fluorescence microscope. The size of the promoters was constrained 

by the presence of upstream genes, up to a maximum size of 2 kb in the case of 

pAt3g27785. In general, promoters less than ~1 kb in size were inactive in our constructs, 

not showing any GFP expression in the seed (Table 4.1). The gene immediately upstream 

of the selected promoter was frequently in the same direction as the gene of interest; 

however, this did not appear to have any bearing on the activity of the promoter in 

isolation (Table 4.1). The number of introns and length of the 5’ UTR also did not appear 

to correlate with promoter activity (Table 4.1), suggesting that the most important factor 

determining promoter activity is the length of the upstream region. 
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Figure 4.1 – Predicted expression pattern of At2g37450 and At2g30810.  

At2g37450 (left) is predicted to be endosperm-specific, whereas At2g30810 (right) is predicted 

to be expressed in all seed tissues. GSC, general seed coat; PEN, peripheral endosperm; EP, 

embryo proper; S, suspensor; CSE, chalazal endosperm; CZSC, chalazal seed coat; MCE, 

micropylar endosperm (Image sourced from the Goldberg-Harada Seed Genes network; 

http://seedgenenetwork.net) 
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Figure 4.2 – Expression of At5g47350 is specific to the early seed.  

Visual representation of At5g47350 expression in Arabidopsis  based on microarray data 

(Schmid et al., 2005; Figure generated using the Arabidopsis eFP browser; Winter et al., 

2007) 
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Table 4.1 – Promoters selected for GFP analysis 

TAIR ID Size (kb) Active
b 

Upstream gene Introns 5’ UTR 

At5g05030 1.2 Yes Sense 6 58 bp 

At2g26320  1.8 Yes Sense 1 - 

At3g27785  2.0 No Sense 3 222 bp 

At4g21080  1.1 Yes Sense 0 - 

At4g18870  0.6 No Sense 2 1 bp 

At5g09500 0.8 No Sense 3 68 bp 

At5g52330 1.1 No Antisense 9 (one in 5’ 

UTR) 

88 bp 

At3g57160 0.9 Yes Sense 2 160 bp 

At3g24790 1.4 No Sense 4 14 bp 

At1g09510 0.9 No Sense 4 11 bp 

At5g49180
a 0.5 No Sense 2 131 bp 

At5g47350
a 1.6 Yes Sense 6 65 bp 

At2g30810
a 1.2 Yes Antisense 3 36 bp 

a
 Predicted to be expressed in whole seed 

b
 Acivity was determined by examining seeds under a fluorescence microscope
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4.5.2 Analysing promoter activity 

In order to determine their activity, promoters were fused to the GFP coding sequence 

using the pEN-L1-NFI-L2 vector (Karimi et al., 2007). Fluorescence of developing 

seeds was observed and positive activity of promoters is shown in Table 4.1. Of the 

13 promoters examined, six had observable expression in the endosperm. Expression 

patterns of the active promoters are shown in Figure 4.3 alongside their predicted 

expression pattern from the Seed Genes network (Le et al., 2010). Strong activity in 

the chalazal endosperm was detected for promoters of At5g05030, At2g26320 and 

At4g21080 consistent with their predicted expression pattern (Figure 4.3A-C). Weak 

chalazal expression was observed for the promoter of At3g57160, whereas the 

predicted pattern for this gene was more widespread throughout the endosperm and 

seed coat (Figure 4.3D). Expression throughout the endosperm was observed for 

pAt5g47350 and pAt2g30810, but not in the seed coat despite their predicted 

expression pattern from microarray results (Figure 4.3E and F). The promoter of 

At2g30810 was clearly not acting in the embryo; however, expression from this 

promoter was typically weaker than that of pAt5g47350, therefore pAt5g47350 was 

selected for overexpression of proliferation-enhancing genes in the endosperm. 
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Figure 4.3 – Observed and predicted expression patterns of functional 

promoters.  

Promoter::GFP constructs are shown in the left panels and predicted expression 

patterns at globular stage are shown in the right panels based on information from 

the Seed Genes network (http://seedgenenetwork.net). Promoters from a DOF 

transcription factor (pAt4g21080; A), unknown protein (pAt5g05030; B), 

AGAMOUS-like gene (pAt2g26320; C) and unknown protein (At3g57160; D). 

Overlay images showing endosperm-specific activity of promoters of a palmitoyl 

hydrolase (pAt5g47350; E) and a gibberellin-regulated protein (pAt2g30810; F). (E 

and F) Widespread expression in the endosperm occurred in these lines. GSC, 

general seed coat; PEN, peripheral endosperm; EP, embryo proper; S, suspensor; 

CSE, chalazal endosperm; CZSC, chalazal seed coat; MCE, micropylar endosperm. 

 

A B 

C D 

E F 
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4.5.3 Selection of proliferation-enhancing genes 

The proliferation of the early endosperm enhances seed size, therefore expression of 

genes that enhance endosperm proliferation are likely to lead to increased seed size 

(Scott et al., 1998). We took a broad view to the term “proliferation” and aimed to 

select genes that may act through a number of pathways to enhance seed size through 

the endosperm. Genes shown to increase seed size when constitutively overexpressed 

were primarily selected, enabling us to determine whether their action is through the 

endosperm or maternal tissues. The AINTEGUMENTA (ANT) gene was selected on 

this basis (Mizukami and Fischer, 2000). Other genes affecting cell size or cell 

number when over-expressed were also selected, to see if a similar effect could be 

achieved in the endosperm. ARGOS (ARG), ARGOS-LIKE (ARL), GIBBERELLIN 20 

OXIDASE (GA5), EXORDIUM (EXO) and DWARF4 (DWF4) were selected on this 

basis (Huang et al., 1998; Choe et al., 2001; Hu et al., 2003; Coll-Garcia et al., 2004; 

Hu et al., 2006). Finally, we selected for genes which enhance endoreduplication – the 

process of DNA replication without nuclear division – which may have a positive 

effect on endosperm growth if endosperm DNA content influences seed size. FIZZY-

RELATED2 (FZR2) is known to enhance endoreduplication when constitutively 

overexpressed and was selected for this reason (Larson-Rabin et al., 2009). The 

selected genes are listed in Table 4.2, including details on the effect of overexpression 

under the 35S promoter. The selected genes could be divided into three classes based 

on their predicted function. Genes involved in hormone biosynthesis/response, 

transcription factors and endoreduplication-associated genes. The ARG and ARL 

transcription factors are also involved in hormone-response to auxin and 

brassinosteroids respectively, and ARG is known to act upstream of ANT; thus most of 
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the genes tested are linked to hormonal regulation of plant development (Hu et al. 

2003; Hu et al. 2006). 

 

Table 4.2 – Genes selected for overexpression in the endosperm 

 Gene type Gene Effect with over expression Reference 

Endoreduplication 
FIZZY RELATED2 

(FZR2) 

Plants normal size, some larger 

cells, increased trichome 

branching/endoreduplication, 

enlarged nuclei. 

Larson-Rabin et al. 

(2008) 

Hormone 

response 
EXORDIUM (EXO) 

Increase leaf and root growth via 

cell elongation 

Coll-Garcia et al. 

(2004) 

 
DWARF4 (DWF4) 

Increased vegetative growth, 

increased seed number 
Choe  et al. (2001) 

 

GIBBERELLIC 

ACID-20 Oxidase 

(GA5) 

Increase gibberellin production 

resulting in taller plants 
Huang et al. (1998) 

Transcription 

factor 

AINTEGUMENTA 

(ANT) 

Enlarged seed and organs due to 

increase in cell number 

Mizukami and 

Fischer (2000) 

 
ARGOS (ARG) 

Increased seed number, 

increased organ size due to 

increased cell number 

Hu et al. (2003) 

 
ARGOS LIKE (ARL) Increases cell size in cotyledons Hu et al. (2006) 
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4.5.4 Activity of proliferation-enhancing genes 

To confirm their predicted activity, all proliferation-enhancing genes were put under the  

cauliflower mosaic virus 35S promoter; the phenotype of the resulting plants was 

observed and compared to the reported phenotype for each gene. Figures 4.4-4.10 show 

representative wild-type and 35S overexpressor plants for each gene in Table 4.2. Plants 

overexpressing the FZR2 gene frequently have increased trichome branching and in some 

cases growth is severely disrupted (Larson-Rabin et al., 2009). We did not observe the 

severe growth disruptions in our FZR2 overexpression lines, possibly due to them being 

overlooked in the T1 generation as they may not produce any seeds. However, we did 

observe the increased trichome branching; overexpressors had a high prevalence of 5-

branched trichomes, whereas wild-type plants had a maximum of 4 branches (Figure 4.4).  

  

Figure 4.4 – Trichomes of FZR2 overexpressors  

(A) Wild-type trichome showing 4 branches. (B and C) 35S::FZR2 and 

pAt5g47350::FZR2 trichomes showing 5 branches. Scale bar = 100 µm. 

C B A 
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Overexpression of ARG and ARL resulted in increased plant growth, with clear increases 

in rosette size and flower size, consistent with previous reports (Figure 4.5 and 4.6; Hu et 

al., 2003; Hu et al., 2006).  

  

Figure 4.5 – Phenotype of ARG overexpressors  

(A and B) Representative phenotype of wild-type, 35S::ARG and pAt5g47350::ARG 

(left to right) plants, rosette size is increased in 35S::ARG plants, but not 

pAt5g47350::ARG. Flower size of wild type, 35S::ARG and pAt5g47350::ARG (C, D 

and E, respectively). Flowers of 35S::ARG are larger than wild-type, whereas 

pAt5g47350::ARG flowers show no increase in size. 

A 

B 

C D E 
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Figure 4.6 – Phenotypes of ARL overexpressors  

(A) Representative phenotype of wild-type, 35S::ARL and pAt5g47350::ARL (left to 

right) plants, (B) rosette size is increased in 35S::ARL plants, but not pAt5g47350::ARL. 

Flower size of wild-type, 35S::ARL and pAt5g47350::ARL (C, D and E, respectively). 

Flowers of 35S::ARL are larger than wild-type, whereas pAt5g47350::ARL flowers 

show no increase in size. 

 

A 

B 

C D E 
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Overexpression of DWF4 resulted in increased rosette leaf length and curling and this is 

consistent with observations by Choe et al. (2001; Figure 4.7). However, we did not 

observe the additional branching seen by Choe et al. (2001), which may be due to 

differences in growth conditions compared to previous studies.  

 

  

Figure 4.7 – Phenotype of DWF4 overxpressors.  

(A, left to right) Representative wild-type, 35S::DWF4 and pAt5g47350::DWF4 plants. 

(B) Rosettes of wild-type, 35S::DWF4 and pAt5g47350::DWF4 plants shown in (A). 

(C) Rosette leaves of wild-type, 35S::DWF4 and pAt5g47350::DWF4 shown in (A). 

 

A 

C 

B 
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Constitutive overexpression of GA5 results in plants significantly taller than wild-type 

(Huang et al., 1998). We also observed increased height in constitutive GA5 

overexpressors with no other obvious effects on plant growth (Figure 4.8).  

  

Figure 4.8 – Phenotype of GA5 overexpressors.  

Representative wild-type, 35S::GA5 and pAt5g47350::GA5 plants (left to right). GA5 

overexpression resulted in taller plants compared to wild type while pAt5g47350::GA5 

plants were indistinguishable from wild type. 
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Overexpression of EXO did not obviously increase rosette area, despite a slight increase 

being observed by Coll-Garcia et al. (2004; Figure 4.9). To confirm activity of the EXO 

coding sequence we used real-time PCR to detect upregulation of the KCS1 and EXP5 

transcripts which increase due to EXO overexpression (Coll-Garcia et al., 2004; Figure 

4.9). Although EXO transcript was ~17-fold higher than wild-type, KCS1 and EXP5 

transcript levels did not obviously increase, possibly due to differences in growth 

conditions or differences in tissues used for RT-PCR analysis (dissected seeds in this 

study compared with whole plants).  
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Figure 4.9 – Phenotype of EXO overexpressors.  

(A) Representative wild-type, 35S::EXO and pAt5g47350::EXO plants (left to right). 

Overexpression of EXO did not result in an obvious increase in rosette area. (B) 

qRT-PCR was used to detect up-regulation of the EXO mRNA in 35S 

overexpressors, as well as the predicted downstream genes EXP5 and KCS1 
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ANT overexpression resulted in sterility in the T1 generation, with elongated stigmatic 

papillae and increased size of floral organs (Figure 4.10). This is consistent with 

observations made by Mizukami and Fischer (2000) suggesting that our ANT coding 

sequence is functional.  

 

Endosperm-specific overexpressors typically did not show the phenotypes associated 

with constitutive overexpression (Figures 4.4-4.10). However, for some DWF4, FZR2 

and ANT endosperm-specific overexpression lines, a subtle effect similar to the 

constitutive overexpressors was noted, indicating possible leaky expression of the 

promoter. These effects were taken into consideration when examining seed size for these 

lines (Table 4.3). 
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Figure 4.10 – Phenotype of ANT overexpressors.  

(A) Representative wild-type, 35S::ANT and pAt5g47350::ANT plants (left to right). 

ANT overexpression resulted in sterility, while ANT expression under the At5g47350 

promoter did not affect plant growth. (B) Flowers of wild type, 35S::ANT and 

pAt5g47350::ANT (left to right). 35S::ANT flowers are enlarged. (C-E) Stigma of wild 

type, 35S::ANT and pAt5g47350::ANT respectively. 35S::ANT stigma have elongated 

papillae compared to wild type, while pAt5g47350::ANT show normal floral 

morphology. 

 

C 

B 

D E 

A 



98 

 

4.5.5 Effects on seed size 

Seeds from T1 generation plants (T2 generation seeds) were examined visually to 

determine which lines were likely to show a seed size effect, these lines were sown out 

under BASTA selection. Seeds from wild-type, pAt5g47350 and 35S lines were collected 

and measured using a scanner to detect particle area (Herridge et al., 2011). To collate the 

data into a single table average seed areas for each line were normalized by dividing all 

values by the average of simultaneously-grown wild-type values. Table 4.3 shows the 

seed size of all lines measured as a proportion of wild-type seed size and the significance 

of the observation. Some subtle seed size effects were seen in various lines, but changes 

were not consistent between independent transformants for most lines. The most 

significant changes occurred in DWF4 overexpressors, with all independent 

transformants showing a significant increase in seed size. 35S::DWF4 plants had seeds 

26% larger than wild-type, while DWF4 overexpression in the endosperm resulted in an 

average increase of 11-18% in the three lines examined (Table 4.3). 
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Table 4.3 – Seed size of 35S and pAt5g47350 overexpressors 

Line 
Seed size (relative to 

wt) 
p-value

b
 Plants examined 

Wild type 1.00 ±0.02 - 6 

35S::ARG 1.07 ±0.03 0.091 6 

pAt5g47350::ARG #1 1.04 ±0.03 0.228 8 

pAt5g47350::ARG #2 1.07 ±0.03 0.099 10 

Wild type 1.00 ±0.02 - 6 

35S::ARL 0.97 ±0.02 0.444 6 

pAt5g47350::ARL #1 0.94 ±0.01 0.034 12 

pAt5g47350::ARL #2 0.94 ±0.01 0.021 11 

Wild type 1.00 ±0.02 - 5 

35S::DWF4 1.26 ±0.03 0.000 6 

pAt5g47350::DWF4 #2
a 

1.18 ±0.02 0.000 12 

pAt5g47350::DWF4 #1 1.11 ±0.01 0.005 3 

pAt5g47350::DWF4 n2 1.12 ±0.05 0.060 6 

Wild type 1.00 ±0.03 - 6 

35S::GA5 0.93 ±0.03 0.160 6 

pAt5g47350::GA5 #1 0.95 ±0.02 0.129 10 

pAt5g47350::GA5 #2 0.94 ±0.02 0.081 12 

pAt5g47350::GA5 #3 0.96 ±0.02 0.182 12 

Wild type 1.00 ±0.02 - 6 

35S::EXO 1.00 ±0.02 0.949 5 

pAt5g47350::EXO #3 0.98 ±002 0.581 9 

Wild type 1 ±0.02 - 5 

35S::ANT #1 (T1) 1.14 - 1 

35S::ANT #5 (T1) 1.18 - 1 

pAt5g47350::ANT #1
a
 1.10 ±0.02 0.016 11 

pAt5g47350::ANT #2 1.04 ±0.03 0.394 8 

pAt5g47350::ANT #3 1.02 ±0.02 0.542 11 

Wild type 1.00 ±0.05 - 6 

35S::FZR2 0.99 ±0.04 0.894 3 

pAt5g47350::FZR2 #2 0.96 ±0.02 0.375 11 

pAt5g47350::FZR2 #3 0.99 ±0.03 0.874 10 

pAt5g47350::FZR2 #6
a
 0.97 ±0.03 0.578 11 

a
 These lines showed pleiotropic effects similar to 35S overexpressors 

b
 p-values were calculated using student’s t-test, comparing overexpressors to 

simultaneously grown wild-type populations. 
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4.6 Discussion 

The first goal of this study was to analyse the available microarray data to identify 

promoters that might be endosperm specific. Laser capture microscopy has enabled 

specific isolation of endosperm tissues and this technology has been put to use to analyse 

the transcriptome of Arabidopsis endosperm (Day et al., 2005; Day et al., 2007; Day et 

al., 2008; Le et al., 2010). We tested the upstream regions of 13 putative endosperm-

specific genes for promoter activity in the seed, identifying six promoters with 

endosperm-specific expression. Four of the six promoters had activity localized to the 

chalazal endosperm (Figure 4.3A-C). The chalazal region of the endosperm is the 

attachment site to the maternal plant, and numerous projections from the chalazal 

endosperm enter the maternal attachment site (Brown et al., 2004). These promoters may 

be particularly useful in elucidating mechanisms of nutrient transfer from parent to 

offspring. A newly discovered imprinted gene in maize, MATERNALLY EXPRESSED 

GENE1, has an important role in nutrient transfer and a strong influence on seed size 

indicating the utility of analysing this process from a biotechnological standpoint (Li and 

Dickinson, 2010). Two promoters were identified with strong expression throughout the 

endosperm (Figure 4.3E-F) rendering them suitable for our applications. We selected the 

pAt5g47350 promoter as this had the highest expression and was therefore more likely to 

have an effect on seed development when overexpressing proliferation-enhancing genes. 

The pAt2g30810 promoter was clearly not acting in the embryo and so may be useful in 

applications where embryo activity is undesirable (Figure 4.3F). Comparing the predicted 

expression patterns to the observed GFP fluorescence revealed a strong correlation for 

three promoters (At5g05030, At2g26320 and At4g21080). The other three promoters 
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were more divergent from their predicted pattern. This may be due to inaccuracies in 

laser capture, or missing elements from the selected promoter region, either upstream or 

within the introns of the endogenous gene. 

 

We tested seven genes for an influence on seed size when overexpressed under a 

constitutive promoter and an endosperm-specific promoter (Table 4.3). The DWF4 gene 

had the strongest effect on seed size when expressed under the 35S promoter, but also a 

marked increase in seed size under an endosperm-specific promoter (Table 4.3). DWF4 is 

a gene involved in brassinosteroid biosynthesis, increasing plant size when overexpressed 

(Choe et al., 2001). A seed size effect was not detected by Choe et al. (2001); however, 

an increase in branching, and subsequent increase in seed number may have counter-

balanced a seed size increase via the seed size/number trade off (Alonso-Blanco et al., 

1999; Paul-Victor and Turnbull, 2009; Herridge et al., 2011). We did not see increased 

branching in the DWF4 overexpression line (Figure 4.7) so any influence on seed size 

from the increased brassinosteroid biosynthesis would not have been offset by an increase 

in number. Differences in phenotypes observed between studies can occur due to 

differences in growth conditions, which may explain why increased branching was not 

observed in constitutive DWF4 overexpressors (Van Daele et al., 2012). Reduction of 

brassinosteroids via activation of the CYP72C1 gene resulted in decreased seed size in 

Arabidopsis implicating the hormone in seed size determination (Nakamura et al., 2005; 

Takahashi et al., 2005; Turk et al., 2005). A smaller increase in seed size was observed in 

the endosperm-specific DWF4 overexpressors, suggesting that brassinosteroids can 

increase seed size both endogenously through the endosperm, and maternally via 
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increased vegetative growth or activity in the integuments. Studies in rice implicate 

brassinosteroid involvement in grain filling by stimulating the flow of assimilates into 

seeds (Wu et al., 2008). In contrast to our results, however, endogenous overproduction 

of brassinosteroids in the embryo or endosperm did not have an effect on seed weight, 

suggesting that there may be differences in brassinosteroid response in rice compared to 

Arabidopsis (Wu et al., 2008). 

