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Abstract 

 

 

Seed derive from fertilized ovules and they constitute complex structures 

formed by three different parts: the seed coat, and the fertilization products, the 

endosperm and the embryo. During my Ph.D. I analyzed the role of MADS-

domain transcription factor SEEDSTICK (STK) during the development of the 

seed coat in the model species Arabidopsis thaliana.  

Part II of this thesis contains the description of the role of STK in the regulation 

of several metabolic processes in the seed coat, providing evidences for a 

connection between cell fate determination, development and metabolism. In 

particular, the focus of the work is on the characterization of the differences, 

between the wild type and the stk mutant, in the synthesis of the 

proanthocyanidins (PAs) stored in the seed coat. PAs are a large group of 

compounds that have been previously reported for their role in different aspects 

of plant physiology, including defence against pathogens, protection of the 

embryo against UV-radiation and regulation of seed size. 

Part III of this thesis is dedicated to the analysis of seed size in Arabidopsis 

thaliana. We analysed the role of STK and of AUXIN RESPONSE FACTOR 2 

(ARF2) in the control of seed coat development and in response to the hormonal 

cascade of brassinosteroids, known regulators of seed size.  We provide 

evidences that both STK and ARF2 are regulators of cell proliferation and of 

cell expansion; we show that these two genes act antagonistically to determine 

seed size and data obtained from the detailed characterization of stk, arf2 and 

stk arf2 mutants are used to discuss a novel genetic network, pivotal in the 

maternal control of seed yield. 
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State of the art 

 

 

 

1.    The importance of seeds 

 

 

1.1 Seeds and reproduction 

 

Inside of the Plant kingdom, Spermatophytes comprehend two of the main 

groups of plants: the Gymnosperms and the Angiosperms. The word 

Spermatophytes derives from the Greek term Σπερματόφυτα, meaning seed 

plants, and indicate the plants that rely on seeds for their reproduction, a 

characteristic that strongly determined their evolutionary success since their 

appearance on the planet approximately 320 millions of years ago. The 

presence of seeds marks in fact the main difference of Spermatophytes to more 

primitive plants such as mosses, liverworts and ferns, representing a crucial 

reproductive innovation that has been associated with adaptive radiation and 

colonization of new environments and ecological niches on land, from forests to 

grasslands both in hot and cold climates. The evolutionary success of 

Spermatophytes is well explained by the fact that they comprehend an estimated 

89% of total plant species present on earth, a number that is mainly influenced 

by the total number of Angiosperms species (between 300.000 and 400.000), 

where the seed dispersal is due to the presence of the fruit (Crepet, 2000).  

Among these plants the seed is required for the development of the offspring, 

the embryo, and it acts as a functional unit of nutrition, with a progressively 

lower metabolism during maturation, of protection against physical and 

chemical stresses, of dispersion and of germination, an event that occur only 

under favorable condition and determines the arising of the new plant (Nowack 

et al., 2010) 
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1.2 Why study seed size regulation? 

 

Of all the fascinating aspects regarding the study of seed, one should mention 

the analysis of the different mechanisms that determine its size, and in general 

of what is referred as seed yield of the plant.  

It is remarkable and well documented, how seed size can tremendously vary 

between different species; this happens not only among taxa (seed weight in the 

orchid Corallorhiza maculate is approximately 1μg, while it is usually around 

10 kg in Lodoicea maldivica) (Moles et al., 2005), but also within tax, as shown 

for example for  the genus Solanum, with a 12-times increase in seed weight 

between Solanum pennellii and Solanum lycopersicum, the cultivated tomato 

(Orsi and Tanksley, 2009) (Figure 1). 

 

 

 

 

 

 

 

 

 

 

Figure 1: A) Seed mass variation between Spermatophytes (from Moles et al., 2005); B) Seed 

mass variation within the genus Solanum (adapted from Orsi and Tanksley, 2009). 

 

One of the reasons that could better explain why this morphological trait has 

undergone such a wide evolutionary radiation in plants is related to the direct 

effect that seed size plays on plant fitness. Several studies have in fact 

A B 
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previously suggested that larger seeds have a higher probability of germination 

(Jacobson et al., 1998; Westoby et al., 2002) and that the seedlings of large-

seed plants are better able to tolerate many of the stresses encountered during 

seedling establishment, with a greater survival and improved performance 

under a wide range of  environmental conditions (Albertine and Manning, 2009; 

Westoby et al., 1996). On the contrary, as the resources from the mother plant 

are limited, plants with smaller seeds have higher colonization abilities; this 

relates to the possibility of producing a large number of seeds, as it happens for 

example in the model organism Arabidopsis thaliana (Krannitz et al., 1991; 

Moles et al., 2005; Westoby et al., 2002). Taken together this considerations 

confirm that seed size deeply influence plant fitness and that, therefore, it is a 

trait subjected to a strong selection depending on the environment; this 

produced a vast range of variation, whose origin is yet to be completely 

understood and that results in a puzzling and stimulating scenario to investigate 

on (Silvertown, 1989). 