 

Both ARL and EXO are involved in brassinosteroid response; however, a seed size effect 

was not observed when they were constitutively overexpressed (Coll-Garcia et al., 2004; 

Hu et al., 2006; Table 4.3). This suggests that the seed size effect of brassinosteroids in 

the DWF4 overxpressors does not occur through the ARL or EXO pathways. Expression 

analysis reveals that ARL is not expressed in developing endosperm/embryo, but is in the 

seed coat; EXO is in the embryo and cellularized endosperm, but not the seed coat; 

whereas DWF4 is high in the seed coat, moderate in embryo, and present in endosperm at 

globular stage. This may indicate that DWF4 is active during development of the 

syncytial endosperm, a tissue strongly associated with seed size determination, while ARL 

and EXO are not (Scott et al., 1998). Future work should be directed at uncovering what 

factors are involved in the seed size response in DWF4 overexpressors, and identifying 

whether they overlap with known seed size pathways such as the HAIKU pathway, or 

even imprinted genes such as those from the FIS class (Luo et al., 2000; Garcia et al., 

2003; Luo et al., 2005). 
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Overexpression of GA5 in the endosperm did not result in increased seed size (Table 3). 

Tiwari et al. (2010) report upregulation of gibberellin responsive genes in the endosperm 

of seeds from interploidy crosses containing an excess of paternal genomes. This may 

therefore be a downstream consequence of the increased endosperm proliferation, 

whereby the enlarged endosperm acts as a sink for maternally produced gibberellin. 

Gibberellin is required for seed development to occur, as expression of a pea gibberellin 

2-oxidase gene (which encodes an enzyme that inactivates gibberellin) under the MEDEA 

promoter (which is active in the endosperm) resulted in seed abortion (Singh et al., 2010). 

This suggests that the endosperm requires gibberellin; however, it is not known if 

biosynthesis occurs within the endosperm. Transcriptome analysis of the endosperm 

reveals that the GA1, GA2 and GA3 genes (involved in gibberellin biosynthesis) are 

expressed in the endosperm during seed development; however, the GA4 and GA5 genes 

are not expressed in any seed tissues (Le et al., 2010). Overexpression of GA4 in 

combination with GA5 should therefore be performed to determine if endogenous 

gibberellin production in the endosperm/seed can influence seed size. 

 

Overexpression in the endosperm of ARG and ANT resulted in a small increase in seed 

size in one line for each construct (Table 4.3). Constitutive overexpression of ANT 

resulted in sterility; however, later in development some seeds were produced, suggesting 

that the ANT transgene may have been silenced at this stage. These seeds were 

significantly larger than wild-type (Table 4.3); however, this is most likely due to the 

reduced seed number caused by sterility. The ARG protein responds to auxin and acts 

upstream of ANT to influence organ size (Hu et al., 2003). These observations suggest 
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that auxin is not a major determinant of seed size through the endosperm, consistent with 

transcriptome data which suggests a down regulation of auxin responsive genes in the 

endosperm compared to other silique tissues (Day et al., 2008). 

 

We have shown the utility of microarray resources for implementing a rational 

mechanism by which seed size may be increased through the endosperm. Overexpression 

of DWF4 in the endosperm resulted in enlarged seeds, suggesting a role for endogenous 

production of brassinosteroids in the seed in determination of seed size. Determining the 

mechanisms by which brassinosteroids influence seed size and endosperm development 

will enable future applications in commercially important crop plants. Brassinosteroids 

are well known to influence yield in many species, thus a direct role for their activity in 

the endosperm represents a significant step towards improved crop yields. 
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5. Mutant screen of endosperm-expressed genes 
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5.1 Screening mutants of endosperm-expressed genes 

A major goal of this project was to identify and characterize a mutant of an endosperm-

expressed gene identified by Day et al. (2008). This chapter summarizes the mutants that 

were screened for an association between a phenotype and genotype. The primary 

screening of T-DNA insertion lines from the ABRC stock centre was performed in 

collaboration with Ming Luo of CSIRO Plant Industries, Canberra. I performed the 

confirmation of the phenotype and genotyping of the putative seed phenotype mutants to 

confirm an association between the two. Imprinted genes were identified by Rob Day 

who also performed primary screening of T-DNA insertion lines. I performed the 

confirmation screen presented here and determined the association between genotype and 

phenotype using PCR.  
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Screening mutants of endosperm-expressed genes for seed 

phenotypes 

5.2 Introduction 

Genes expressed specifically in the endosperm frequently have functions associated with 

nuclear division and rapid growth, consistent with the observation that the endosperm 

nuclei divides rapidly in the early stages of seed development (Day et al., 2008). Given 

that the endosperm supports embryo growth, and a number of endosperm mutants (such 

as the FIS class of genes) cause seed abortion, we predicted that knock-outs of 

endosperm-expressed genes would result in obvious seed phenotypes, indicative of an 

essential function in endosperm development. We aimed to assay endosperm-expressed 

genes identified by Day et al. (2008) for a seed phenotype, with a view to determining 

their function in seed development. Imprinting is another phenomenon unique to the 

endosperm of Arabidopsis, with many imprinted genes having essential functions in seed 

development and endosperm proliferation (Luo et al., 2000). Imprinting is thought to be 

the strategy by which parental genomes compete for resources, thus imprinted genes are 

predicted to have an influence on seed size (Scott et al., 1998). Current work in our 

laboratory has identified a number of putative imprinted genes (Day et al., submitted) and 

we aimed to test mutants of these genes for essential functions in the seed or an effect on 

seed size. 

 

5.3 Results 

5.3.1 Mutant screen of endosperm-expressed genes 

A mutant screen of ~500 endosperm expressed genes was undertaken in collaboration 

with Ming Luo of CSIRO, Canberra. T-DNA insertion mutants from the SALK institute 
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were ordered for each line (Alonso et al., 2003); details of the genes screened can be 

found in supplementary electronic material Table S5-1. Two subsets of mutants were 

identified: confirmed homozygous lines, and heterozygous lines. A screen of 139 

homozygous T-DNA insertion lines for a seed size phenotype identified a mutant with a 

10% reduction in seed size (Herridge et al. (2011); Chapter 3). Heterozygous lines were 

potentially seed-lethal, and so were screened by dissecting developing siliques under a 

microscope to detect abnormalities. This stage of screening was performed by Ming Luo 

of CSIRO, Canberra. Screening heterozygous lines yielded 81 putative mutants with a 

range of phenotypes, outlined in Figure 5.1. Seed abortion mutants were most frequently 

identified; these were characterized by the appearance of shrivelled seeds in the mature 

siliques which usually occurred at a rate ~25% (Figure 5.1B). Ovule abortion also 

frequently occurred, typically at a rate of 50% (Figure 5.1C). 
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Figure 5.1 – T-DNA insertion mutant classes.  

(A) Pie chart showing classes of mutants identified in the screen, numbers represent the 

number of lines with each phenotype. (B) Example of seed abortion as seen down a 

dissection microscope, aborted seeds appear as brown, shrivelled seeds, typically at a rate 

of 25%. (C) Example of ovule abortion, as seen down a dissection microscope, aborted 

ovules appear as small white protrusions and typically occur at a rate of 50%. 
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A total of 26 lines were examined for a phenotype in the next generation, other lines were 

not examined due to their phenotype (male sterility and ovule abortion were selected 

against) or predicted gene function (genes of unknown function were selected against). 

When a phenotype was confirmed, an association between the phenotype and T-DNA 

insertion was tested using PCR with gene and insert specific primers (methods section 

2.6.2; Figure 5.2). Primer sequences were generated using the T-DNA express tool from 

the SALK institute and can be found in Table A3.1 (Appendix III). A summary of the 

lines tested and the correlation between phenotype and genotype can be found in Table 

5.1. Of the lines tested, five showed a possible correlation between phenotype and 

genotype and were examined further. Three of these lines showed a 50% ovule abortion 

phenotype, and further examination revealed that the phenotype only occurred in 

heterozygous plants. Plants that were homozygous or homozygous-wild-type for the 

insertion were phenotypically normal. This is consistent with a chromosomal 

translocation, which can occur in T-DNA insertion mutants (Nacry et al., 1998). 

Chromosomal translocations result in defects in meiosis, which result in 50% of ovules 

not carrying a full copy of the genome. This phenomenon can only occur in heterozygotes 

with both the translocated chromosomes and non-translocated chromosomes, as it is the 

inheritance of one translocated and one non-translocated chromosome that results in 

gametophyte abortion. These mutants were discarded as the phenotype was not linked to 

the gene of interest. 
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Figure 5.2 – Diagram outlining PCR strategy for genotyping T-DNA insertion 

lines.  

The T-DNA is inserted into a known position on the gene. The LP-RP primer pair 

detects the wild-type copy of a gene, whereas the LB-RP primer pair detects the gene-

specific insertion. 
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Although initial experiments suggested that the SALK_151793 line showed a correlation between 

phenotype and genotype (Table 5.1), this was proven to be a false positive in the next generation 

when a further 20 plants were examined and no correlation was found. 

 

The SAIL_266_A07 line showed a correlation between phenotype and genotype when a further 20 

plants were tested, and was investigated further. DIC microscopy was used on cleared seeds to 

determine at what stage seeds were aborting (methods section 2.10; Figure 5.3). Seeds aborted at the 

globular stage of embryo development; however, endosperm morphology appeared relatively normal. 

Further examination of this line by Dr. Frederic Berger of Temasek Life Sciences Laboratory, 

Singapore, revealed that the cause of the phenotype was not the HTR14 gene disrupted by the 

SAIL_266_A07 T-DNA but a nearby locus, as a dissociation between the SAIL_266_A07 insertion 

and the phenotype was found. Another T-DNA insertion mutant of HTR14 (At1g75600) was analysed 

for a seed size phenotype (Herridge et al., 2011; Appendix I); however, a significant effect on seed 

size could not be reproducibly detected. This confirmed homozygous line is also a complete knock-

out of the HTR14 gene (F. Berger, unpublished data) indicating that the SAIL_266_A07 T-DNA 

insertion is not the cause of the phenotype seen in Figure 5.3. 



 

 

Table 5.1 – Summary of T-DNA insertion mutants of endosperm expressed genes 

  
T-DNA  line gene Predicted Function Phenotype Genotype (wt/het/hom)a Phenotype 

(phenotype/wt) 

Match (p-

value) 

SAIL_266_A07 At1g75600  histone H3.2, putative Seed abortion 12/8/0 9/11 Yes (0.001) 

SAIL_266_A07 ""   Seed abortion 9/11/0 9/11 Yes (0.0003) 

SAIL_503_C03 At3g10870  Encodes a methyl IAA esterase 50% empty ovules 0/3/16 7/12 No 

SAIL_503_C03 "" "" 50% empty ovules 0/1/19 12/8 No 

SAIL_823_D07 At5g51570  band 7 family protein Paternal sterile  20/0/0 10/7/3 abortion/ 

sterile/wt 

No 

SAIL_823_D07 "" "" Paternal sterile  not tested (same as above) 4/16 sterile No 

SAIL_823_D11 At5g41720  contains cyclin f-box domain Paternal sterile 7/13/0  8/12 No (0.444) 

SAIL_895_C10 At1g73560 Lipid transfer/seed storage Seed abortion 5/15/0 12/8 No 

SALK_044257 At2g23950 LRR kinase Seed abortion Not tested (no phenotype) 0/20 No 

SALK_054919 At2g23260 UDP-glucosyl transferase (IAA?) Seed abortion 20/0/0 10/10 No 

SALK_063223 At2g21330 Fructose-bisphosphate aldolase Seed abortion Not tested (no phenotype) 0/20 No 

SALK_071575 At1g59800 Cullin protein UBQ ligase Seed abortion 11/9/0 16/4 No 

SALK_074236 At4g18050 P-glycoprotein 9 (membrane transporter) White seeds 20/0/0 5/15 No 

SALK_082327 At5g14470  GHMP kinase-related 50% empty ovules 4 wt rest not tested (no phenotype) 0/20 No 

SALK_088779 At1g76720  GTP binding / GTPase/ translation 

initiation factor 

Seed abortion 1/19/0 10/10 No 

SALK_088779 "" "" Seed abortion not tested (same as above/below) 11/8 (one dead) No 

SALK_088779 "" "" Seed abortion 0/19/1 14/6 No 

SALK_088779 "" "" Seed abortion 1/18/0 13/7 No 

SALK_113940 At5g05130 DNA/protein/zinc ion binding/helicase Seed abortion Not tested (no phenotype) 0/20 No 

SALK_121734 At5g47550  cysteine protease inhibitor 50% empty ovules 3/16/0 9/10 Yesb 

SALK_121734 "" "" 50% empty ovules 7/12/0 10/10 Yesb 

SALK_131441 At1g74870  protein binding / zinc ion binding White seeds 20/0/0 14/5 (one dead) No 

SALK_132314 At1g30860  protein binding / zinc ion binding Seed abortion 11/3/0 16/4 No 

SALK_133392 At2g24640  UBIQUITIN-SPECIFIC PROTEASE 19 50% empty ovules 4/16/0 10/10 Yesb 

SALK_133392 "" "" 50% empty ovules 4/11/5 7/12 (one sterile) Yesb 

       

a
 Homozygous plants could not be confidently determined in some lines and were instead scored as  heterozygous lines for the purpose of predicting associations 

between phenotype and genotype 
b 
Phenotype was associated with heterozygous plants in these lines, consistent with a chromosomal translocation 

 



 

 

 

  
T-DNA  line gene Predicted Function Phenotype Genotype (wt/het/hom)a Phenotype 

(phenotype/wt) 

Match (p-

value) 

SALK_133392 "" "" 50% empty ovules 5/15/0 10/10 Yesb 

SALK_136123 At1g20690/ 

At1g20693 

unknown protein/ 

NUCLEOSOME/CHROMATIN 

ASSEMBLY FACTOR 

Seed abortion 20/0/0 6/14 No 

SALK_137489 At1g79380/ 

At1g79370 

protein binding, zinc ion binding/ 

CYTOCHROME P450 

White seeds 1/0/0 1/19 No 

SALK_139430 At4g39650  GAMMA-GLUTAMYL 

TRANSPEPTIDASE 2 

Small/large seeds Not tested (no phenotype) 0/20 No 

SALK_139852 At3g50730  protein kinase, putative 50% empty/pollen 

sterile 

7/13/0 9/9/2 

empty/wt/sterile 

No 

SALK_141532 At4g18910  Arsenite transport Seed abortion 0/0/20 10/10 No 

SALK_143169 At3g25280  proton-dependent oligopeptide transport 

(POT) family protein 

Seed abortion 20/0/0 14/6 No 

SALK_144225 At3g09140  unknown protein Seed abortion 20/0/0  12/8 No 

SALK_145378 At4g25050  ACYL CARRIER PROTEIN 4 - 

chloroplast located 

White seeds 20/0/0 9/11 No 

SALK_145378 "" "" White seeds 20/0/0 11/9 No 

SALK_145802 At3g26650 GLYCERALDEHYDE 3-PHOSPHATE 

DEHYDROGENASE A SUBUNIT 

Seed abortion 20/0/0 13/7 No 

SALK_151793 At1g66000  unknown protein Seed abortion 7/13 13/6 (one sterile) Yes (0.004) 

a
 Homozygous plants could not be confidently determined in some lines and were instead scored as  heterozygous lines for the purpose of predicting associations 

between phenotype and genotype 
b 
Phenotype was associated with heterozygous plants in these lines, consistent with a chromosomal translocation 
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Figure 5.3 – DIC microscopy of the SAIL_266_A07 line.  

(A) Wild-type heart stage seed, (B) mutant seed arrested at globular stage (heart stage siblings). 

A B 
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5.3.2 Mutant screen of putative imprinted genes 

The lack of positive mutants identified in a general screen of endosperm-expressed genes 

required us to broaden our search. Data from our laboratory (R. Day, R. Macknight, 

unpublished data) identifies a number of putative imprinted genes which were not 

included in our screen of endosperm-expressed genes. T-DNA insertion mutants of these 

genes were ordered and screened for a seed phenotype by Robert Day using the same 

procedure as was used for the endosperm-expressed genes. A total of 14 lines were re-

screened to confirm their phenotype and determine whether there was a correlation 

between phenotype and insertion (primers used are available in Table S5.1; Appendix 

III). Three lines, corresponding to two different genes, showed a strong correlation 

between phenotype and genotype (Table 5.2). The first gene identified, At2g07690, 

corresponds to MCM5, a member of the MCM2-7 DNA helicase complex, and is 

involved in DNA replication (Bochman and Schwacha, 2008). MCM2 and MCM7 had 

previously been shown to be essential in Arabidopsis, and all subunits have been shown 

to be essential in other organisms, thus our identification of MCM5 as an essential gene is 

reasonable (Springer et al., 1995; Bochman and Schwacha, 2008; Ni et al., 2009). The 

SALK_000158 line and MCM5 gene is examined in full detail in the next chapter 

(Chapter 6). The other gene identified,  At5g53860, corresponds to a gene of unknown 

function; however, the two T-DNA lines examined in this study (CS16187 in intron 9 and 

SALK_083393 in intron 3) had been previously identified by the Meinke laboratory as 

essential for seed development and were named emb2737-1 and -2, respectively (Lloyd 

and Meinke, 2012). The two mutants of EMB2737 were examined further using DIC 

microscopy on dissected seeds to identify the stage at which embryo development arrests 
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(Figure 5.4). Both lines showed embryo defects, but relatively normal endosperm 

development. Mutants in the emb2737-2 line aborted at the globular stage of 

development, at this stage mutant embryos showed a distinct lack of patterning and were 

significantly delayed in their development compared to wild-type siblings (Figure 5.4A 

and B). Mutants in the emb2737-1 line reached late heart stage and showed distinctive 

embryo-patterning defects while also being delayed developmentally compared to wild-

type siblings (Figure 5.4C and D). Mutant seeds from both lines did not produce 

chlorophyll, either due to their early developmental arrest or defects in biosynthesis. This 

gene was not analysed further in this project. 
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Table 5.2 – Second generation screening of T-DNA mutants of putative imprinted 

genes 

T-DNA line
 

Locus
a Function Phenotype

 
Insert

 
Mismatch 

SAIL_617_B08 At1g10780 
F-box/RNI-like 

superfamily protein 
14/20 13/20 3 

tar1-1 DR5:GUS At1g23320 
Similar to trytophan 

aminotransferase 
13/20 20/20

b 
n/d 

SALK_095462 At1g44110 CyclinA1;1 9/14 0/14 n/d 

SALK_028000 At1g60410 
A paternally expressed 

imprinted gene 

semi-

sterile 
n/d n/d 

SALK_071905 At1g63640 

P-loop nucleoside 

triphosphate 

hydrolases superfamily 

protein 

10/15 10/14
c 

n/d 

SALK_012978 At2g02590 Unknown protein 0/20 0/20 n/d 

SALK_000158 At2g07690 
MINICHROMOSOME 

MAINTENANCE 5 
11/20 11/20 0 

SALK_033363 At2g18880 
Vernalization5/VIN3-

like 
0/16 0/16 n/d 

SALK_033369 At2g18880 
Vernalization5/VIN3-

like 
0/16 n/d n/d 

SALK_100755 At3g50730 
Protein kinase 

superfamily 

semi-

sterile 
n/d n/d 

SALK_027468 At5g48650 

Nuclear transport 

factor 2 family protein 

with RNA binding 

domain 

0/20 n/d n/d 

CS16187
d AT5G53860 EMB2737 13/20 12/20 1 

SALK_083393 AT5G53860 EMB2737 13/20 12/20 1 

SALK_095246 AT5G64960 CDKC;2 0/20 n/d n/d 
a
 Locus on TAIR website; Loci in bold are represented in the seed size screen (Table 5.3) 

b
 Homozygous - identified by Stepanova et al. (2008) 

c
 One line was homozygous for the insert, the phenotype/genotype correlation was consistent with 

a chromosomal translocation 
d
 Seed identifier on TAIR (no T-DNA identifier is given) 

n/d Not determined 
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Figure 5.4 – DIC microscopy of the emb2737-1 and 2737-2 mutants.  

(A) Wild-type torpedo stage seed, (B) mutant seed arrested at globular stage (torpedo stage 

siblings) from the emb2737-2 line. (C) Wild-type bent cotyledon stage seed and mutant 

sibling (D) arrested at late heart stage from the emb2737-1 line. 

A B 

C D 
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5.3.3 Screening imprinted genes for seed size phenotypes 

A number of confirmed homozygous T-DNA insertion lines corresponding to putative imprinted 

genes were screened for a seed size phenotype using the method described by Herridge et al. (2011). 

Four lines showed a significant change in seed size compared to simultaneously grown wild-type 

seeds (p<0.1; Table 5.2). At3g20620 was represented three times in this screen and only a single 

allele (SALK_123851C) showed a seed size effect, suggesting that this particular effect is not related 

to the At3g20620 gene; however, further examination of this line may identify another insertion that 

is causing the 7% reduction in seed size. Furthermore, the SALK_147906C insertion is in the same 

place (5’ UTR) as the SALK_123851C insertion, suggesting that the seed size reduction is not 

dependent on the point of insertion in the At3g20620 gene. Two other lines showed a reduction in 

seed size (SALK_024049C and SALK_130635C) of 8% and 10% respectively. Given that no other 

insertions in these lines were tested for seed size there is a possibility that the seed size decrease is 

due to the mutated loci (At4g13610 and At5g38210) and further investigation is warranted. One line 

showed a significant increase in seed size (SALK_091845C) which may be associated with the 

mutated locus (At3g61450) encoding a plant syntaxin, and should be investigated further. 

 

 



 

 

Table 5.3 – Seed size of homozygous T-DNA insertion mutants of putative imprinted genes 

T-DNA Locus Gene description Seed size
a
 SEM

 
P-value

b
 n plants 

SALK_065100C At1g10780 F-box/RNI-like superfamily protein 0.97 0.02 0.41 5 

SALK_058020C At1g34210 
Plasma membrane LRR receptor-like serine 

threonine kinase 

0.96 0.05 0.45 4 

SALK_088157C At1g50490 UBIQUITIN-CONJUGATING ENZYME 20 1.01 0.02 0.86 5 

SALK_060614C At1g60410 A paternally expressed imprinted gene 1.06 0.04 0.23 5 

SALK_052305C At1g75090 DNA glycosylase superfamily protein 0.96 0.03 0.35 5 

SALK_034951C At2g02590 Unknown protein 1.02 0.01 0.52 6 

SALK_053076C At2g20170 Protein of Unknown Function (DUF239) 1.04 0.01 0.27 4 

SALK_086690C At3g23970 F-box family protein 1.00 0.02 0.91 6 

SALK_026166C At3g43850 Unknown protein 0.95 0.03 0.25 4 

SALK_123851C At3g20620 F-box family protein related 0.93 0.03 0.09 5 

SALK_029220C At3g20620 F-box family protein related 1.02 0.03 0.72 6 

SALK_147906C At3g20620 F-box family protein related 0.99 0.03 0.78 6 

SALK_002437C At3g50720 Protein kinase superfamily protein 1.01 0.02 0.85 4 

SALK_000036C At3g50730 Protein kinase superfamily protein 1.03 0.03 0.45 5 

SALK_091845C At3g61450 SYNTAXIN OF PLANTS 73 1.06 0.01 0.07 5 

SALK_073729C At4g10220 Protein of Unknown Function (DUF239) 1.03 0.02 0.44 5 

SALK_024049C At4g13610 MATERNAL EFFECT EMBRYO ARREST 57 0.92 0.02 0.03 6 

SALK_063967C At4g13615 Uncharacterised protein family SERF 0.97 0.03 0.51 6 

SALK_130635C At5g38210 Protein kinase family protein 0.90 0.02 0.03 6 

SALK_088888C At5g40430 MYB DOMAIN PROTEIN 22 1.04 0.03 0.32 6 

SALK_063356C At5g40430 MYB DOMAIN PROTEIN 22 1.01 0.02 0.88 5 

SALK_024544C At5g59870 HISTONE H2A 6 1.03 0.03 0.47 4 
a
 Seed size is shown as a proportion of simultaneously grown wild-type seeds 

b
 p-values were calculated using students’ t-test comparing averages of mutant plants to averages of wild-type plants; p-values <0.1 are shown in bold 
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5.4 Discussion 

Although no positive mutants were found in the primary screen of endosperm-

expressed genes, it raises interesting questions about the functions of genes expressed 

specifically in the endosperm. We presumed that endosperm-expressed genes were 

likely to have an essential function; however, it appears that this may rarely be the 

case, and FIS class genes are the exception rather than the rule. The reason for this 

could be that many genes expressed in the endosperm are redundant, given that the 

endosperm is so important for embryo development any defect in the endosperm 

would likely result in seed abortion, thus it is evolutionarily advantageous to have 

redundancy in endosperm-expressed genes. An alternative explanation is that the 

endosperm may not be as essential for embryo development as we assumed, and its 

disruption may only lead to subtle phenotypes which were not detected in our screen. 

For example, the SPÄTZLE gene is essential for cellularization of the endosperm, 

with homozygous mutants showing no other phenotypes, suggesting that it is an 

endosperm-specific gene (Sorensen et al., 2002). Despite the lack of endosperm 

cellularization, the embryo grows normally (although slightly delayed) and mature 

seeds are similar to wild-type (Sorensen et al., 2002). It is possible that there are a 

number of other endosperm-specific genes with subtle effects on endosperm 

development when mutated that were not detected in our screen. 

 

A complete analysis of essential genes in Arabidopsis is being compiled by the Seed 

Genes Project (seedgenes.org) (Meinke et al., 2008). Comparing this list (481 genes) 

with the list of endosperm-preferred, early seed specific genes (793 genes; Day et al., 

2008) reveals 32 genes present in both samples. For comparison, the number of 

essential genes expressed in other silique tissues that were early seed specific was 
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only 3, suggesting significant enrichment in the endosperm-preferred fraction 

(supplementary electronic material Table S5-2). Analysis of the T-DNA insertion 

lines ordered for this screen reveals that only one of the 32 essential genes was 

analysed (At2g35670; SALK_009910; supplementary electronic material Table S5-1). 

No phenotype was reported for this line; however, no genotypic data was generated 

either so we cannot conclude whether this gene was essential or not. In addition, two 

MCM2-7 complex members are present in the endosperm-preferred early seed-

specific fraction (MCM2/At1g44900 and MCM5/At2g07690); however, these are not 

annotated as essential at this stage, nor were they present in the list of genes screened 

for a seed phenotype in the primary screen (Meinke et al. 2008). 

 

Two essential genes were successfully identified by screening putative imprinted 

genes: EMB2737 and MCM5. The emb2737-1 and -2 mutants had a rate of seed 

abortion close to 3:1 (wild-type:aborting; 294:113 and 222:90 respectively), 

suggesting homozygous seeds were aborting; however, this is inconsistent with the 

abortion rate expected if it were an imprinted gene. Subsequent analysis of imprinted 

gene expression in Ler and Col hybrid seeds using next generation sequencing 

revealed that EMB2737 was not imprinted (R. Day, unpublished data). An allelic 

effect was observed between the two mutants identified illustrated by the different 

seed phenotypes (Figure 5.3); emb2737-1 had an insertion in intron 9, whereas 

emb2737-2 had an insertion in intron 3. The emb2737-1 allele appears to have 

retained at least a small portion of its normal function allowing embryos to develop 

cotyledons, possibly due to the insertion point being closer to the 3’ end of the gene 

(Figure 5.4). The EMB2737 gene is expressed in most vegetative tissues, as well as 

the tissues of the seed (Schmid et al., 2005; Le et al., 2010). The function of the 
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EMB2737 protein is not known, although it is predicted to be located in the 

chloroplast (Zybailov et al., 2008). This is consistent with observations under the 

dissection microscope, and using DIC microscopy in which the mutant seeds appear 

translucent/white. Further analysis will be required to show whether this effect is due 

to the function of the protein or simply the stage at which emb2737
-/-

 seeds abort, 

given that young seeds (~globular stage) appear white under normal conditions. 

 

Four putative seed size mutants were identified by screening mutants of putative 

imprinted genes (Table 5.3), three of which were potentially associated with the gene 

of interest. Of particular note is MEE57/At4g13610 which encodes a protein with 

cytosine-methyltransferase activity. It is well established that the MET1 gene has seed 

size effects when mutated, and that this effect is dependent on the parent of origin, 

thus providing a mechanism by which MEE57 may be acting to influence seed size 

(Adams et al., 2000; FitzGerald et al., 2008). Other mutants of MEE57 were examined 

by Robert Day for a seed phenotype, many of which showed seed abortion with 

characteristic patches on the embryo (R. Day, unpublished data). The 

SALK_024049C line contains an insertion in the 3
rd

 intron of the MEE57 gene and so 

may not be a complete knock-out, which leads to the subtle seed size effect seen in 

our screen (Table 5.3). Further examination of this line and other mutants of MEE57 

should be undertaken.  

 

The SALK_091845C line was the only line to show a significant increase in seed size 

in our screen (Table 5.3). This line contains an insertion in the first exon of the 

At3g61450/SYP73 gene, possibly resulting in complete loss of function. SYP73 is a 

plant syntaxin, a family of genes responsible for intercellular protein transport. 
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Transcriptome analysis reveals that SYP73 is only expressed in the endosperm of the 

developing seed, indicating that it may be involved in transport from the maternal 

tissues to the embryo (Le et al., 2010). The SALK_130635C line showed the most 

significant change in seed size of all lines tested (10%; Table 5.4), and corresponds to 

the At5g38210 locus which encodes a protein kinase. The IKU2 protein is an LRR 

kinase and has a profound effect on seed size, whether the At5g38210 gene acts in a 

similar manner in the endosperm remains to be determined (Luo et al., 2005). The 

expression of At5g38210 is more widespread than IKU2, perhaps indicating a more 

general role for this gene in plant development (Schmid et al., 2005; Le et al., 2010) 

 

In this chapter we have identified a number of putative mutants involved in 

endosperm formation and seed development. Future studies may be directed at the 

seed size mutants shown in Table 5.3, or further examination of the emb2737 mutants 

and the role of this gene in endosperm/embryo development. The mcm5 mutant 

identified in this chapter is examined in detail in Chapter 6. 
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6. The MCM2-7 complex 
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6.1 The role of the MCM2-7 helicase complex during Arabidopsis seed 

development 

We identified the mcm5 mutant in a screen of putative imprinted genes (Chapter 5). 

We aimed to determine its role in endosperm development, and to compare it with the 

other complex members. The following manuscript is under preparation for 

submission to Plant Physiology. I designed the experiments with advice from Richard 

Macknight and Rob Day. I carried out the experiments, generated the figures and 

prepared the manuscript with contributions from Richard Macknight. Supporting  

material for the paper can be found in Appendix IV.  
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The role of the MCM2-7 helicase complex during 

Arabidopsis seed development 

6.2 Abstract 

The MINICHROMOSOME MAINTENANCE2-7 (MCM2-7) complex, a ring-shaped 

heterohexamer, unwinds the DNA double helix ahead of the other replication 

machinery. There is also evidence that the MCM2-7 subunits have unique functions. 

We characterized Arabidopsis thaliana mutants of MCM2-7 and analyzed their 

phenotype in the developing seed. As in other eukaryotes, homozygous mutants in 

any of the MCM2-7 subunit genes were lethal, indicating their essential role.  MCM2, 

3, 4 and 5 heterozygous mutant plants had the expected ~25% early seed abortion, 

MCM6 and MCM7 heterozygous mutant plants had ~35% and ~39% early abortion, 

due to a proportion of the ovules failing to develop. All mutants showed a maternal 

effect, whereby seeds inheriting a mutant allele from the maternal parent only 

occasionally aborted later in seed development. This maternal effect was strongest in 

mutants of MCM2, 5 and 6, while MCM3, 4 and 7 had relatively low rates of 

maternally-inherited defects. Defects in the endosperm and embryo were observed for 

all mutants; however, the rates at which they occurred differed between subunits. We 

provide evidence that MCM2-7 protein is present in the central cell nucleus and that 

this store of MCM2-7 protein is sufficient to support endosperm growth and maintain 

seed viability. This is the first characterization of mutants in each of the MCM2-7 

subunits in plants and shows that the MCM2-7 complex plays an important role in 

seed development, with the embryo and endosperm having different requirements for 

each subunit. 
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6.3 Introduction 

DNA replication is an integral part of the cell cycle and requires the coordinated 

action of a number of different proteins. The MCM2-7 complex is essential for DNA 

replication and is conserved across all eukaryotes. It acts as a DNA helicase, 

unwinding double-stranded DNA ahead of the rest of the replication machinery. The 

MCM2-7 complex is recruited to origins of replications by the origin recognition 

complex in coordination with CDT1 and CDC6 (reviewed in Mendez and Stillman, 

2003). Intriguingly, many more MCM2-7 hexamers are loaded onto DNA than are 

thought to be required (Hyrien et al., 2003). The excess MCM2-7 complexes are 

thought to be unnecessary under normal conditions; however, these “dormant” origins 

are required under conditions of replicative stress, although all subunits may not be 

equal in this regard (Woodward et al., 2006; Ge et al., 2007; Ibarra et al., 2008; Crevel 

et al., 2011). It is known that all subunits of MCM2-7 are required for helicase 

activity in vitro and in vivo; however, additional functions have been identified for 

many individual subunits (Bochman and Schwacha, 2008; Costa and Onesti, 2008). 

 

The MCM2-7 proteins have been identified in several higher plants, including 

Arabidopsis, maize, rice, tobacco and pea, a recent review covers their role in DNA 

replication and other aspects of development (Tuteja et al., 2011). MCM2-7 

homologues have been identified in Arabidopsis (Masuda et al., 2004; Dresselhaus et 

al., 2006; Shultz et al., 2007; Tuteja et al., 2011); however, a detailed analysis of each 

subunit has not been performed. MCM7 is essential in Arabidopsis, with mutant seeds 

showing defects in embryo and endosperm formation (Springer et al., 1995; Springer 

et al., 2000; Holding and Springer, 2002). Mutants of mcm7 also show a maternal 

effect, in which seeds inheriting a mutant maternal allele (and a wild-type paternal 
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allele) also have a phenotype. This phenotype is thought to be due to the need for 

functional MCM protein in the ovule (Springer et al., 2000). MCM2 is also essential 

in Arabidopsis; however, a maternal effect was not observed in mutants (Ni et al., 

2009). Mutants of other genes involved in DNA replication have similar phenotypes 

to that of mcm2 and mcm7. Mutation of ORC2 (that encodes part of the origin 

recognition complex) and DNA polymerase epsilon are also lethal, and mutant seeds 

appear similarly to those of mcm2 and mcm7 mutants (Collinge et al., 2004; Ronceret 

et al., 2005). Similar maternally inherited defects also occur in mutants of DNA 

LIGASE 1 (AtLIG1) and ENDOSPERM DEFECTIVE 1 (EDE1), the former as a result 

of DNA damage in the central cell and the latter as a result of improper microtubule 

formation (Pignocchi et al., 2009; Andreuzza et al., 2010). 

 

Additional roles for members of the MCM2-7 complex outside of DNA replication 

have been proposed for eukaryotic organisms (Costa and Onesti, 2008). There is also 

good evidence that plant MCM2-7 subunits have roles outside of the complex as well 

(reviewed in Tuteja et al., 2011).  Evidence for additional roles has come from mutant 

and overexpression analysis in higher plants. In the Arabidopsis embryo, activity of 

MCM7 is required for normal cytokinesis, although other subunits have not been 

examined in this manner (Holding and Springer, 2002). Overexpression of 

Arabidopsis MCM2 results in increased cell division and decreased endoredupliction, 

indicative of a regulatory role for the protein (Ni et al., 2009). MCM6 from pea has 

recently been implicated in resistance to salinity stress, and this subunit is also 

capable of in vitro helicase activity as a homohexamer (Tran et al., 2010; Dang et al., 

2011). All members of the plant MCM2-7 subunits contain Walker A and B ATPase 

motifs, although some subunits contain unique structural features which may underlie 
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any additional roles they have (Masuda et al., 2004; Dresselhaus et al., 2006; Shultz et 

al., 2007). The nuclear localization signal, for example, is shared between MCM2 and 

MCM3 in Arabidopsis (Dresselhaus et al., 2006). In addition, the ring structure of 

MCM2-7 has been elucidated, with MCM2 and MCM5 forming a gate which closes 

around DNA to initiate helicase activity (Bochman and Schwacha, 2008). 

 

During early seed development, the endosperm proliferates rapidly as a syncytium 

and many genes involved in DNA replication and the cell-cycle are preferentially 

expressed at this stage, including MCM2 and MCM5 (Day et al., 2008). The syncytial 

stage of endosperm development influences final seed size (Scott et al., 1998). 

Methylation and a number of mutants have been shown to influence seed size through 

the endosperm (Adams et al., 2000; Garcia et al., 2003). Endosperm cellularization 

occurs precociously in many seed size mutants; however, spätzle mutants prevent 

cellularization and do not rescue the seed size phenotype of these mutants (Sorensen 

et al., 2002; Garcia et al., 2003). The integument also plays a role in seed size 

determination, with cross-talk occurring between endosperm and integuments to set 

final seed size (Garcia et al., 2005). A role for DNA replication in endosperm 

proliferation and thus seed size determination is possible; however, this has not yet 

been investigated. 

 

Here we provide detailed analysis of mutants of all MCM2-7 subunits in Arabidopsis 

seeds and uncover potential differences in function of each subunit. In addition, we 

analyze the effect of reducing MCM expression in the endosperm revealing a 

requirement for expression of the complex to support normal endosperm growth, but 

not seed viability. 
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6.4 Methods 

6.4.1 Plant material and growth conditions 

Arabidopsis thaliana accession Col-0 and lines carrying T-DNA insertions in the 

MCM2-7 genes (Table 1; T-DNA insertion lines were obtained from the Arabidopsis 

Biological Resource Center, Ohio State University). Arabidopsis seeds were sown on 

seed raising mix with added vermiculite and sand, and grown under long day 

conditions (16 h light/8 h dark) with a light intensity of ~100 µE.m
2
.s

-1
. Temperature 

was maintained at 21
°
C and humidity at 45%.  

 

Table 6.1 – Insertion points of T-DNA lines 

Subunit Accession Number SALK/SAIL line Insertion point 

MCM2 At1g44900 SALK_026376 Exon 7 
MCM3 At5g46280 SAIL_154_G11_V1 Intron 11 
MCM4 At2g16440 SALK_019767 Exon 4 
MCM5 At2g07690 SALK_000158 Exon 2 
MCM6 At5g44635 SALK_017784 Intron 11 
MCM7 At4g02060 SALK_095847 Exon 8 

 
 

6.4.2 Genotyping  

Genomic DNA was extracted according to the method developed by Edwards et al. 

(1991). Two separate PCRs were performed for each plant to detect either the wild 

type copy of the gene-of-interest (left primer/right primer) or the T-DNA insertion 

within the gene-of-interest (left border/right primer). Platinum Taq DNA polymerase 

(Invitrogen) was used according to manufacturer’s instructions, and 0.5 µL gDNA 

was used in each reaction. An annealing temperature of 58
°
C and extension time of 1 

min was used. Primers were generated using the SALK T-DNA express primer design 

tool and can be found in Table A4.1 (Appendix IV). 
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6.4.3 Microscopy 

Seed samples were prepared for DIC microscopy by dissecting developing siliques 

using a needle and forceps and transferring the seeds to a microscope slide. A 

derivative of Hoyer’s medium was applied (chloral hydrate:glycerol:water, 80:20:10; 

Boisnard-Lorig et al. 2001) to clear the seeds. A cover slip was applied and samples 

were left overnight before viewing on an Olympus BX51 microscope equipped with a 

Nikon camera and NIS elements imaging software. Confocal microscopy was 

performed by dissecting seeds onto a microscope slide and immersing them in 25% 

glycerol. Slides were viewed on an Olympus BX61 confocal microscope with 

Olympus Fluoview v3.0 software. Pollen nuclei were stained using DAPI as 

previously described (Park et al., 1998) and viewed on an Olympus BX51 microscope 

with a Nikon camera and NIS elements digital imaging software.  

 

6.4.4 Gene expression analysis 

Fresh plant material from apices, ovaries and post-fertilization siliques was placed 

into microcentrifuge tubes on dry ice. A tissue homogenizer was then used to disrupt 

the tissue in 100 µL lysis buffer (Ambion RNA micro kit). To harvest developing 

seeds, ~20 siliques were dissected using forceps and a hypodermic needle and seeds 

were removed and placed into the microcentrifuge tubes, taking care not to damage 

the seeds. A chilled swizzle stick was used to break apart frozen material before 

addition of 100 µL lysis buffer. Absolute ethanol (50 µL) was added to samples 

before putting them into the filter cartridges supplied with the kit. Manufacturer’s 

instructions were followed for subsequent steps and samples were eluted in 10 µL of 

elution buffer. RNA yield and quality were examined spectrophotometrically using a 
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nanodrop, typically achieving 150-300 ng/µL. To prepare the samples for reverse 

transcription, contaminating gDNA was removed by treating 1 µg of total RNA with 

DNAase I (Invitrogen) according to manufacturer’s instructions. Random primers 

(150 ng) were added and the reaction was heated to 65
°
C for 15 min before returning 

the samples to ice. RNA were reverse transcribed using SuperScript III (Invitrogen) 

according to manufacturer’s instructions. Real time PCR reactions were prepared 

using 5 µL 2x SYBR Green master mix (Roche), 3 µL cDNA (diluted 1/30) and 10 

pmol of each primer and made up to a total volume of 10 µL with RNAase-free water. 