Another reason of interest in the study of seed size regulation is the strong 

dependence that humanity has on plants in terms of nutrition. Our diet has 

always been based on the photosynthetic activity of plants, that convert sunlight 

into usable chemical energy. Although roots, tubers, leaves and fruits are used 

for human nutrition, in every continent  human and animal diet is mainly based 

on calories derived from harvested mature seeds, from cultivated species that 

are commonly known as grain-crops (Berger, 2003). The two main types of 

commercial grain-crops are cereals, such as wheat and rice, and legumes, such 

as beans and soybeans. The nutritional quality of these seeds is represented by 

their rich content of carbohydrates, oil and proteins, stored as nutritional 

resource for the embryo in a tissue called the endosperm (Focks and Benning, 

1998). Moreover, grain-crops also present agronomic and commercial 
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advantages as their harvested and dried seeds are durable and stable in time, a 

characteristic that made them well suited to industrial agriculture: they can be 

mechanically harvested, transported over long distances, stored for long periods 

in silos, milled for flour or pressed for oil.  

For this reason, since the beginning of agriculture, food grains have been 

subjected to selection and breeding for size, as well as for other qualities, with 

the result that nowadays crops have usually larger  and heavier seeds in 

comparison to wild-type relatives. (Fan et al., 2006; Orsi and Tanksley, 2009; 

Song et al., 2007; Sundaresan, 2005; Weng et al., 2008). (Figure 2) 

 

 

 

Figure 2: Domestication of wheat led to changes in grain size, shape and to a wide range of 

phenotypic variation. Grains shown are representative of modern elite varieties (top row) and 

ancestral wheat species (bottom row) (adapted from Gegas et al., 2010). 

 

Although the increasing number of indications that seed size is controlled by 

different mechanisms and the fact that this trait has been used and modified by 



   Dario Paolo 

 

8 

 

breeders over the last centuries, only in the last few years we have at last begun 

to identify molecular regulators of seed size in plants, mainly through studies 

on model plant Arabidopsis. 

Given the importance of seeds for our diet, deciphering the mechanisms behind 

their development could help the improvement of yield and of food production, 

a necessity that is becoming increasingly urgent nowadays. Already at the 

moment in fact, an estimated one in six people cannot receive enough food to 

conduct a normal life, a situation that makes hunger and malnutrition serious 

threats to health in many part of the world (WFP, 2009). This dramatic situation 

is destined to get worse, as world population is predicted to increase to 9,1 

billions of people by 2050 (FAO, 2014). The result is that an enormous increase 

in agricultural yields is required to sustain the growth of population, similarly to 

what happened with the Green Revolution in the past (Shah and Strong, 2002). 

The term Green Revolution refers to a series of research outbreaks, improved 

crop varieties, and development of new farming technologies that dramatically 

increased agricultural output in many  developing  countries between the ‘40s 

and the ‘70s of last century. This very wide scenario of agricultural events was 

highly successful at meeting its objective of increasing crop yields and food  

supplies, so that without it nowadays it would not be possible to sustain, albeit 

only partially, global population (Evans, 1996; FAO, 2014).   

Advances in biotechnology and a deeper understanding of developmental 

biology of plants might target directly the mechanisms controlling seed yield. 

Achieving this goal requires a deeper understanding of the molecular basis that 

control seed development and that determine final seed size. 
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2.  Seed development 

 

2.1  The life cycle of  flowering plants 

 

In  plants,  sexual reproduction requires that the  diploid  generation, known as 

the sporophyte,  produces  a  special  lineage  leading  to  meiosis. The  haploid 

cells that result from the meiosis of cells belonging to this lineage are called 

spores and they mitotically divide and  then  develop  as  what are known as 

gametophytes, specifically  the male gametophyte and the female gametophyte. 

The gametophytes will then differentiate a germ-line and produce the male and 

female gametes (Spielman et al., 2001).  