Primers used for each subunit are displayed in Table A4.2 (Appendix IV). Primers 

were designed so as one member of each pair crossed an intron/exon boundary, 

avoiding amplification from any remaining gDNA. Efficiencies were calculated using 

5x serial dilutions of diluted cDNA, and 3 pipetting replicates were performed. 

Standard curves were created using Lightcycler software (Roche). PCRs were 

performed in 96-well plates using a Roche Lightcycler 480 Real Time PCR machine, 

with 58
°
C annealing temperature and 8 s extension time. Melting curves were 

analyzed for each product and products were run on an agarose gel to ensure a single 

product of the correct size had been formed. 

 

6.4.5 Generation of constructs 

Promoter-gene fragments of MCM5 and MCM7 were amplified using Phusion DNA 

polymerase (Finnzymes) according to manufacturer’s instructions using the primers 

MCM5PG and MCM7PG outlined in Table A4.3 (Appendix IV). Promoter-gene 

segments were subsequently cloned into the TOPO vector (Invitrogen) and finally into 

GFP-containing vector pMDC105 via an LR reaction (Brand et al., 2006). Artificial 

microRNA constructs were designed using the Web MicroRNA Designer 
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[http://wmd.weigelworld.org] based on the naturally occurring miR319a miRNA. The 

amiRNA sequences generated for MCM5 and MCM7 can be seen in Table A4.3 

(Appendix IV). Four primers for each amiRNA were used, as well as the pRS300A 

and B primers which flank the miRNA sequence (Appendix IV: Table A4.3). 

amiRNAs were created using the pRS300 vector as a template according to the 

method reported by Schwab et al. (2006) using Phusion DNA polymerase 

(Finnzymes). Primers miRNAF and miRNAR were then used to reduce the amount of 

extraneous DNA either side of the amiRNA (including the bacterial T7 and SP6 

promoters) to avoid potential detrimental effects on expression (Appendix IV: Table 

A4.3). amiRNA PCR products were cloned into a TOPO vector (Invitrogen) and 

subsequently cloned into the pAt2g30810::ccdb construct using LR recombinase 

(Invitrogen) according to manufacturer’s instructions. Details of this construct can be 

found in Figure A4.1 (Appendix IV). 

 

6.5 Results 

6.5.1 MCM2-7 subunit mutants have variable phenotypes 

To determine whether different subunits of the MCM2-7 complex had different 

functions, we obtained T-DNA insertion mutants for each subunit from the SALK and 

SAIL collections. Lines containing T-DNA insertions in the exons were selected, 

except for MCM3 and MCM6, where exon insertions were unavailable and insertions 

in intron 11 were selected (Table 6.1). To detect the insertion, we performed PCR 

using primers flanking the T-DNA insertion point for each mutant line and a left 

border primer (Appnedix IV: Table A4.1). No homozygous mutant plants were found 

for any line indicating that all mutations are lethal. Heterozygous plants were 

examined by opening the developing siliques under a dissection microscope and all 
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lines showed a seed abortion phenotype with variable presentation. Aborted seeds 

from mcm2,3,4 and 5 mutants appeared as either small brown shrivelled seeds or 

plump white/translucent seeds, which we termed “early” and “late” abortion, 

respectively (Figure 6.1). For mcm6 and mcm7 mutants, early aborting seeds appeared 

more like unfertilized ovules; however, the late abortion phenotype was similar to 

mcm2, 3, 4 and 5 mutants (Figure 6.1). The rate of early and late abortion for each line 

is summarized in Table 6.2. The rate of early abortion in mcm2, 3, 4 and 5 mutants is 

close to 25%, thus these early aborting seeds are likely to be homozygous mutants. 

Mutants of mcm2, 3 and 5 had a rate of early abortion slightly above 25%. As the 

stage at which these seeds abort is variable, this higher rate of early abortion can be 

explained by some “late” aborting seeds being counted as “early”. However, mutants 

of mcm6 and 7 showed a much higher rate of early abortion (35.2% and 38.7%, 

respectively). The appearance of early aborting “seeds” in these lines and high rate of 

abortion, suggests that the defect is occurring during ovule development. This implies 

that MCM6 and MCM7 are regulated differently and/or have different functions in the 

developing ovule than the MCM2, 3, 4 and 5 subunits. 
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Figure 6.1 – Seed abortion in mcm5 and mcm7 mutant siliques.  

Early abortion in mcm5 mutants (top; white arrows) occurs later than early abortion in 

mcm7 mutants (bottom; yellow arrows). Late abortion (red arrows) is characterized by 

white seeds in both mcm5 and mcm7 mutants 

 

 

Table 6.2 – Self-fertilized and maternal abortion rates in T-DNA lines 

 Early Late Normal 

mcm2+/- 105 (27.6%) 34 (8.9%) 242 
mcm2+/- x Wild type 20 (4.5%) 71 (16.5%) 347 

mcm3+/- 126 (28.1%) 15 (3.3%) 307 
mcm3+/- x Wild type 19 (2.7%) 84 (11.7%) 613 

mcm4+/- 144 (24.7%) 16 (2.7%) 422 
mcm4+/- x Wild type 15 (3.3%) 59 (13.0%) 379 

mcm5+/- 122 (27.5%) 38 (8.6%) 284 
mcm5+/- x Wild type 18 (5.2%) 88 (25.4%) 241 

mcm6+/- 135 (35.2%) 19 (5.0%) 229 
mcm6+/- x Wild type 3 (0.5%)a 41 (7.7%) 370 

mcm7+/- 245 (38.7%) 36 (5.7%) 351 
mcm7+/- x Wild type 4 (0.9%)a 24 (5.4%) 413 

a 
As manual pollination often leads to incomplete fertilization, only seeds which had 

been clearly fertilized were counted as “early” abortion. This means that for mcm6 

and mcm7 many early aborting ovules will be missed if they are present in wild type 

crosses. 
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We predict that “early” abortion occurs in homozygous mutant seeds and “late” 

abortion is occurring in heterozygous seeds. Late abortion occurred at a higher 

frequency in mcm2 and mcm5 plants (8.9% and 8.6%), a lower frequency in mcm3 

and mcm4 plants (3.3% and 2.7%) and at an intermediate frequency in mcm6 and 

mcm7 plants (5.0% and 5.7%). The reduction in late abortion seen in mcm6 and mcm7 

lines, compared to mcm2 and mcm5, is likely due to the higher rate of early abortion 

seen in these lines, resulting in fewer heterozygous seeds developing into the late 

stages. Since mcm3 and mcm4 mutants have a similar rate of early abortion to mcm2 

and mcm5, the low rate of late abortion seen in mcm3 and mcm4 mutants is likely to 

be a functional or regulatory difference between these subunits and the MCM2 and 

MCM5 subunits.  

 

6.5.2 MCM2-7 subunits are required maternally 

It has been shown that MCM7 is required maternally for proper embryo/endosperm 

growth (Springer et al., 1995; Springer et al., 2000; Holding and Springer, 2002). This 

requirement was suggested to be due to a pool of MCM protein produced in the ovule 

before fertilization (Springer et al. 2000). We tested whether a maternal effect could 

be observed for all subunits by performing reciprocal crosses between mutant and 

wild-type plants. In all cases a dependency on the maternal allele was found (Table 

6.2). No abortion was seen when a wild-type maternal parent was pollinated with 

mcm2-7 mutant pollen. Although late abortion increased for mcm2, 3, 4 and 5 

mutants, early abortion was drastically reduced compared to the self-fertilized plants 

(Table 6.2). These results are consistent with our hypothesis that early abortion in 

mcm2, 3, 4 and 5 mutants typically occurs in homozygous seeds while late abortion 

occurs in heterozygous seeds inheriting a mutant maternal allele. Early abortion in 
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mcm6 and 7 mutants was not detected as this phenotype resembles aborted ovules, 

which occur frequently when performing manual crosses. However, we predict that 

much of the early abortion seen in mcm6 and mcm7 mutants occurs before 

fertilization, and thus would be retained in maternal crosses. We counted ~25% 

aborted ovules in mcm6 and 7 maternal crosses (124 early/545 total and 151 early/588 

total, respectively), a figure comparable with results seen in Holding and Springer 

(2002) for mcm7 mutants. Late abortion occurred at a similar rate in mcm6 and mcm7 

pollinated with wild-type pollen, compared to self-fertilized plants. Thus, these two 

subunits appear to be required at higher levels than MCM2, 3, 4 and 5 subunits during 

ovule formation. 

 

6.5.3 Early abortion is characterized by defects in DNA replication 

To further elucidate the functions of MCM2-7 complex members in the embryo and 

endosperm, we next examined the effects of the mcm2-7 mutants on embryo and 

endosperm development in early and late aborting seeds. Seeds from mcm mutants 

were dissected from developing siliques and cleared in Hoyer’s medium for analysis 

by DIC microscopy. Two classes of early defects were observed, either single-celled 

expanding embryo with two endosperm nuclei (Figure 6.2B) or aborted ovules, 

characterized by a single enlarged central cell nuclei and unexpanded egg cell (Figure 

6.2C). Embryos in the mcm2, 3, 4 and 5 mutants showed similar rates of the two 

phenotypes, with the expanding phenotype being most prevalent and the aborting 

ovule phenotype occurring at similar rates to wild type (Table 6.3). The ratio of wild-

type seeds to expanded embryo phenotype was close to 3:1 for mcm2, 3, 4, 5 and 6 

mutants, suggesting that the expanded single celled embryo phenotype occurs in 

homozygous seeds. mcm6 and mcm7 mutants showed a higher rate of aborted ovules, 
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with the most striking difference in mcm7 mutants which had 32% ovule abortion and 

only 4% expanded embryo phenotype (Table 6.3). Since the ratio of wild-type to 

expanded embryo seeds is unchanged in mcm6 mutants compared to the mcm2, 3, 4 

and 5 mutants, it appears that the percentage of ovules carrying a mutant allele is not 

reduced by the aborting ovules. Therefore, the high rate of aborting ovules in mcm6 

mutants might be a result of haploinsufficiency during megagametophyte 

development. In contrast, the ratio of aborted embryos to wild-type seeds in mcm7 

mutants is affected by the high rate of ovule abortion (Table 6.3), suggesting that 

ovule abortion in mcm7 mutants is not due to haploinsufficiency, but defects post-

meiosis. 
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Figure 6.2 – Defects in DNA replication occur in mcm2-7 mutants.  

(A) Globular stage wild-type seed. (B) Expanded embryo phenotype with two 

endosperm nuclei from an mcm5 mutant. (C) Aborted ovule phenotype from an mcm3 

mutant 

 

 

Table 6.3 – Percentages of wild-type, aborting embryo and expanded embryo 

phenotypes seen under DIC microscopy for mcm2-7 mutants 

 Wild-type Aborting ovule Expanded embryo Seeds counted 

mcm2+/- 68.4% 7.8% 23.8% 294 
mcm3+/- 69.0% 6.7% 24.3% 358 
mcm4+/- 66.4% 9.6% 24.1% 324 
mcm5+/- 69.9% 7.3% 22.8% 246 
mcm6+/- 53.0% 27.5% 19.5% 277 
mcm7+/- 67.6% 27.6% 4.8% 250 

Wild-type 92.8% 7.2% 0.0% 180 
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6.5.4 Late abortion is characterized by cytokinesis defects in the embryo and enlarged 

endosperm nuclei 

We next aimed to identify embryo and endosperm defects associated with late 

abortion in mcm mutants. Later in development cytokinesis defects were observed in 

mutants of all MCM2-7 subunits. Figure 6.3 shows typical embryo defects observed in 

mcm mutants, including multinucleate single terminal cell embryos (Figure 6.3E), 

aberrations in horizontal and oblique embryo divisions (Figure 6.3F and G) and extra 

divisions in the suspensor (Figure 6.3H). In many cases disruptions in cytokinesis and 

suspensor development were accompanied by enlarged endosperm nuclei, which may 

contribute to these phenotypes (Figure 6.3E and H). These phenotypes indicate a role 

for the MCM2-7 complex in cytokinesis in the embryo, while a different set of 

regulators act in the endosperm to cause enlarged nuclei when MCM2-7 is reduced. 
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Figure 6.3 – Defects in cytokinesis occur in mcm2-7 mutants.  

(A-D) Wild-type embryos at the two-cell, octant, globular and late globular stages. (E-

F) Embryos from mcm2-7 mutants with defects in cytokinesis which had siblings at 

the stages shown in a-d, respectively. (E) Multinucleate embryo accompanied by 

enlarged endosperm nuclei from mcm2. (F) Improper divisions in the horizontal plane 

from an mcm3 mutant. (G) Uneven divisions in the embryo from an mcm5 mutant. 

(H) Normal embryo development accompanied by extra divisions in the suspensor 

and enlarged endosperm nuclei (white arrow) from an mcm5 mutant 
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We were able to class seeds from ~4-6 DAP siliques into four categories with either 

severe defects in the development of the embryo, endosperm, both embryo and 

endosperm or the apparent absence of an embryo (Figure 6.4). In addition to the 

severe defects, several seeds appeared to have slightly enlarged endosperm nuclei; 

however, it was not possible to consistently and accurately distinguish these from 

wild-type seeds and therefore these were counted as “wild-type” seeds (Figure 6.4D). 

Figure 4e shows a seed from an mcm3 mutant without a visible embryo. We predict 

that in these cases the embryo aborts very early in development and is no longer 

visible, as opposed to autonomously forming endosperm. At the 4-6 DAP stage, 

embryo defects typically related to improper patterning, likely as a result of 

cytokinesis defects earlier in embryo development (Figure 6.4F and G). Severely 

defective endosperm was characterized by fewer, larger nuclei than wild type and the 

absence of cellularization (Figure 6.4F and H). 
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Figure 6.4 – Defects in embryo and endosperm development in mcm2-7 mutants. 

(A-C) Wild-type seeds at late globular, heart, and late heart stages of development. 

(D-H) Seeds from mcm2-7 mutants showing aberrations in embryo/endosperm 

development. (D) Subtle endosperm nuclei enlargement in mcm4 mutant seeds (late 

globular siblings). (E) Absence of visible embryo, accompanied by relatively normal 

endosperm from an mcm3 mutant (heart stage siblings). (F) Severe alterations in 

embryo patterning and endosperm nuclear division and cellularization in an mcm6 
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E 

C 

D F 
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mutant (heart stage siblings). (G) Abnormal embryo patterning accompanied by 

normal endosperm in an mcm6 mutant (late heart siblings). (H) Normal embryo 

growth accompanied by abnormal endosperm in an mcm5 mutant (late heart siblings) 
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Proportions of seeds showing severe classes of phenotypes from mutants either self-

fertilized or pollinated with wild-type pollen were determined using DIC microscopy 

from 10 siliques for each line (Table 6.4). Consistent with the phenotypes observed 

under a dissecting microscope, mcm2 and 5 mutants showed a high rate of severe 

defects, while mcm3 and 4 showed a lower rate. The rates of defects seen under DIC 

microscopy are much higher than those observed under a dissecting scope for most 

mutants; however, early aborting seeds were not present/excluded, thus inflating the 

number of potentially defective seeds. In addition, it is likely that some of the 

defective seeds seen under DIC microscopy are capable of recovering later in 

development, and so would not be counted as aborting under the dissection 

microscope. Mutants of mcm6 showed a high rate of severe defects under DIC optics, 

inconsistent with its relatively low rate of late abortion observed under the dissecting 

microscope. This suggests that mcm6 mutant seeds are more capable of recovery than 

those of mcm2 and mcm5, potentially due to differences in gene expression in the 

seed. When wild-type pollen is used, we expect to see a 50% increase in the rate of 

late defects, due to the fact that early abortion is not occurring thus more maternal 

heterozygous mutant seeds form. For mcm2, 3 and 7 this appears to be the case, while 

mcm4 and 5 show significantly higher rates of defects than expected when wild-type 

pollen is used. We predict that the cause of this observed increase is due to the sample 

time, as self-pollinated seeds were collected at stages between heart and torpedo, 

while all wild-type pollinated seeds were collected at 4 DAP. It is therefore likely that 

mcm4 and mcm5 defects are more readily observable at 4 DAP than later in 

development. Since, severe defects in mcm6 mutants do not appear more frequently 

when wild-type pollen is used, we conclude that the major factor determining the 

mcm6 mutant phenotype is the maternal plant. This also fits with our idea that 
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mcm6
+/-

 plants are haploinsufficient for gametophyte development, and that defects 

during this process might extend later into seed development. Endosperm-specific 

defects were most common in mcm2 mutants, while embryo-specific defects appeared 

more commonly in mcm3 and mcm6 mutants (Appendix IV: Table A4.4). These 

differences may help to elucidate novel functions of MCM2-7 complex members in 

the seed.  

 

Table 6.4 – Percentage of seeds showing severe defects for each subunit mutant 

Line Selfed
a 

Wild-type pollen 

mcm2
+/-

 26.9% (±0.9) 35.5% (±1.7) 

mcm3
+/-

 11.3% (±1.0) 19.1% (±0.9) 

mcm4
+/-

 6.2% (±0.6) 22.2% (±1.5) 

mcm5
+/-

 16.7% (±1.0) 36.9% (±1.9) 

mcm6
+/-

 25.6% (±1.4) 24.1% (±1.9) 

mcm7
+/-

 9.0% (±1.1) 17.0% (±0.9) 

a
 Errors indicate standard error between siliques of the same line 
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6.4.6 Expression of the MCM2-7 subunits in the early seed 

We next examined whether differences in gene expression were underlying the 

differences in phenotypes observed in the mutant analysis. We used qRT-PCR to 

determine the expression levels of MCM mRNA in the apex, pre-fertilization ovaries, 

post-fertilization siliques (<1 DAP) and dissected seeds (~2-4 DAP). Primer 

efficiencies were calculated by creating standard curves using serial dilutions of 

cDNA, allowing us to compare the levels of mRNA of each subunit to one another. 

Figure 6.5 shows the expression levels relative to actin for each subunit in each tissue 

examined. While apex, pre- and post-fertilization silique expression levels for the 

subunits are similar across all tissues, expression in dissected seeds varies 

significantly between subunits. MCM5 and MCM6 are expressed at significantly 

higher levels in the seed than other tissues, and have the highest expression of all 

subunits. MCM3 expression is much lower in seeds compared to other tissues and 

subunits. Our data supports the idea of coordinated regulation for apex, ovary and 

silique tissues but not for dissected seeds. 
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Figure 6.5 – Expression levels of MCM2-7 complex members.  

qRT-PCR was used on tissue from apices (blue bars), pre-fertilization ovaries (red 

bars), post-fertilization siliques (<24 HAP; green bars) and dissected seeds (2-4 DAP; 

purple bars). Actin was used as a reference and primer efficiencies were included in 

the calculations for expression levels. Error bars = SEM (n=3 for all samples except 

dissected seeds where n = 4) 
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Given that mcm5 and mcm7 mutants had different phenotypes, we constructed MCM5 

and MCM7 native promoter-gene::GFP fusion constructs using the pMDC107 vector 

(Brand et al. 2006) to analyze their expression pattern in the gametophytes and 

developing seeds. Before fertilization MCM5::GFP and MCM7::GFP were detected 

in the central cell nucleus but not the egg cell (Figure 6.6A). After fertilization at the 1 

cell stage of embryo development high levels of expression were detected in the 

zygote (Figure 6.6B). Later in seed development high levels of expression were 

detected in the embryo and moderate levels in the endosperm (Figure 6.6C). 

Expression in the endosperm was more readily visualized when wild-type flowers 

were pollinated with MCM5/MCM7::GFP pollen (Figure 6.6D). This also confirmed 

that expression of MCM5 and MCM7 was occurring from the paternal allele, and that 

imprinting was not the cause of the maternal effect observed in the mutants. As 

neither MCM5 nor MCM7 are predicted to have a nuclear localization sequence (it is 

shared between MCM2 and MCM3; Dresselhaus et al., 2006), nuclear localization of 

MCM5::GFP and MCM7::GFP indicates that these proteins are being incorporated 

into the MCM2-7 complex.  

 

Both MCM5 and MCM7 were expressed in pollen sperm nuclei, but not the vegetative 

cell nucleus, as shown by colocalization of GFP with DAPI (Figure 6.6D-F). MCM2-

7 protein in the sperm cell nuclei might be delivered to the central/egg cell during 

fertilization and be essential for rescuing the early abortion phenotype that occurs in 

homozygous mcm2-7 seeds. These data are consistent with the idea that there is a pool 

of protein in the central cell that, when missing, causes significant disruption of 

endosperm development. In the egg cell, however, less MCM2-7 protein is present, 

suggesting that the embryo is more dependent on de novo production of MCM2-7 
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after fertilization. This appears to be the case, as expression in the zygote/embryo is 

significantly higher than in the endosperm. 

 

 

 

Figure 6.6 – Expression of MCM native promoter-gene::GFP fusions in seeds of 

Arabidopsis.  

(A) Expression in the central cell of unfertilized ovules (arrow). (B) Expression at the 

one cell stage of embryo development. (C) Expression at the octant stage of embryo 

development. (D) Expression from the paternal allele at 3DAP. (E) MCM7::GFP 

expression in mature pollen. (F) DAPI stained pollen showing two sperm cell nuclei 

and the vegetative cell nucleus. (G) Merged image showing overlap of MCM7::GFP 

and DAPI stained sperm cell nuclei 
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6.4.7 MCM5 and MCM7 expression in the endosperm is required for normal 

development but not embryo viability 

Expression from the paternal allele occurred in the endosperm for both MCM5 and 

MCM7 (Figure 6.6D), suggesting that the late abortion phenotype occurs mostly due 

to a lack of protein in the ovule. This implies that there is a large store of maternal 

protein available for seed development. With this in mind, we next examined whether 

expression in the endosperm was required for viable seeds when a protein store from 

the ovule was available. We used an endosperm-specific promoter to express artificial 

microRNAs (amiRNAs) targeting MCM5 or MCM7 to knock-down their expression 

in the endosperm. To determine if the amiRNA constructs were acting as expected, 

we crossed MCM5::GFP and MCM7::GFP constructs into wild-type and amiRNA-

carrying plants. Confocal microscopy on the seeds revealed complete knock-down of 

endosperm expression, and a slight reduction in expression in the embryo/suspensor 

(Figure 6.7A and B). In some cases expression in the embryo was completely 

abolished, suggesting either transport of the amiRNA from endosperm to embryo or 

leaky expression of the amiRNA in the embryo. Both amiRNA lines caused a 

disruption of the endosperm, including enlarged nuclei, reduced proliferation and 

absence of cellularization (Figure 6.7C-L). Interestingly, embryo development was 

typically normal, although slightly delayed, even in the presence of obviously 

defective endosperm (Figure 6.7C and D). However, in some cases, embryo 

development was affected (Figure 6.7E-G). It is not clear whether this is a response to 

the aberrant endosperm development or amiRNA transport to the embryo knocking 

down expression past a critical level. Embryo defects seen were similar to the defects 

seen in knock-out mutants, including defects in cytokinesis (Figure 6.7E), suspensor 

development (Figure 6.7F) and embryo patterning (Figure 6.7G). Typically, seeds 
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expressing the amiRNA did not abort and homozygous lines could be generated. This 

is illustrated in later stage seeds (torpedo stage) in which a normal embryo begins to 

consume the defective endosperm apparently without consequence (Figure 6.7H and 

I).  
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A 

C D 

L 

J 

K 

I 

F 

H 

E G 

B Figure 6.7 – Phenotype of the 

MCM5 and MCM7 amiRNA lines. 

(A and B) Confocal microscope 

images of seeds from [wild type x 

MCM7::GFP] and [amiRNA 

(MCM7) x MCM7::GFP] showing 

presence and absence of MCM7 

expression in the endosperm, 

respectively. (C and D) Wild-type 

and amiRNA (MCM5) seeds at heart 

stage (NB seeds are not age-

matched). amiRNA lines 

occasionally showed cytokinesis 

defects in the embryo (E), improper 

suspensor development (F) and 

defects in embryo patterning at later 

stages of development (G). (H) Wild-

type torpedo stage embryo. (I) 

amiRNA (MCM5) torpedo stage 

embryo with abnormal endosperm. 

(J) Rare collapsed endosperm 

phenotype. (K and L) Normal seed 

and collapsed seed from an amiRNA 

(MCM7) plant, respectively 
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6.4.8 MCM5 and MCM7 expression in the endosperm does not influence seed size 

Although seed viability was not significantly affected by amiRNA knock down of 

MCM5 and MCM7 in the endosperm, very occasionally, the seed would collapse in 

upon itself before the embryo has fully formed (Figure 6.7J-K). It is likely that this is 

a result of the absence of cellularization in the endosperm and raised the possibility 

that more subtle effects might occur in the majority of amiRNA seeds. Since 

proliferation of the early endosperm is a key factor in determining seed size (Scott et 

al. 1998), we investigated if our amiRNA constructs cause reduced seed size. We 

measured the size of seeds from homozygous amiRNA lines using the method 

developed in our laboratory (Herridge et al. 2011). Average seed size of both MCM5 

and MCM7 amiRNA lines was not significantly altered compared to wild type and 

distribution of seed sizes was also unaffected (Figure 6.8). Seeds with the phenotype 

seen in Figure 6.7J-K were lost from the sample (due to them sticking to the side of 

the centrifuge tube, or being lost in the seed/debris filtering process) and thus do not 

appear in the histograms showing seed size distributions (Figure 6.8B); however, the 

size of the remaining seeds is clearly unaffected by the reduced proliferation. While 

the number of endosperm nuclei in the amiRNA lines is reduced, the nuclei 

themselves are enlarged, and also have enlarged nuclear cytoplasmic domains (Figure 

6.7D). We conclude that proliferation of the endosperm does not determine seed size, 

but that expansion of the endosperm is mediated by the cumulative size of the nuclear 

cytoplasmic domains, which is similar to wild type in the amiRNA lines (Figure 6.7C 

and D).   
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Figure 6.8 – Seed size in amiRNA lines compared to wild-type is unaffected.  

(A) Average seed size for amiRNA lines was measured and plotted against wild type 

(error bars = SEM; n=5 plants). (B) Histograms showing distributions of seed sizes in 

amiRNA lines targeting MCM5 (left panel), MCM7 (middle panel) and wild-type 

(right panel), lines represent normal distribution. Seed sizes were normalized by 

dividing each value by the average of the plant from which it came before plotting on 

a histogram 
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6.5 Discussion 

We have analyzed in detail the seed phenotypes associated with mutation in genes 

encoding all subunits of the MCM2-7 complex. Phenotypes observed were similar to 

those reported by Holding and Springer (2002) for prolifera (mcm7) mutants. 

Although they were unable to distinguish mcm7 homozygous seeds, as it does not 

occur at the expected rate of 25%, due to the prevalence of ovule abortion. By 

comparing the phenotypes of mcm mutant seeds, we were able to deduce the 

phenotypes of the homozygous mutants (Figure 6.2B). In addition, differences 

observed between the mcm subunit mutants, suggest either unique functions in the 

seed for complex members, or differential expression between subunits. Based on the 

frequencies of abortion shown in Table 6.2, we were able to categorize mutants into 

three groups (mcm2/5, mcm3/4 and mcm6/7) that may share functional or regulatory 

similarities. 

 

The predicted ring structure of the MCM2-7 complex has the MCM2 and MCM5 

subunits forming a gate that opens and closes to clamp over ds- or ssDNA (Bochman 

and Schwacha 2008). Whether this has any implications on the phenotypes observed 

in mcm2 and mcm5 mutants is uncertain; however, this does fit with our observation 

that mcm2 and mcm5 mutants have similar phenotypes. MCM2 and MCM3 contain 

the nuclear localization sequence for the entire complex while and MCM3 and MCM6 

contain CDK sites (Dresselhaus et al. 2006). These functionalities do not appear to 

correlate with the three phenotypic groupings we have observed, although they 

provide a basis for further investigation.  
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Alternatively, the different phenotypes might not be related to the function of the 

mutated protein, but the fate of the complex when that particular subunit is missing. 

For example, it has been shown that MCM4, 6, 7 can form homodimers with 

functional helicase activity in vitro so long as MCM2, 3 or 5 is not present (Ishimi, 

1997). It is possible that novel combinations of subunits occur in vivo when certain 

subunits are depleted, and these novel combinations may be specific to plants, or even 

particular tissues, such as the endosperm or central cell. However, it is not currently 

known if the MCM4/6/7 homodimer occurs in vivo, let alone if the plant MCM4, 6 

and 7 homologues can perform this function.  

 

Activities of the subunits in isolation may also underlie some of the mutant phenotype 

differences. For example, the pea MCM6 alone acts as a helicase in vitro (Tran et al. 

2010). It is not known if this activity occurs in vivo, or if other subunits have this 

ability (in particular MCM7 which has a similar mutant phenotype to mcm6). MCM2-

7 subunits have also been implicated in transcriptional control; MCM2 antibodies 

inhibit in vitro transcription, supposedly via blocking MCM2 binding the CTD of 

RNA pol II in Xenopus (Yankulov et al., 1999). It has also been shown in 

Saccharomyces cerevisiae that MCM7 regulates its own transcription through binding 

to MCM1 (an unrelated transcription factor), and this process did not require other 

MCM2-7 complex members (Fitch et al., 2003). Overexpression of MCM2 in 

Arabidopsis caused an increase in cell division and decrease in endoreduplication, 

suggesting that it is either the limiting factor in MCM2-7 complex activity, or that it 

performs some regulatory roles outside of the complex (Ni et al. 2009). As most 

studies have examined a single subunit, rather than the whole complex, it is difficult 
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to determine whether particular phenotypes are due to activities of the subunit when 

part of a complex, the complex itself or the subunit by itself.  

 

Seed tissue expression data obtained from laser microdissected seeds 

(Goldberg/Harada Seed Genes network; http://seedgenenetwork.net) were analyzed to 

determine levels of MCM2, 3, 4, 5 and 7 mRNA in different seed compartments 

(MCM6 is not present on the Affymetrix arrays). Compared to the other subunits, 

lower levels of MCM2 and MCM5 mRNA were found in the early micropylar 

endosperm. This could be responsible for the higher rates of late abortion in mcm2 

and mcm5 mutants, as expression in the endosperm might be required to compensate 

for a lack of maternal protein store. Other transcriptome data shows MCM2 and 

MCM5 as being preferentially expressed in the endosperm (Day et al. 2008), 

suggesting that MCM2 and MCM5 are potentially required at a higher level in the 

developing endosperm than other subunits. This is consistent with our observations 

that maternal knock-outs of MCM2 and MCM5 result in high rates of late abortion. 

Analysis of our own qRT-PCR data does not reveal a correlation between gene 

expression of the MCM2-7 complex members in the seed and the phenotype for the 

mcm mutants (Figure 6.5). This suggests that the expression requirements for each 

subunit are different between seed tissues, which would be overlooked when 

examining expression in whole seeds. The timing of expression is also likely to be an 

important factor determining whether seeds abort at late stages in the mutants. This 

may relate to the findings in Table 4 where mcm4 and mcm5 defective seeds are more 

prevalent than expected in the outcrossed data (collected at 4 DAP) compared to the 

selfed data (collected between 4-6 DAP). 
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Using amiRNA constructs, we showed that endosperm expression of both MCM5 and 

MCM7 are required for normal seed development (Figure 6.7). This suggests the 

difference between the mcm5 and mcm7 mutant phenotypes occurs before 

fertilization, most likely in the egg/central cell. This is in contrast to results from 

Drosophila which suggest that MCM2, 3, 4, 5 or 6 depletion has little effect on 

replicative stress sensitivity or DNA damage, while MCM7 depletion severely affects 

cell viability and DNA damage (Crevel et al. 2011). Further analysis will be required 

to elucidate which subunits are needed in the Arabidopsis endosperm and the 

consequences of their depletion. 

 

The expression of an amiRNA targeting MCM5 or MCM7 resulted in a phenotype 

similar to the late abortion phenotype seen in the mutant lines. Mutants of AtLIG1 

showed a similar phenotype to mcm2-7 mutants; however, embryo development was 

typically unaffected in late aborting seeds (Andreuzza et al. 2010). AtLIG1 putatively 

acts downstream of DME in the central cell to repair DNA breaks, when AtLIG1 is 

absent from the central cell these breaks are not repaired and the endosperm develops 

abnormally (Andreuzza et al. 2010). It is possible that DNA damage is occurring in 

the endosperm/embryo of mcm mutants; however, unlike AtLIG1, this process occurs 

after fertilization, given that MCM5 or 7 knock-down in the fertilized endosperm 

results in a similar phenotype to the mutants (Figures 6.4 and 6.7). We propose that 

late abortion is due to insufficient protein from the maternal tissues during early 

embryo/endosperm development, and that this results in DNA damage that becomes 

noticeable later in embryo/endosperm development, despite the presence of paternal 

MCM2-7 complex. The effect is similar in the amiRNA lines; however, it is less 

severe and seeds do not abort, because the reduction in MCM2-7 mRNA/protein 
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levels occurs later in development (since there is a maternal store of MCM protein in 

our amiRNA lines) and the embryo continues to express the protein (Figure 6.7B). It 

has been shown in other organisms that significantly more MCM2-7 complexes are 

loaded onto origins of replication than are required, in what is known as the “MCM 

paradox” (reviewed in Hyrien et al., 2003). These excess MCM2-7 complexes are 

only required when cells are subjected to replicative stress (Woodward et al. 2006; Ge 

et al. 2007; Ibarra et al. 2008). Our data suggest that many additional MCM2-7 

complexes are loaded onto DNA in the central cell nucleus, and that these are capable 

of maintaining DNA replication even when no new MCM2-7 complexes are being 

formed during seed development. Transposable element activation is thought to occur 

in the central cell of Arabidopsis in a similar manner to the vegetative nucleus of the 

pollen (Gehring et al., 2009; Slotkin et al., 2009). Production of large stores of 

essential protein in the central cell may be a mechanism by which the maternal plant 

ensures seed viability while risking genome integrity in the endosperm. The egg cell 

is not at such risk of transposable element damage, and as such, does not require such 

a large pool of protein. 

 

The enlargement, rather than reduced size, of mcm endosperm nuclei seems 

counterintuitive; however, analysis of cellularization-defective mutants that also have 

enlarged nuclei, in particular spätzle, provides an explanation (Sorensen et al. 2002). 

In spätzle, the cause of the enlarged nuclei is fusion of endosperm nuclei and their 

associated cytoplasmic domains (Sorensen et al. 2002). We see enlarged nuclear 

cytoplasmic domains in both mcm mutant seeds (Figure 6.4F) and amiRNA lines 

(Figure 6.7D) suggesting that the enlarged nuclei are also a result of nuclear fusion. 

Mutants of EDE1 have a phenotype similar to mcm2 and mcm5 (Pignocchi et al. 
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2009). EDE1 binds to microtubules during mitosis and is required for proper 

microtubule organisation. As the Arabidopsis MCM5 and MCM7 proteins do not 

appear to align with microtubules (Figure 6.6; Shultz et al. 2009), it is unlikely that 

the MCM2-7 complex has a direct role in cellularization/microtubule formation; 

however, this process may be dependent on proper DNA replication. Disrupting DNA 

replication by mutation of DNA polymerase epsilon, or the origin recognition 

complex causes similar cellularization and enlarged endosperm nuclei phenotypes, 

clearly implicating DNA replication as an important factor modulating cellularization 

in the Arabidopsis endosperm (Ronceret et al. 2005; Collinge et al. 2004).  

 

We also present new insights into seed size determination via the endosperm. 

Development of the early endosperm has a profound effect on seed size, and this is 

shown in several mutants as well as interploidy crosses and met1 mutant crosses 

(Scott et al. 1998; Adams et al. 2000; Garcia et al. 2003). Our amiRNA lines targeting 

MCM5 and MCM7 in the endosperm reduce nuclear division in the endosperm, but 

retain the overall size of the cytoplasmic domains. Despite the reduction of nuclear 

division, final seed size is the same between the amiRNA lines and wild type, 

suggesting that the number of nuclear divisions does not influence seed size. 

Cellularization also does not occur in our amiRNA lines. Although this has previously 

been shown not to influence seed size (Garcia et al. 2003), it may be a factor in 

allowing the amiRNA seeds to reach their final size, as their development is delayed 

compared to wild type. Cross-talk between the integuments and endosperm is also 

required to set final seed size (Garcia et al. 2005), therefore the integument may be the 

main factor influencing seed size in our amiRNA lines. 
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In conclusion, this work advances our understanding of the role of the MCM2-7 

complex and DNA replication in seed and endosperm development of Arabidopsis. 

Given the syncytial nature of early endosperm development, DNA replication in the 

endosperm is an intriguing process. Our discovery that DNA replication and 

endosperm development can be severely disrupted without affecting seed size, has 

implications for our understanding how seed size is controlled. This is the first 

characterization of the entire MCM2-7 complex in higher plants, and the differences 

observed between mutant phenotypes are a platform for future studies. 
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7. Discussion and Future Perspectives 
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7.1 Future perspectives on seed size determination 

We have investigated the role of endosperm-expressed genes on seed size. Several 

endosperm-specific genes have been identified in a pathway controlling seed size 

(IKU1/2/MINI3) and imprinted genes are thought to play a role in endosperm-

controlled seed size determination (Scott et al., 1998; Adams et al., 2000; Garcia et 

al., 2005). We investigated a number of endosperm-specific genes for involvement in 

seed size determination in a mutant screen (Day et al., 2008; Herridge et al., 2011). 

This revealed a single mutant with a reproducible reduction in seed size; however, this 

was not linked to the gene of interest and was likely occurring through the maternal 

tissues (Herridge et al., 2011). Unexpectedly, severe disruption of the endosperm 

caused by knock-down of MCM5 and MCM7 expression resulted in normal seed size 

(Chapter 6). This result suggests that simple over or under-proliferation of the 

endosperm does not influence seed size. One possible explanation for the absence of a 

seed size effect is due to cross-talk between the integuments and endosperm (Garcia et 

al., 2005). Should the endosperm under- or over-proliferate without the appropriate 

signals to the integument, seed size may be unaffected as the endosperm expands to 

fill the cavity created by the integument. If this is the case then many effectors of seed 

size determination may not be endosperm-specific and only a small set of regulatory 

genes (e.g. the IKU/MINI3 pathway) are endosperm-specific. Future studies should be 

directed at targeting the effectors of seed size which act in both the IKU/MINI3 

pathway and the FIS pathway. Analysis of these genes should be targeted to the 

endosperm to avoid the likely pleiotropic effects which may arise from mutation. 

 

Analysis of QTL associated with seed size identified several loci with effects on seed 

size in Cvi x Col and Bur x Col populations (Herridge et al. (2011); Chapter 3). In 
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addition, 91 natural accessions were screened for differences in seed size, revealing 

some distinct differences (Herridge et al., 2011; Appendix I). Genome sequences of 

1001 Arabidopsis accessions are being compiled by the 1001 genomes project (Cao et 

al., 2011; Schneeberger et al., 2011). Using seed size data of natural accessions, 

combined with QTL analysis and knowledge of genes affecting seed size, it is now 

possible to perform genome-wide association studies to search for polymorphisms 

associated with seed size. This approach will lead to novel determinants of seed size, 

as this enables more active variants of proteins and altered promoter sequences to be 

identified. Such novel alleles can then be investigated using molecular techniques to 

elucidate the basis for their activity. Furthermore, this knowledge can then be applied 

to commercially valuable crop plants, as many factors are likely to be conserved 

between Arabidopsis and such plants. 

 

7.2 Future perspectives on rational alteration of seed size 

Brassinosteroid biosynthesis has a profound effect on seed yield in Arabidopsis 

(Gonzalez et al., 2009). We have shown that this effect may, in part, be due to 

endogenous activity of brassinosteroids in the endosperm. While this endogenous 

effect does not occur in rice, knowledge of the effectors which moderate the effect in 

Arabidopsis may be useful in determining targets for future studies in rice (Wu et al., 

2008). Seed size increases can potentially be associated with a decrease in seed 

number, resulting in a net decrease in seed yield (White and Gonzalez, 1990). 

However, this effect is heavily dependent on the environment, and in some cases 

increasing seed size can increase the sink strength of the seeds, resulting in an 

increase in seed yield (Borras et al., 2004). Further analysis of the endosperm-specific 

brassinosteroid overproducers developed in this project should include yield analysis, 
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and this should be compared to constitutive overexpressors as it has been shown 

previously that a 59% increase in yield can be achieved (Choe et al., 2001). 

Determination of the mechanisms involved in this seed size increase in both 

constitutive and endosperm-specific overexpression lines will enable modifications to 

these lines with a view to further increasing seed size, as it is possible that other 

factors become rate-limiting when DWF4 is overexpressed. The increase in seed size 

in DWF4 overproducers is also intriguing, as mentioned earlier simple under- or over-

proliferation of the endosperm does not appear to influence seed size (as seen in the 

MCM5 and MCM7 amiRNA lines), therefore brassinosteroids must be signalling key 

regulatory genes involved in seed size determination allowing essential cross-talk to 

occur (Garcia et al. 2005). 

 

7.3 Future perspectives on endosperm-expressed genes 

This project began on the assumption that endosperm-specific genes are likely to have 

important effects on seed development. The rationale behind this theory was primarily 

linked to the evidence from genes involved in imprinting, such as MEA/FIS2/FIE 

which were essential for seed development (Ohad et al., 1996; Chaudhury et al., 1997; 

Grossniklaus et al., 1998). In addition parent-of-origin effects on seed size seen in 

interploidy crosses and met1 mutant crosses were proposed to be through the 

endosperm (Scott et al., 1998; Adams et al., 2000; FitzGerald et al., 2008; Herridge et 

al., 2011). We have screened over 500 endosperm-expressed genes and a number of 

putative imprinted genes. The strongest correlation between phenotype and genotype 

came from the mcm5 mutant which was analysed in more detail. When MCM5 or 

MCM7 were knocked-down in the endosperm, plants produced viable seeds, despite 

severe disruption of endosperm development. The evidence presented in this project 
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suggests that we should reconsider the importance of endosperm-expressed genes, and 

even the endosperm-expression of many essential genes (such as those involved in 

DNA replication). While it is clear that there are some important regulators of 

endosperm development that are solely expressed in the endosperm (e.g. the genes 

involved in imprinting) it is likely that the majority are either redundant or do not 

cause seed abortion when mutated (in a similar manner to the MCM5 and MCM7 

amiRNA constructs; see chapter 6). Future work should be focussed on the role of 

essential gene expression in the endosperm, which may reveal that many essential 

proteins for endosperm development are present in the central cell at high enough 

levels to retain seed viability. One evolutionary reason for this is the proposed activity 

of transposable elements (TEs) in the central cell, in a manner analogous to that in the 

vegetative cell of pollen (Gehring et al., 2009; Slotkin et al., 2009). The expression of 

TEs in the central cell may allow some degree of transposition, which could result in 

seed abortion if an essential gene is disrupted. The store of essential proteins in the 

central cell would therefore reduce the risk of TE activation leading to seed abortion. 

 

The effect of the environment on our mutants was also not considered when assessing 

them for a phenotype. A recent study by Van Daele et al. (2012) examined many 

previously reported overexpression and mutant lines for seed yield phenotypes, 

revealing a number of genes clearly influenced by their environment as their 

phenotypes could not be reproduced. While our study focussed on a less variable 

phenotype (seed abortion) it is still highly likely that a number of the mutants 

examined do not present with a phenotype unless under stressful conditions. Future 

work may involve subjecting the lines examined in this study to stressful conditions, 

such as dehydration, high salinity or high temperature. High salinity may be of 
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particular interest, given our work with the mcm mutants indicates variable abortion 

rates, and that MCM proteins can confer resistance to salinity stress (Dang et al., 

2011). Many of our mutants are likely to be in genes involved in DNA replication, 

given their preferential expression in the endosperm (Day et al., 2008), thus subjecting 

these lines to salinity stress may uncover novel genes involved in salinity tolerance 

during seed development. Dehydration is another important factor involved in seed 

viability, plants subject to dehydration show high rates of seed abortion (personal 

observation). Designing an assay by which the levels of water can be accurately 

controlled would enable identification of genes involved in dehydration tolerance 

during seed development. 

 

7.4 Future perspectives on the MCM2-7 complex 

Finally, we provide evidence of unique functionalities of the MCM2-7 complex 

subunits during seed development. Analysis of multiple mcm complex mutants has 

allowed us to identify differences between phenotypes that occur. This required 

detailed analysis of developing seeds in the mutants, which may be overlooked when 

the assumption is made that all subunits are equal in function. We subsequently 

restricted our analysis to MCM5 and MCM7; however, future work should be directed 

at analysing all subunits in a similar way. It is possible that each subunit is acting in 

isolation at some stage in endosperm development, and potentially throughout the 

plant, given that MCM2 overexpressors have a phenotype (Ni et al., 2009). Individual 

analysis of the binding sites for each subunit would reveal if this is the case; analysis 

of different tissues, such as the endosperm, may also reveal if these sites change 

depending on the developmental processes occurring within the tissues. Evidence for 

a link between chromatin state and DNA replication has been shown in 
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Schizosaccharomyces pombe and this link was regulated by RNAi (Zaratiegui et al., 

2011). Given the complex mechanisms regulating chromatin state in Arabidopsis 

endosperm, especially those involved in imprinting, the possibility for differences in 

MCM2-7 subunit binding in this tissue is intriguing. 

 

7.5 Concluding remarks 

We have investigated endosperm development in Arabidopsis from a number of 

angles. We aimed to use our knowledge of seed development to design and implement 

a novel method of seed size determination, detecting both QTL and a novel mutant 

involved in seed size determination. We also aimed to rationally alter seed size, 

achieving this by overexpressing DWF4 under the At5g47350 promoter. Finally, we 

screened a number of endosperm-expressed genes for a seed phenotype, identifying 

MCM5 as an important gene involved in seed development, which we characterized 

further elucidating differences between MCM5 and the other subunits of the MCM2-7 

complex. Our approach was a broad one, aimed at both understanding endosperm 

development, and using our knowledge to manipulate it. Both of these approaches are 

required for meaningful advances to be made in future applications. The knowledge 

generated from this project will be extremely valuable for future work both in 

Arabidopsis and commercially grown crop plants; the common goal for both 

approaches being increased food production to support a growing population. 
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Supplemental files on compact disc 

Table S5.1 – Details of all genes investigated for a seed phenotype and their 

associated mutant lines. 

Table S5.2 – Comparison of endosperm-preferred early seed-specific genes to known 

essential genes 
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Appendix I – Supplementary information for Chapter 3 
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Figure A1.1 – Average seed sizes of interploidy crosses  

Crosses between diploid, tetraploid and hexaploid Arabidopsis plants were performed for 

Columbia (A) and Landsberg erecta (B) and seed size was measured in triplicate (Error 

bars = S.D. of biological replicates) 
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Figure A1.2 – Correlation between average seed area and average seed weight for 

various accessions of Arabidopsis 

Seeds from 11 natural accessions of Arabidopsis were weighed and average seed weight 

determined. This data was plotted against average seed area (see Figure 3.5) and a 

linear trend-line was fitted. Vertical error barrs = SEM of biological replicates. 

R² = 0.8879 
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Figure A1.3 – Average seed sizes of 80 natural accessions from the 1001 genomes project  

Seeds were measured directly from the stock centre on the scanner. (Error bars = S.E.M.) 

Arabidopsis accession 
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Table A1.1 – Relative seed size of T-DNA insertion lines 

Locusa SALK line Seed size (relative to 
mean)b 

P-valuec 

 At2g01810d SALK_147417C 0.85 0.00 

At5g59810 SALK_025087C 0.87 0.00 

At5g56200 SALK_149548C 0.88 1.00 

At5g58810 SALK_119237C 0.88 1.00 

At4g11400 SALK_016155C 0.89 0.00 

At1g44130 SALK_045883C 0.90 1.00 

At5g24316 SALK_093776C 0.90 0.02 

At2g46140 SALK_149928C 0.91 0.08 

At5g42370 SALK_047812C 0.91 0.00 

At2g24740 SALK_123140C 0.92 0.47 

At5g17320 SALK_079210C 0.92 0.00 

At1g02980 SALK_012144C 0.92 0.01 

At2g32340 SALK_059433C 0.92 0.01 

At5g10170 SALK_120131C 0.92 0.54 

At5g10440 SALK_127016C 0.92 0.00 

At5g15140 SALK_102165C 0.92 1.00 

At1g44130 SALK_152311C 0.93 0.76 

At2g28880 SALK_095283C 0.93 0.00 

At5g07210 SALK_005772C 0.94 0.26 

At1g03130 SALK_011908C 0.94 0.03 

At1g06020 SALK_122966C 0.94 0.09 

At2g27070 SALK_042719C 0.94 1.00 

At2g42090 SALK_045116C 0.94 0.00 

At5g46810 SALK_044084C 0.94 0.05 

At5g59190 SALK_149055C 0.94 0.74 

At5g10440 SALK_085720C 0.95 1.00 

At5g15050 SALK_117005C 0.95 1.00 

At5g40260 SALK_092654C 0.95 0.78 

At5g54270 SALK_005168C 0.95 1.00 

At1g08980 SALK_019823C 0.96 1.00 

At1g13680 SALK_048820C 0.96 1.00 

At1g50950 SALK_011611C 0.96 1.00 

At1g71230 SALK_007134C 0.96 1.00 

At2g06520 SALK_011554C 0.96 0.31 

At2g32360 SALK_034316C 0.96 1.00 

At3g24790 SALK_152499C 0.96 1.00 

At4g14780 SALK_029496C 0.96 1.00 

At4g30090 SALK_123089C 0.96 1.00 

At5g13200 SALK_017675C 0.96 1.00 

At1g49790 SALK_009895C 0.97 1.00 

At1g79370 SALK_090140C 0.97 1.00 

At2g03190 SALK_047421C 0.97 0.00 
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Locusa SALK line Seed size (relative to 
mean)b 

P-valuec 

At2g35260 SALK_031802C 0.97 1.00 

At5g22980 SALK_136908C 0.97 1.00 

At1g05160 SALK_136249C 0.98 1.00 

At1g08065 SALK_097331C 0.98 1.00 

At1g14080 SALK_099500C 0.98 1.00 

At1g15040 SALK_031983C 0.98 1.00 

At1g18730 SALK_056498C 0.98 1.00 

At1g18730 SALK_095654C 0.98 1.00 

At2g37750 SALK_016668C 0.98 1.00 

At5g42370 SALK_019700C 0.98 1.00 

At5g58840 SALK_052517C 0.98 1.00 

At5g66150 SALK_055471C 0.98 1.00 

At1g09550 SALK_061326C 0.99 1.00 

At1g50950 SALK_009396C 0.99 1.00 

At2g20290 SALK_132190C 0.99 1.00 

At2g24810 SALK_040322C 0.99 1.00 

At2g34990 SALK_025813C 0.99 1.00 

At4g02780 SALK_027931C 0.99 1.00 

At4g13090 SALK_032765C 0.99 1.00 

At4g39650 SALK_069311C 0.99 1.00 

At5g14740 SALK_042597C 0.99 1.00 

At5g20440 SALK_053800C 0.99 1.00 

At5g38450 SALK_093028C 0.99 1.00 

At5g65890 SALK_072160C 0.99 1.00 

At3g66656 SALK_042875C 1.00 1.00 

At1g03130 SALK_125057C 1.00 1.00 

At2g24640 SALK_136941C 1.00 1.00 

At2g24640 SALK_137176C 1.00 1.00 

At2g26050 SALK_113297C 1.00 1.00 

At2g26880 SALK_150116C 1.00 1.00 

At2g46140 SALK_149092C 1.00 1.00 

At3g25990 SALK_095404C 1.00 1.00 

At5g05250 SALK_071767C 1.00 1.00 

At5g15050 SALK_080923C 1.00 1.00 

At5g61260 SALK_046895C 1.00 1.00 

At1g10680 SALK_050729C 1.01 1.00 

At1g78500 SALK_060682C 1.01 1.00 

At4g13080 SALK_061055C 1.01 1.00 

At5g05760 SALK_057421C 1.01 1.00 

At5g08240 SALK_138507C 1.01 1.00 

At5g53840 SALK_046367C 1.01 1.00 

At5g59190 SALK_075909C 1.01 1.00 

 At2g01810d SALK_099086C 1.02 1.00 

At1g16980 SALK_009815C 1.02 1.00 
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Locusa SALK line Seed size (relative to 
mean)b 

P-valuec 

At1g19150 SALK_132257C 1.02 1.00 

At1g34410 SALK_020702C 1.02 1.00 

At1g65760 SALK_003055C 1.02 1.00 

At2g35260 SALK_058830C 1.02 1.00 

At3g28850 SALK_070907C 1.02 1.00 

At3g55590 SALK_111405C 1.02 1.00 

At4g30380 SALK_005318C 1.02 1.00 

At1g78710 SALK_012450C 1.03 1.00 

At4g18910 SALK_126593C 1.03 1.00 

At5g40430 SALK_063356C 1.03 1.00 

At5g45680 SALK_023405C 1.03 1.00 

At2g20595 SALK_063881C 1.04 1.00 

At3g26310 SALK_118797C 1.04 1.00 

At4g26260 SALK_027238C 1.04 1.00 

At5g22740 SALK_075579C 1.04 1.00 

At5g40710 SALK_087836C 1.04 1.00 

At5g53520 SALK_033058C 1.04 1.00 

At1g30710 SALK_112240C 1.05 1.00 

At1g54280 SALK_150173C 1.05 1.00 

At1g62780 SALK_047296C 1.05 0.26 

At1g74870 SALK_032593C 1.05 1.00 

At2g20170 SALK_053076C 1.05 1.00 

At3g30540 SALK_122701C 1.05 0.01 

At4g30380 SALK_110534C 1.05 0.79 

At4g32080 SALK_043689C 1.05 0.07 

At5g05220 SALK_097371C 1.05 0.02 

At5g25950 SALK_029819C 1.05 1.00 

At1g34410 SALK_121828C 1.06 1.00 

At1g64290 SALK_011135C 1.06 1.00 

At3g01880 SALK_023463C 1.06 0.30 

At3g19580 SALK_132562C 1.06 1.00 

At3g47470 SALK_138555C 1.06 1.00 

At5g45680 SALK_047208C 1.06 1.00 

At1g68590 SALK_104063C 1.07 0.50 

At1g73480 SALK_095195C 1.07 1.00 

At2g03190 SALK_046141C 1.07 1.00 

At2g44560 SALK_142147C 1.07 1.00 

At3g49520 SALK_009123C 1.07 1.00 

At1g22670 SALK_102113C 1.08 0.02 

At1g78060 SALK_024639C 1.08 0.32 

At2g24640 SALK_135277C 1.08 0.32 

At2g39980 SALK_113684C 1.08 0.01 

At5g09370 SALK_128996C 1.08 0.01 

At5g09730 SALK_078171C 1.08 0.03 
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Locusa SALK line Seed size (relative to 
mean)b 

P-valuec 

At1g75600 SALK_137736C 1.10 0.00 

At2g20290 SALK_018032C 1.10 0.14 

At3g18080 SALK_025725C 1.11 0.00 

At5g26630 SALK_033801C 1.11 1.00 

At1g44575 SALK_095156C 1.12 0.21 

At2g42220 SALK_045769C 1.13 0.30 
 

a
 TAIR locus ID 

b
 Seed size of individual lines was compared to the mean of all other lines grown 

simultaneously (mean of line/mean of all lines grown simultaneously) 
c
 P-values were calculated by comparing the average seed size of siliques from each 

line to the average of all siliques using a student’s t-test, and adjusted using the 

Bonferroni correction for multiple comparisons 
d
 Another segregating line corresponding to the gene At2g01810 was analysed 

(SALK_079456). Plants carrying the insertion had an average seed size of 1.03 (p = 

0.41, student’s t-test) relative to those without. 
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Figure A1.4 – Number of seeds per silique in SALK_147417C homozygotes and 

heterozygotes 

Seed numbers from wild-type, homozygous and heterozygous SALK_147417C 

mutants, number of siliques = 18, 24 and 51 respectively. 
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Appendix II – Supplementary information for Chapter 4 

Table A2.1 – Primers used for amplification of promoter sequences 

a
 Sequences in bold represent attachment/restriction sites 

b
 All PCRs were undertaken with an annealing temperature of 60

o
C 

  

TAIR Locus Primer sequenceab 

At1g09510_F GAGAGAGCTCTCTTCTTTATTGTTTTTGGT 
At1g09510_R GAGATCTAGACTTTCTCTAATTGGTGGGGT 
At2g26320 _F GGGGACAACTTTGTATAGAAAAGTTGGAGCTATGTAGTGTTATATGTCA 
At2g26320 _R GGGGACTGCTTTTTTGTACAAACTTGTCTATATAAATAAGGTTTAGAGG 
At2g30810_F GAGAGAGCTCGGCTCTCTACTCAACAAGCC 
At2g30810_R GAGATCTAGATTTGATCTCTTATTTCACTT 
At3g24790_F GAGAGAGCTCTGATCATGGAGGCTGCTATA 
At3g24790_R GAGATCTAGACGAAGAACCTTCATTGTCCA 
At3g27785 _F GGGGACAACTTTGTATAGAAAAGTTGGAACTAGACCTCGGTAAATC 
At3g27785 _R GGGGACTGCTTTTTTGTACAAACTTGTGATTATGATGGCAAAAAAAA 
At3g57160_F GAGAGAGCTCTGACTTCTCCAGCTGATCTC 
At3g57160_R GAGATCTAGAGAGAAGGAGGAACACCAACA 
At4g18870 _F GGGGACAACTTTGTATAGAAAAGTTGGACATATTGTTTGGGAAACCAC 
At4g18870 _R GGGGACTGCTTTTTTGTACAAACTTGTTTAACATTTTGGATCAAAAG 
At4g21080 _F GGGGACAACTTTGTATAGAAAAGTTGGAGATTTGCCTGACTTGGTT 
At4g21080 _R GGGGACTGCTTTTTTGTACAAACTTGTCTCTCAAAAAGTTTTTGATT 
At5g05030_F GGGGACAACTTTGTATAGAAAAGTTGGAGATGTGTTAGTTAAGCCC 
At5g05030_R GGGGACTGCTTTTTTGTACAAACTTGTATTAGAGATCAATATTTTCT 
At5g09500_F GAGAGAGCTCAGACCATACAGAGTCTGTGT 
At5g09500_R GAGATCTAGATGTTTGTTTGGAATTGCTGA 
At5g47350_F GAGAGAGCTCAACAGAGCAAAAACCTCAAT 
At5g47350_R GAGATCTAGATGTAAACCGCCAAAAGTACA 
At5g49180_F GAGAGAGCTCTCATGACAGGGTAGGATTTT 
At5g49180_R GAGATCTAGATTTTTTGTCTGGTGGATTCA 
At5g52330_F GAGAGAGCTCTTTCTTGATTTGGATCGATG 
At5g52330_R GAGATCTAGATCTAAAGGATGATTTTTTCGTC 
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Table A2.2 – Primers used for amplifying coding sequences 

Gene (TAIR ID) Primer Sequencea Template Size (bp) PCR notesb 

ANT (At4g37750) GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAAGTCTTTTTGTGATAA Flower 1668 1 µl MgCl (50mM),  
ANT (At4g37750) GGGGACCACTTTGTACAAGAAAGCTGGGTATCAAGAATCAGCCCAAGCAG   54oC anneal 

ARG (At3g59900) GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGATTCGAGAAATCTCAAA Flower 393  
ARG (At3g59900) GGGGACCACTTTGTACAAGAAAGCTGGGTATTACATGAAATTGCAAGTTA    

ARL (At2g44080) GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGATTCGTGAGTTCTCCAG Flower 408  
ARL (At2g44080) GGGGACCACTTTGTACAAGAAAGCTGGGTATTACATAAAAGTGGAAGAAG    

DWF4 (At3g50660) GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGTTCGAAACAGAGCATCA Seedling 1542 54oC anneal 
DWF4 (At3g50660) GGGGACCACTTTGTACAAGAAAGCTGGGTATTACAGAATACGAGAAACCC    

EXO (At4g08950) GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGTATTTGTTAGTGTTTAA Leaf 945  
EXO (At4g08950) GGGGACCACTTTGTACAAGAAAGCTGGGTATCAGACCATAGTAGAGCAAG    

FZR2 (At4g22910) GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGAAGAAGAAGATCCTAC Seedling 1452  
FZR2 (At4g22910) GGGGACCACTTTGTACAAGAAAGCTGGGTATCACCGAATTGTTGTTCTAC    

GA5 (At4g25420) GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCCGTAAGTTTCGTAAC Seedling 1134  
GA5 (At4g25420) GGGGACCACTTTGTACAAGAAAGCTGGGTATTAGATGGGTTTGGTGAGCC    

a
 Attachment sites are shown in bold 

b
 All PCRs were performed using Tm of 60

o
C unless otherwise stated, extension time 

of 15s/kb was used 
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Table A2.3 – Primers used for qRT-PCR  

Primer Sequence 

EXO_F GGTCCACAGAGTCCACCACT 
EXO_R ACCATAAACGCCAGGACAAG 
EXP5_F GCTTCTCGTGGTTCATCTCC 
EXP5_R CATGCTCCACCCATAGTGC 
KCS1_F GTGCTTACCACGACAGCGTA 
KCS1_R TTACAACCTCGGAGGAATGG 
ACTIN_F CGCTCTTTCTTTCCAAGCTCAT 
ACTIN_R TCCTGCAAATCCAGCCTTC 
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Appendix III – Supplementary information for Chapter 5 

Table A3.1 – Primers used for genotyping T-DNA insertions 

Primer name Sequence Imprinted Mutants Sequence 

SAIL_266_A07_LP TTCCTCCGTGTGATTTTCTTG SAIL_617_B08_LP TGTGATAAATTTCAAGAATAAACGG 

SAIL_266_A07_RP TTAATTCTTGGCTATTGGGGC SAIL_617_B08_RP CGAAAACCCACATTGCATAAC 

SAIL_503_C03_LP AAAACCAACAAAAGGCAATCC SALK_000158_LP ACAAGATGCCGATCAACTGAG 

SAIL_503_C03_RP CGAGTGCGATACAGAGATTCC SALK_000158_RP AATTCGTAACGGAGACGAAGC 

SAIL_823_D076_LP GAAAATGGCTGTGTTGGAGAG SALK_012978_LP GTGTGGAAATGGCAATGTGTC 

SAIL_823_D07_RP TGGTTCCCTACACATCAAAGC SALK_012978_RP TCTGAGCTACATCCCCATGTC 

SAIL_823_D11_LP AAGCAACCACATGTCATGTTTC SALK_033363_LP CGAGATTCGAGAGCTCTTACG 

SAIL_823_D11_RP TGAATTCTCCGTTGGATTACG SALK_033363_RP TGATTGGTATCTCCCCATGAG 

SALK_082327_LP CAAGATCCTTCAAGGACCAAG SALK_071905_LP ACAATGTCGACCAAATCAACC 

SALK_082327_RP TATCTGCTGCTCTTAGCTGCC SALK_071905_RP TAAGCTCGAACAGATCCGAAG 

SALK_088779_LP ATGACACTTCTGTCCAGGTGG SALK_083393_LP CGCTTCGAATGTTTGCTAAAG 

SALK_088779_RP GTGTTGAGTCCTTGCTCCTTG SALK_083393_RP TGCACTCAGTACAGCTCATCG 

SALK_121734_LP AAATACAACTTTGCCACAGCG SALK_095462_LP TGAATGCAATTGTATTGTCATTG 

SALK_121734_RP AAAGCCCTTAAACTCAATGCC SALK_095462_RP AACAAAGCGAAGGAAGTGAGG 

SALK_131441_LP CGTCAACGAGACAGAGGACTC   

SALK_131441_RP ACAACGAAAGCTCTCGACTTG   

SALK_132314_LP GTGACAGATTTCCTCGACAGC   

SALK_132314_RP ATTTTTGAGGGTTTGTTTGGC   

SALK_133392_LP TTGGGACAAGTCACTGATATCC   

SALK_133392_RP CTGCGTGAAGGAATTCAGATC   

SALK_136123_LP GAGGATGACGAGCAGACAAAG   

SALK_136123_RP ATTGAAATTTCGCACGAAATG   

SALK_137489_LP GAGATTGAGACGACGTCGTTC   

SALK_137489_RP TTGTTTGATGTGGATCACAGG   

SALK_139430_LP AGATTGCTGATTAAGCAACCG   

SALK_139430_RP TAAAGTGAAAGCAGCATTGGG   

SALK_139852_LP TCGCCTTCATTCTAACTGTGTC   

SALK_139852_RP TTTGTGCGCTTTGGTTACAG   

SALK_143169_LP AAATTTTGAAATGTTAAGCAGCC   

SALK_143169_RP GATCCCCGTACCTTCTCTCAC   

SALK_144225_LP TACTGAGTCTCTGCTTTGGCC   

SALK_144225_RP CGCAGATACTTCCAAGCTCAG   

SALK_145378_LP TCTGTGACCTTTGGTCGTTTC   

SALK_145378_RP TTGAGATTACCCAATAAGAATGTCC   

SALK_151793_LP AGGAGTGAAACACTGAATGACG   

SALK_151793_RP ACCAACCTCCCAAGACTTCAC   

SALK_044257_LP CGAGCTTTGCAAAGTTCAAAG   

SALK_044257_RP GGGTTTCTGGGTTCAGAAGAG   

SALK_141532_LP ACCCATTCAAGAATTCATTCG   

SALK_141532_RP TGCAAAAAGAATCAAACGACG   

SALK_054919_LP AACATTCGGTTTGGTACATGC   

SALK_054919_RP TCAGCCATCGATTCGATTATC   

SALK_063223_LP TTGTTGGGAATTGTCGATTTC   

SALK_063223_RP CTTGTTGGTAGTAAGCAGCGG   

SALK_071575_LP TAGTTTGGGTTCAGTGGTTGG   

SALK_071575_RP ACGTGCGTAGGTCGTCTTATG   

SALK_074236_LP TTGGTTTGAGCATATCCTTGG   

SALK_074236_RP TAATGTCAAACCGGACTACCG   

SAIL_895_C10_LP ACAACATAAACGCTGGCAATC   

SAIL_895_C10_RP ATTTCTGGCCGTAGTCGTAGC   

SALK_113940_LP CGTCGCAGTAAAGATCCAAAG   

SALK_113940_RP CTCAATTCAGGAAGATGCTGC   
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Appendix IV – Supplementary information for Chapter 6 

Table A4.1 – Primers used for genotyping mcm2-7 mutants 

 

   SALK/SAIL line Primer Sequence 

SALK_026376 LP TTTTGTTACCTGTCCTGGTCG 
SALK_026376 RP TTCTGAATGCCAGTCAAAAGG 
SAIL_154_G11_V1 LP TTACGCCAAGCACCGTATTAC 
SAIL_154_G11_V1 RP ATATGAACTTTGCCATCGCTG 
SALK_019767 LP GATGTTGATGCGTTTGATGTG 
SALK_019767 RP CATCCATAGGATCCTCAGCAG 
SALK_000158 LP ACAAGATGCCGATCAACTGAG 
SALK_000158 RP AATTCGTAACGGAGACGAAGC 
SALK_017784 LP TATTTGCAGGTATACCGCAGG 
SALK_017784 RP CCTGATCAGTGCCTCTAGCTG 
SALK_095847 LP CAGACGTTGCTTCCAGATAGG 
SALK_095847 RP TGATCCTCATCAGCAGATTCC 
SALK LBb1.3 ATTTTGCCGATTTCGGAAC 
SAIL LB3 TAGCATCTGAATTTCATAACCAATCTCGATACAC 
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Table A4.2 – Primers used for real-time PCR analysis of MCM2-7 expression 
 

Subunit Forward Primer 

MCM2_F TTCGGAACATCAGGCAGATT 
MCM2_R CCCAAAACTGCTCCACACTT 
MCM3_F TTGACAACAGTCTCTATATCTGCAA 
MCM3_R GCAAATGTCGACAGTGAAACA 
MCM4_F TCGGAGTAGCTCTATCATTCCTG 
MCM4_R GGAGGCTCACTTATTTTCCCTCT 
MCM5_F GCAGCTTCGAGAGTGAAAGC 
MCM5_R CCTCTCCAGGCTGTGGAATA 
MCM6_F TTGGAGCAACAGCTAAGATCC 
MCM6_R GAGCCATCATTGAGAGTTTGG 
MCM7_F TGGTCATGAGATTTACCAGGAA 
MCM7_R CATCTTGGCCTCCTGAAACT 
Actin_F CGCTCTTTCTTTCCAAGCTCAT 

Actin_R TCCTGCAAATCCAGCCTTC 
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Table A4.3 – Sequence of amiRNAs, primers used for generating amiRNA and 

GFP constructs 

 

Description Sequence 

MCM5 amiRNA sequence TAAATTTGGTTAAGACGGCGC 

MCM7 amiRNA sequence TTATTAAGACGACAGCGGCTA 

MCM5miR_I gaTAAATTTGGTTAAGACGGCGCtctctcttttgtattcc 

MCM5miR_II gaGCGCCGTCTTAACCAAATTTAtcaaagagaatcaatga 

MCM5miR_III gaGCACCGTCTTAACGAAATTTTtcacaggtcgtgatatg 

MCM5miR_IV gaAAAATTTCGTTAAGACGGTGCtctacatatatattcct 

MCM7miR_I gaTTATTAAGACGACAGCGGCTAtctctcttttgtattcc 

MCM7miR_II gaTAGCCGCTGTCGTCTTAATAAtcaaagagaatcaatga 

MCM7miR_III gaTAACCGCTGTCGTGTTAATATtcacaggtcgtgatatg 

MCM7miR_IV gaATATTAACACGACAGCGGTTAtctacatatatattcct 

RS300_A CTGCAAGGCGATTAAGTTGGGTAAC 

RS300_B GCGGATAACAATTTCACACAGGAAACAG 

miRNAF TGAATTCCTGCAGCCCCAAA 

miRNAR CCATGGCGATGCCTTAAATA 

MCM5PG_F AAATCTTAAATCCTAAATCC 

MCM5PG_R AGCTTTGCGGACAATAGAAC 

MCM7PG_F TGATTTTGCATGTCTTCCTCCT 

MCM7PG_R GATAAAACGGATGTCAAAGG 
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pAt2g30810_F 5’ – GAGAGAGCTCGGCTCTCTACTCAACAAGCC – 3’ 

pAt2g30810_R 5’ – GAGATCTAGATTTGATCTCTTATTTCACTT – 3’ 

Figure A4.1 – Details of the pAt2g30810 promoter used to express amiRNA to 

MCM5 and MCM7 in the endosperm.  

(A) pAt2g30810 fused to GFP expresses specifically in the endosperm. (B) Vector 

map of the pAt2g30810::ccdb construct. (C) Primers used to amplify pAt2g30810 

(includes SacI and XbaI restriction sites for cloning into the pB2GW7 vector, see 

Karimi et al. 2007 in the main text) 

A B 

C 



 

 

Table A4.4 – Phenotypes of mcm2-7 mutants observed under DIC microscopy 

a
 Wild type cross data was collected at 4DAP (heart stage of embryo development), selfed data was collected at embryo stages from heart to torpedo 

Cross Wild-type Endosperm Embryo Both Not severe No Embryo Seeds counted 

mcm2+/- self 65.3 (±2.5) 15.4 (±1.7) 1.4 (±0.6) 9.5 (±1.0) 7.8 (±2.0) 0.6 (±0.4) 328 

mcm2+/- x wta 52.0 (±2.8) 14.3 (±2.0) 3.9 (±1.6) 15.7 (±2.6) 12.5 (±2.3) 1.6 (±0.8) 386 

mcm3+/- self 80.6 (±1.9) 3.2 (±1.3) 3.9 (±1.3) 3.3 (±1.0) 7.9 (±1.8) 0.8 (±0.4) 351 

mcm3+/- x wta 73.2 (±2.5) 3.4 (±0.7) 8.0 (±1.0) 5.3 (±1.3) 7.7 (±1.3) 2.3 (±0.8) 457 

mcm4+/- self 69.9 (±4.4) 1.3 (±0.7) 1.6 (±0.9) 3.2 (±1.0) 24.7 (±5.2) 0.0 (±0.0) 268 

mcm4+/- x wta 62.9 (±3.1) 5.4 (±1.3) 4.8 (±1.9) 9.6 (±1.7) 14.9 (±1.4) 2.5 (±1.0) 373 

mcm5+/- self 78.9 (±3.0) 5.3 (±1.6) 1.0 (±0.5) 10.4 (±2.0) 4.4 (±1.1) 0.0 (±0.0) 286 

mcm5+/- x wta 54.7 (±4.9) 5.4 (±1.4) 7.2 (±2.0) 23.2 (±3.4) 8.4 (±2.0) 1.1 (±0.7) 232 

mcm6+/- self 62.6 (±3.6) 4.9 (±1.0) 5.7 (±1.8) 12.8 (±1.8) 11.8 (±2.8) 2.2 (±1.0) 238 

mcm6+/- x wta 51.8 (±5.7) 3.6 (±1.6) 3.4 (±1.5) 12.0 (±2.2) 24.2 (±4.2) 5.2 (±2.3) 193 

mcm7+/- self 88.2 (±1.5) 0.7 (±0.5) 1.7 (±0.7) 4.9 (±1.6) 2.8 (±1.1) 1.7 (±1.4) 263 

mcm7+/- x wta 75.8 (±2.6) 0.7 (±0.5) 4.5 (±1.1) 9.2 (±1.3) 7.1 (±1.7) 2.7 (±0.8) 270 
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Abstract

Background: Arabidopsis thaliana is a useful model organism for deciphering the genetic determinants of seed
size; however the small size of its seeds makes measurements difficult. Bulk seed weights are often used as an
indicator of average seed size, but details of individual seed is obscured. Analysis of seed images is possible but
issues arise from variations in seed pigmentation and shadowing making analysis laborious. We therefore
investigated the use of a consumer level scanner to facilitate seed size measurements in conjunction with open
source image-processing software.

Results: By using the transmitted light from the slide scanning function of a flatbed scanner and particle analysis
of the resulting images, we have developed a method for the rapid and high throughput analysis of seed size and
seed size distribution. The technical variation due to the approach was negligible enabling us to identify aspects of
maternal plant growth that contribute to biological variation in seed size. By controlling for these factors,
differences in seed size caused by altered parental genome dosage and mutation were easily detected. The
method has high reproducibility and sensitivity, such that a mutant with a 10% reduction in seed size was
identified in a screen of endosperm-expressed genes. Our study also generated average seed size data for 91
Arabidopsis accessions and identified a number of quantitative trait loci from two recombinant inbred line
populations, generated from Cape Verde Islands and Burren accessions crossed with Columbia.

Conclusions: This study describes a sensitive, high-throughput approach for measuring seed size and seed size
distribution. The method provides a low cost and robust solution that can be easily implemented into the
workflow of studies relating to various aspects of seed development.

Background
More food will need to be produced during the next
50 years than in the entire history of humankind. There-
fore, increasing crop yields is a major challenge for the
21st century. Since most of the world’s food calories
come from seed, one way to meet this challenge is to
create plants with more and larger seeds. Arabidopsis
thaliana is a useful model organism for studying seed
development due to its ease of cultivation and extensive
genetic and community resources available. Thus far,
only a handful of genes are known to be directly
involved in determining Arabidopsis seed size [1-8].

Genes that regulate seed size can be discovered by
screening for mutants or by quantitative trait loci (QTL)
analysis to identify the genes that underlie the natural
variation in seed size between different accessions.
Alonso-Blanco et al. [9] performed a QTL analysis on
recombinant inbred lines (RILs) from crosses between
the small seeded Landsberg erecta (Ler) accession and
the large seeded Cape Verde Islands (Cvi) accession.
Seed weight and length QTL were mapped as well as
those affecting maternal factors that contribute to seed
size (such as seed number and leaf size). Six QTL affect-
ing seed size, without significant effects on the maternal
plant, were identified [9]. The genes/alleles underlying
these QTL have not been determined, which is an
important step if they are to be applied in a biotechno-
logical context. Only a few Arabidopsis mutants have
been identified that directly affect seed size. These
mutants reveal that both endosperm and integument
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growth are involved in seed size determination in Arabi-
dopsis [10]. HAIKU1, 2 (IKU1 and 2) and MINISEED3
(MINI3) act in the same pathway to control early endo-
sperm proliferation and subsequent seed size at maturity
[2,4]. MINI3 and IKU2 are in close proximity to two
quantitative trait loci (QTL) discovered by Alonso-
Blanco et al. [9] suggesting that they may play an
important role in the natural variation observed between
accessions [4]. SHORT HYPOCOTYL UNDER BLUE1
(SHB1) binds the promoters of IKU2 and MINI3. How-
ever, the shb1 mutant only has a minor effect on seed
size [7], suggesting that there may be other regulators of
seed size upstream of this pathway. The AUXIN
RESPONSE FACTOR2 (ARF2) and TRANSPARENT
TESTA GLABRA2 (TTG2) genes affect seed size via
integument cell elongation [5,11]. Crossing ttg2 and
iku2 mutants reveals that, although the genes operate in
independent pathways, cross-talk occurs between the
integument and endosperm to determine final seed
size [10].
Parental genome dosage can also affect seed size. In

interploidy crosses, a seed size effect is observed when
the ratio of maternal to paternal genomes is altered in
the endosperm, with over-representation of paternal
genomes resulting in larger seeds whereas the opposite
is true for maternal genomes [12]. A similar phenom-
enon is found when reciprocal crosses of met1 mutants
are performed, suggesting that DNA methylation plays
an important role in seed size determination, via the
action of imprinted genes in the endosperm and also
hypomethylation in the integuments [13,14].
A major aim of our laboratory is to discover the mole-

cular mechanisms that regulate seed size. We have
developed a sensitive, high-throughput method of mea-
suring seed size using a scanner and particle analysis
software. Furthermore, by identifying and taking into
account certain maternal factors that contribute to seed
size we were able to reduce variation, enabling routine
detection of subtle differences in size. We show that the
approach is capable of identifying differences in seed
size due to mutation, parental genome dosage, natural
variation and detection of a number of novel seed
size QTL.

Results
A document scanner and open source image analysis
software provide a low cost and reliable means of rapidly
measuring seed size
We investigated whether a document scanner could
provide a means of rapidly screening a large number of
Arabidopsis plants for seed size phenotypes with a high
degree of sensitivity. Using a commercially available
scanner with a resolution of 1200 dpi combined with
image analysis software we were able to quickly obtain

accurate measurements of seed size. The slide-holder
included with the scanner enabled 24 samples to be
scanned simultaneously, reducing the amount of labour
required (Figure 1A). A major factor with regard to
the ease of processing was the use of transmitted light.
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Figure 1 Reliable measurement of seed size is achieved using
transmitted light. (A) Scanner with slide-holder insert allows
simultaneous scanning of 24 samples. (B) Images are generated by
emitting light from the lid, through the frame and onto the scanner
bed; the seeds cast shadows which are detected by the scanner
bed. (C) The resulting images are converted to solid black and
white images using the threshold function of ImageJ prior to
particle analysis. (D) Ten measurements were made on 54 seeds
from a single silique, reorienting the seeds between measurements
(circles = outliers > 1.5 IQR from median).
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This enabled us to avoid potential complications due to
seed colour or variation in the white background that
may be occur when using reflective imaging (Figure 1B).
This enabled us to quickly process the images using the
“threshold” function of ImageJ and ensured that the
resulting black and white images were accurate repre-
sentations of the seeds (Figure 1C).
Due to the fact that seeds are ellipsoid it is possible

that their orientation on the scanner bed will affect the
measurement. We tested the ability of the scanner to
generate reproducible results from a large number of
seeds by measuring the seeds from a single silique mul-
tiple times and reorienting the seeds between measure-
ments. The distribution of seed sizes generated by the
scanner remained relatively constant (Figure 1D), indi-
cating that the effect of seed orientation is negligible
when measuring multiple seeds.

The biological variation in seed size can be reduced by
controlling the growth of the maternal plant
When performing a mutant screen or QTL analysis, var-
iation in seed size must be reduced as much as possible
to increase the sensitivity of the screen. More consistent
results will allow detection of more subtle phenotypes
which may otherwise be overlooked, thus controlling this
variation is of great importance. The maternal plant plays
an important role in seed size determination; therefore to
reduce biological variation in seed size the growth of the
maternal plant must be kept constant. We investigated a
number of easily controlled factors of the maternal plant
that may contribute to variation in seed size.
To test whether the position of the silique on the

main bolt had an effect on seed size, every silique was
taken from the main bolt and the seeds measured three
times. The first three siliques show a marked increase in
seed size, after the fourth silique there is a small
decrease in average seed size up the shoot (Figure 2A).
The likely cause of the increase in seed size in the first
three siliques was the fact that these siliques contained
fewer seeds (16, 32 and 45, for silique 1, 2 and 3,
respectively, compared with an average of 56 for siliques
4-20). To investigate if the number of seeds in a silique
affects seed size, seed number was varied by allowing
plants to self-pollinate or emasculating flowers and par-
tially pollinating or fully pollinating the stigma. As the
number of seeds in a silique decreases there is some evi-
dence that the average seed size increases, however this
is accompanied by an increase in the variation of seed
size (Figure 2B). Once a silique contains ~50 seeds this
variability is reduced. Thus, fully extended siliques
should be selected for seed size measurement to reduce
variation. To investigate if the availability of maternal
resources affects seed size, the total number of siliques
on the plant was altered by trimming auxiliary buds and

flowers to allow only a set number of siliques to form.
It was found that the more siliques on a plant the smal-
ler the average seed size (Figure 2C). However the stan-
dard deviation within treatments was similar between
treatments, indicating that there is not an optimum
number of siliques for improving accuracy (Figure 2C).
The flowering time of a plant may have an effect on
seed size due to increased vegetative growth before seed
production. To determine the extent to which flowering
time affected seed size, plants were grown in short day
conditions to delay flowering. Plants were moved into
long day conditions once they began to flower to ensure
a comparable amount of light was available while
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Figure 2 Factors affecting seed size. (A) Average seed sizes from
siliques in different positions on the main bolt (Error bars = S.D. of
biological replicates). (B) Average seed sizes from siliques containing
different numbers of seeds after partial, full or self-pollination.
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producing seeds. The increase in vegetative growth
caused by the delayed flowering led to a minor but sig-
nificant increase in seed size (~10%, p < 0.01, student’s
T-test; data not shown). Vernalization often reduces the
variation in flowering time between different accessions
and therefore may be a useful way of increase the likeli-
hood of identifying QTL specifically affecting seed size
rather than QTL that influence seed size by affecting
maternal resource availability.
Overall, our data highlights the influence maternal fac-

tors have on seed size. We concluded that the simplest
way to obtain accurate seed size measurements is to
remove auxiliary buds to reduce variability in total sili-
que number and take only fully extended siliques from
between the fourth and tenth position on the main bolt.

Validation of the seed size measurements using
interploidy crosses and known mutants
Interploidy crosses using C24 and Ler accessions of Ara-
bidopsis produce seeds of variable size, depending on
whether there is an excess of maternal or paternal gen-
omes [12]. The average weight of seeds from a 2 × 4×
and 4 × 2× cross was ~2.5× and ~0.75× that of a 2×2×
cross respectively for both C24 and Ler accessions [12].
To confirm these results using the Col-0 accession, and
to demonstrate the utility of our seed size assay, we per-
formed crosses with diploid and tetraploid Col-0 plants.
Surprisingly, we found average seed size to be similar
between seeds from a 2×4× and 2×2× cross (See addi-
tional file 1: Figure S1.pdf). Similar results were found
in interploidy crosses of the Ler accession (See addi-
tional file 1: Figure S1.pdf). It was apparent that a large
number of seeds were aborting in the 2×4× cross, thus
reducing the average seed size. To better illustrate the
differences in seed size between these crosses, measure-
ments from the interploidy crosses were normalized
relative to the mean of a balanced cross and plotted on
a box and whisker diagram (Figure 3). This showed that
although a large proportion of seeds from the 2×4×
cross were aborting, there were some that were ~2 fold
larger than 2×2× seeds. In addition, although the aver-
age size of seeds from a 4×2× cross was significantly
less than those of a 2×2× cross, some seeds were still
similar in size to those from a balanced cross (Figure 3).
To validate the method as a tool for detecting novel

seed size mutants we examined a number of known
seed size mutants. We grew several seed size mutants
under controlled conditions (without auxiliary buds) and
measured the seeds in triplicate. Figure 4A shows the
average seed size of the iku2-1, arf2-9, APETALA1 pro-
moter driving expression of the ARF coding sequence
(AP1-ARF in an arf2 mutant background) and fis2-1
mutants. The iku2-1 mutant is known to have smaller
seeds [2], whereas the arf2-9 and AP1-ARF (arf2 mutant

background) mutants have larger seeds [5,15]. The AP1-
ARF construct rescues the arf2-9 mutation in the flow-
ers resulting in improved fertility and a reduced seed
size compared to arf2-9 mutants [15]. The fis2-1 mutant
has a 50% rate of seed abortion, where the aborted
seeds appear smaller than the viable ones [16]. All
mutants were detected with a high level of significance
including the subtle difference between arf2-9 and AP1-
ARF mutants (Figure 4A), indicating that the scanner is
capable of detecting these known mutants. It is also pos-
sible that a mutation may result in an altered distribu-
tion of seed sizes within a silique, which can be
observed using a histogram. The fis2-1 mutant is a
model for such a phenotype; seeds of a wild-type silique
and a fis2-1 mutant silique were measured three times,
measurements were normalized by dividing by the aver-
age seed area and plotted on histograms (Figure 4B).
The 50% seed abortion phenotype is clearly shown in
the histogram and suggests that the scanner is capable
of identifying mutants based on differences in the distri-
bution of seed sizes in a silique.
To identify novel genes with effects on seed size and

demonstrate the effectiveness of the scanner in a high-
throughput application we performed a mutant screen.
137 homozygous T-DNA insertion lines from the SALK
collection [17] corresponding to 119 endosperm-
expressed genes identified by Day et al. [18] were
selected for the screen. Average seed size for each line
was calculated and compared to the average of all other
lines grown simultaneously, resulting in a relative
increase/decrease in seed size for each line (See

Figure 3 Parental dosage affects seed size. Reciprocal crosses
were made between diploid and tetraploid Col-0 plants causing a
genomic imbalance in the endosperm causing alterations in seed
size depending on the direction of the cross. Seeds were measured
from the crosses and each measurement was divided by the mean
of the balanced cross (2×2×) and plotted on a box and whisker
diagram (circles = outliers > 1.5 IQR from median).
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additional file 2: Table S1.pdf). Lines that showed a sig-
nificant (p < 0.05) change in seed size greater than 10%
were confirmed by growing alongside wild-type Col-0
plants (data not shown). One line (SALK_147417C)
showed a reproducible 10% reduction in seed size (Fig-
ure 4C). The identification of a novel mutant as part of
a high-throughput screen demonstrates the effectiveness
of this method in performing large-scale analysis of seed
size phenotypes.

Variation in seed size between different Arabidopsis
accessions
A large amount of genetic diversity is present between
different accessions of Arabidopsis. This genetic diversity

can be used in a QTL analysis to discover new loci that
regulate seed size. Accessions with the greatest difference
in seed size are most informative in a QTL analysis as
they are more likely to contain alleles with large and
easily detectable effects on seed size. We aimed to detect
differences in seed sizes between different accessions of
Arabidopsis with a view of performing a QTL analysis.
Plants were vernalized at 4°C for 3 weeks in an attempt
to reduce any differences in seed size caused by flowering
time and were grown in controlled conditions (without
auxiliary buds). Significant differences in average seed
size between accessions were observed (Figure 5). To
further validate our method, we also determined the aver-
age seed weight of these accessions by weighing a specific
number of seeds (~200 for each accession, counted using
the scanner and particle analysis software). The average
seed weight showed a strong correlation with average
seed area (See additional file 3: Figure S2.pdf). Seeds of
the Bur accession were clearly the largest, while Bay-0,
Ler, Eil and Sha accessions had the smallest seeds.
Although we attempted to reduce biological variation by
vernalization and trimming of the auxiliary buds, it is
likely that maternal resource allocation still had some
influence on the differences we observed. We also exam-
ined the seed size of 80 different Arabidopsis accessions
from the 1001 genomes project [19]. Seeds obtained from
the stock center were measured directly on the scanner;
the size of seeds from these accessions varied from
~77,000-155,000 μm2, a difference of 100% (See addi-
tional file 4: Figure S3.pdf). These results provide a basis
for analyzing the natural variation in seed size found
between accessions.

Identification of QTL affecting seed size
Based on the differences in seed sizes between acces-
sions (Figure 5), two core populations of 164 RILs
resulting from crosses between BurxCol and CvixCol
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Figure 4 Known seed size mutants can be detected. (A) Seeds
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were obtained from INRA [20]. These RILs were
selected as Bur had a much larger seed size than Col,
and seed size QTL in LerxCvi RILs had been mapped
previously [9], allowing some comparison with our
results. Seeds obtained from the stock center were mea-
sured directly using the scanner.
Regions of interest were first explored using basic sin-

gle marker analysis, which revealed significant associa-
tions (log of odds (LOD) > 3) with markers on
chromosomes 1 and 4 in CvixCol and 1, 4 and 5 for the
BurxCol RIL populations (Figure 6). To better define
and identify putative QTLs, interval mapping was car-
ried out using the EM algorithm. A 5% significance
threshold was calculated as LOD 2.44 and 2.35 for Cvix-
Col and BurxCol, respectively, using 1000 permutations.
Based on this threshold, interval mapping identified sig-
nificant QTL on chromosome 1, 2, 3, 4 and 5 for Cvix-
Col and 1, 4 and 5 for BurxCol (Figure 6). Similar

results were obtained using Haley-Knott [21] and the
extended Haley-Knott analysis [22] (data not shown).
Given that multiple QTL were identified further analysis
was used that could better identify and model the effects
of multiple QTL segregating in the population. There-
fore a 2 QTL analysis (scantwo) was used to compare
each chromosome for likely additive effect and or inter-
acting (the full model) QTL. The significance of the
association was determined using 1000 permutations.
For CvixCol the highest LOD scores were for 2 QTL

on chromosomes 1 and 4 with a slightly higher LOD if
interactions were allowed (LOD score for the full model
of 10.32 versus the additive of 10.28) and the LOD
scores were higher for the 2 QTL models versus the sin-
gle QTL model (5.67). This was followed by an interac-
tion of QTL on chromosomes 2 and 4 (9.28 for 2 QTL
model compared to 4.87 for single). There was also
weaker evidence for QTL on 3 and 5 based on the full

Figure 6 QTL associated with average seed size (AvSS) for BurxCol (BC) and CvixCol (CC) RIL populations. Linkage maps are shown for
each chromosome with CC on the left and BC on the right. The markers significantly associated with average seed size from single marker
analysis are indicated (*). The LOD profiles from interval mapping are shown for each significant QTL including the permuted 5% significance
thresholds (dashed lines). QTL identified using multiple QTL modelling are shown by bars and end where the LOD drops by 1.5 for both CC
(diagonal) and BC (filled).
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model LOD scores (6.46 compared to 3.6 for just 1
QTL).
For BurxCol the highest LOD scores were also for 2

QTL on chromosomes 1 and 4 (20.11) the full model
that included an interaction between the loci was only
slightly better than the purely additive model (18.61).
There was some evidence of a QTL on 5 with a signifi-
cant result for the full model (5.61) when compared to
chromosome 3 (a chromosome with no large QTL
effects). Given this evidence and the results from the
linkage mapping a chromosome 5 QTL was also
included in the subsequent multiple QTL modeling.

Multiple QTL modeling
To further interrogate and to estimate QTL effects, mul-
tiple QTL modeling was undertaken. Each putative QTL
that had been identified from the interval or 2 QTL ana-
lysis was used to develop a multiple QTL model. This
was used to determine the amount of variation in seed
size explained for both the individual and combined
QTL. Various models were tested including all of the
QTL identified for the CvixCol and BurxCol crosses,
including the two possible QTL on chromosome 4 (as
shown by the multiple peaks in Figure 6 from the inter-
val mapping results), individually modeling each of the
different positions for the QTL on chromosome 4, and
possible interactions identified from the 2 QTL analysis.
For CvixCol the model was maximized (LOD 20 and
43% variance explained) when 1 QTL on all chromo-
somes was tested and the position of the QTL on chro-
mosome 4 was 62.7 cM. The variance explained by the
model was 43% with 5 QTL ranging from individual
variance of 4% (CC_AvSS3) - 14% (CC_AvSS4). For the
BurxCol data the model was slightly improved when a
QTL on 5 was included in the model along with the
QTL on 1 and 4 (LOD 21 and 44% variance explained).
The variance explained by each of the QTL varied from
3.4 (BCAvSS_5) to 15.3% (BCAvSS_4). The variation in
average seed size for each genotype at the closest mar-
kers to the QTL for both BurxCol and CvixCol RIL
populations are shown in Figure 7.
To summarize, in both populations there were major

QTLs on chromosomes 1 and 4 with only the QTL on
4 overlapping. Looking at the LOD profiles from the
interval mapping using the BurxCol data it is possible
that there are actually two regions on chromosome 1
that are important but that the effect of the locus that
would overlap CC_AvSS1a is being masked by the
effects of the QTL BC_AvSS1b.

Discussion
Seed size is a trait of considerable importance. However,
the small size of seeds and high levels of biological var-
iation hinder its study in Arabidopsis. Here, we describe

a rapid method of measuring seed size that is capable of
detect subtle differences. This method offers advantages
over weighing large numbers of seeds to determine seed
size, as it avoids the need to count individual seeds and,
as every seed is measured individually, alterations in the
distribution of seed sizes is easily identified. We demon-
strate the utility of this method by successfully using it
to identify a seed size mutant and seed size QTL.
One important determinant of seed size is the rate

and duration of endosperm proliferation during the
early stages of seed development. This has been demon-
strated in crosses between Arabidopsis plants of differ-
ent ploidies [12]. Crosses between a diploid seed parent
and a tetraploid pollen parent produces seeds that are
more than double the weight of seeds from 2×2×
crosses and over 40% heavier than those from 4×4×
crosses; these large seeds also contain large embryos
[12]. Seed development in these crosses is characterized
by an increase in the rate and duration of division in
peripheral endosperm, delayed endosperm cellularization
and an increase in the size of chalazal endosperm [12].
Our analysis of interploidy crosses using the Col-0
accession gave a slightly different result whereby seeds
from 2×4× crosses had a tendency to abort - as was
seen in 2×6× crosses using the C24 accession [12].
However, in addition to the aborting seeds several seeds
were ~2-fold larger than the average 2×2× seed, a result
which is similar to those reported by Scott et al. [12].
Additionally, we identified the presence of some seeds
resulting from a 4×2× cross which were similar in size
to 2×2× seeds (Figure 3). A more recent study [23] has
shown that seed abortion in interploidy crosses is
dependent on the accession of Arabidopsis used, and
that when Col-0 is used as the male parent in a 2×4×
cross seed abortion occurs at a high rate, consistent
with the results we obtained. Parental genome dosage
effects, including the dosage of imprinted genes, have
been implicated in seed viability of interploidy crosses
[24]; however, it is known that the TTG2 gene,
expressed in the maternal sporophytic tissues, plays a
role in seed viability of these crosses and that the Col
allele of TTG2 has a negative impact on seed viability in
interploidy crosses [23].
The role of the endosperm in determining seed size

was also revealed by three mutants that function in the
same genetic pathway, HAIKU1 (IKU1), IKU2 and
MINISEED3 (MINI3) [2,4]. The small seed size of these
mutants is the result of reduced growth and early cellu-
larization of the endosperm. As a first step to identify
additional genes involved in endosperm development,
we obtained the endosperm transcriptome from laser
dissected proliferating endosperm tissue [18]. We identi-
fied 800 genes that were preferentially expressed during
early endosperm development. To investigate if any of
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these genes affect endosperm proliferation, and there-
fore final seed size, we screened through homozygous
SALK T-DNA insertion lines in these genes [17]. Using
the scanner and image software allowed us to rapidly
measure the seed size of 137 T-DNA lines. This identi-
fied a mutant with ~10% increase in seed size, which
had an insertion in exon 3 of the At2g01810 locus
(Figure 4C; Additional file 2: Table S1.pdf). Two other
T-DNA insertion lines were also analyzed for this gene,
SALK_099086C in exon 3 and a segregating line,
SALK_079456, in exon 1. However, these lines did not
show any effect on seed size (See additional file 2: Table
S1.pdf), suggesting that the seed size effect seen in
SALK_147417C was possibly due to another mutation.
Further analysis of this mutant indicated a chromosomal
translocation had occurred which may be causing the

phenotype (data not shown), so a map-based cloning
approach will be needed to isolate the mutation. None-
theless, the discovery of this seed size mutant demon-
strates that our method is effective way of screening for
novel mutants.
Another approach for identifying genes involved in

determining seed size is to utilize the considerable
natural variation in the size of seeds from different
Arabidopsis accessions. We grew 11 accessions under
controlled conditions and measured the seed size, iden-
tifying the Bur accession as having the largest seeds
(Figure 5). An additional 80 accessions with genome
sequences available from the 1001 genomes project [19]
were measured directly using seeds obtained from the
stock center (See additional file 4: Figure S3.pdf). The
results obtained in our study are similar to those
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Figure 7 Boxplots of the average seed size for each QTL marker genotype. (A-D) A is homozygous for the Col allele, B is homozygous for
the Bur allele and H is heterozygous. (E-I) A is homozygous for the Col allele, B is homozygous for the Cvi allele and H is heterozygous.
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reported by de Jong et al. [25] who measured average
seed weight of 24 accessions. Accessions with large dif-
ferences in seed size offer an ideal resource for identify-
ing the underlying genetics. To determine if our method
for measuring seed size could be used to identify QTL,
we obtained two RIL populations generated using Col
and the large seed size accessions Cvi and Bur. As we
were interested in discovering QTL with a major affect
on seed size, we limited our analysis to the core popula-
tions of 164 RIL lines, described in Simon et al. [20].
Five QTL were identified from the CvixCol RIL popula-
tion and four QTL from the BurxCol RIL population.
These QTL explained ~44% of the variation in seed size.
The QTL with the largest effect (explaining ~15% of the
seed size variation) mapped to a similar location on
chromosome 4 in both RIL populations. A major QTL
in this position was also identified by Alonso-Blanco
et al. [9] in CvixLer RILs. Interestingly, this QTL region
does not encompass the chromosome 4 genes, AINTE-
GUMENTA or APETALA2, known to affect seed size
[1,3]. The CvixLer QTL analysis of Alonso-Blanco et al.
[9] showed that the entire lower arm of chromosome 4
had an effect on seed size, suggesting a number of genes
with the potential to affect seed size might be located
within this region. The QTL region of chromosome 5
segregating in the CvixCol RIL population contains the
gene for ARF2, raising the possibility that this gene may
be causing differences in seed size between the Cvi and
Col accessions. A QTL in a similar position on chromo-
some 5 was also detected by Alonso-Blanco et al. [9]
suggesting that the Cvi allele in this position is likely
to have a strong effect on seed size. However, we did
not detect the major QTL on chromosome 1 identified
by Alonso-Blanco et al. [9], and thought to correspond
to MINI3 [4], suggesting that the Col, Bur and Cvi
alleles of this QTL have a similar effect on seed size.
We are currently backcrossing a number of the RILs
with Col to generate near isogenic lines to facilitate
the cloning of the major QTL using a map-based
approach. The fact that the only the chromosome 4
QTL mapped to similar region in the two RIL popula-
tions, highlights the importance of using multiple par-
ents to identify different alleles capable of affecting
seed size. With an increasing number of RIL popula-
tions becoming available [20,26,27], our method for
rapidly and accurately determining the seed size of the
individual RILs should help facilitate the discovery of
novel QTL.

Conclusions
We have developed a simple, inexpensive and rapid
method for measuring seed size that offers significant
advantages over measuring seed weight. Using this
method, we identified a mutant with smaller seeds and

discovered a number of seed size QTL, thus proving its
utility in high-throughput and large scale applications.

Methods
Plant material and growth conditions
All wild-type diploid Arabidopsis accessions were
obtained from the Arabidopsis Biological Resource Cen-
tre (Ohio State University, USA). The iku2-1 [2] and
fis2-1 [16] mutants were provided by Dr Ming Luo
(CSIRO, Black Mountain, AUS) and the arf2 [5], AP1-
ARF (in arf2 background) mutants [15] and tetraploid
Col-0 were supplied by Professor Rod Scott (University
of Bath, UK). Plants were sown on 1/2 MS media grown
at 20°C with a 16 h photoperiod (8 h for short day
plants) with light levels of ~100 μE.m2.s-1. Seedlings
were transferred to potting mix after ~2 weeks on 1/2
MS media.

Seed size measurement
Siliques were harvested once they had turned completely
brown but before they had dropped seeds. Siliques were
allowed to dry in open microcentrifuge tubes for at least
three days before measurement. Dried silique material
was removed using forceps and the seeds were spread
onto the scanner bed (Microtek Scanmaker i800) ensur-
ing that no seeds were touching. Images were taken of
each individual silique at a resolution of 1200 dpi using
transmitted light. ImageJ particle analysis software was
used to measure seed area [28]. Images were processed
using the “threshold” feature of ImageJ (to an arbitrary
value of 162 on the greyscale) and seed size was mea-
sured using the “particle analysis” feature, with a lower
limit 30,000 μm2 to exclude any non-seed material. Data
was analyzed using Microsoft Excel and SPSS statistical
analysis software.

Manual pollination
Flowers were emasculated using fine-tipped forceps tak-
ing care not to damage the ovary. Two days after emas-
culation, pollen from the appropriate male parent was
applied to the tip of the stigma.

QTL analysis
Linkage maps were reconstructed for both populations
using marker and recombination data from VNAT [29].
QTL analysis was carried out with the R/qtl package
[30,31] and executed in R [32]. The linkage maps were
initially assessed for associations with average seed size
using single marker analysis and by then interval map-
ping using the EM algorithm. LOD thresholds were cal-
culated using 1000 permutations for a significance level
of 5%. A two-QTL genome scan using scantwo analysis
was then used to identify QTL with additive or interac-
tive effects (referred to as the full model) and
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significance thresholds were determined using 1000 per-
mutations. The results from these analyses were used to
develop multiple QTL models that were compared using
the makeqtl and fitqtl functions. The best model was
chosen based on LOD score, %variance explained and
simplicity. This model was then used to determine
improved estimates of the QTL locations using refineqtl.
The 1.5 LOD intervals were then calculated for each
individual QTL. Each QTL was given a name based on
the population CC (CvixCol) or BC (BurxCol), AvSS
(for average seed size), chromosome (number) and indi-
vidual QTL identifier (letter) where the position along
the chromosome was different. The linkage maps and
QTL summary were constructed using MapChart v2.2
[33].

Additional material
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