In Spermatophytes, the female gametophyte (also called embryo sac) 

differentiates and develops always protected by the sporophyte, in a structure 

called the ovule. In particular in Angiosperms (or flowering plants, such as 

Arabidopsis thaliana), the ovule is further enclosed in a part of the flower 

named the ovary, which develops into the  fruit  after  fertilization.     

Double fertilization (discussed below) is the unique and complex fertilization 

mechanism of flowering plants. This process involves the joining of a female 

gametophyte with two male gametes (or sperm cells) produced by the male 

gametophyte, the pollen grain. The result is the formation of a seed, where the 

diploid embryo and a nourishing tissue called the endosperm remain enclosed 

by the sporophytic tissues, named the seed coat (Figure 3). 
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Figure 3: Schematic representation of Arabidopsis thaliana life cycle (adapted from Spielman 

et al., 2001). 

 

 

2.2 Ovule development 

 

 

Primordia formation and megasporogenesis 

 

As seeds derive from ovules, the ovule development has to be taken in 

consideration when describing the control and improvement of seed yield. The 

ovule represents the structural support and functional unit for female 

gametophyte development, thus the structure where the sporophytic and the 

female gametophytic generations coexist.  

Ovule development consists mainly of three different stages: primordia 

formation and differentiation, megasporogenesis and megagametogeneis 

(Schneitz et al., 1995). 
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Ovule primordia  develop  as  result  of  periclinal  divisions  of    the 

meristematic placental cells inside the ovary. The resulting finger-like 

primordium differentiates three zones: the funiculus, that  connects    the  ovule  

to  the  placenta,  the  chalaza,  from  which  the integuments are formed and 

the nucellus, where the Megaspore Mother Cell  (MMC)  differentiates 

(Schneitz et al., 1995) (Figure 4). Megasporogenesis terminates when the 

nucellar MMC completes meiosis; the result of this process is a tetrad of 

haploid cells: three of them will degenerate, while the remaining one, the 

megaspore, will subsequently originate the female gametophyte (Figure 4 A). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Schematic representation of ovule formation. (adapted from Lieber et al., 2011 and 

Drews and Koltunow, 2011). A) Ovule primordia formation and megasporogenesis in 

Arabidopis. fu: funiculus; ch: chalaza; nu: nucellus; ac: archesporial cell; MMC: megaspore 

mother cell; int: inner and outer integuments; ms: megaspore B) megagametogenesis and 

embryo sac formation. m: megaspore; pn: polar nuclei; ec: egg cell; sc: synergid cells; cc: 

central cell; ccn: central cell nucleus; ac: antipodal cells. 

 

 

B 

 

 A 
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The understanding of mechanisms for controlling the correct positioning and 

number of ovule primordia along the placenta represents a topic of great interest 

in relation to seed yield; nevertheless, only a few genes describing these 

processes have been reported. This reduced knowledge on the subject might be 

explained by the fact that many genes that control ovule development are also 

pleiotropic developmental regulators of other floral organs, masking their 

effects on ovules. This is particularly true in the case of a mutations that affect 

in general pistil / gynoecium and ovary growth. The current state of art on the 

different pathways controlling ovule number in Arabidopsis was covered in a 

recent publication (Cucinotta et al., 2014); the authors review the discovery of 

several molecular mechanisms controlling gynoecium and ovary development, 

determining an alteration in ovule number. Among them one should consider 

genetic factors controlling the formation of carpel margin meristem (CMM), 

that will give rise to the placenta, the differentiation of the boundary regions 

between the different primordia along the placenta, factors controlling cell 

proliferation in the pistil, the role of different phytohormones (most notably 

auxin and cytokinins) and the new perspectives on how ovule number might 

also be under epigenetic regulation, as it emerges from the phenotypic 

description of Arabidopsis thaliana triploids obtained by crossing a tetraploid 

Ler-0 line (used as a male or female parent) with different diploid accessions 

(Duszynska et al., 2013).  

 

Megagametogenesis 

 

A common pattern of embryo sac development, typical for example of 

Arabidopsis ovules, is the Polygonum-type maturation pattern, where one single 

cell of the nucellar tetrad, the megaspore, survives after meiosis, originating the 

female gametophyte (Reise and Fisher, 1993). The megaspore enlarges and 
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undergoes two rounds of syncytial mitosis: the result of this process is a four-

nucleate coenocyte with two nuclei at each pole separated by a large central 

vacuole (Figure 4B, stage FG4). During the third mitosis, the cellularization 

process begins and the female gametophyte cells become completely 

surrounded by cell walls (Figure 4B, stage FG5). At this point, one nucleus 

from each pole (where chalazal pole indicates the proximal one to the placenta, 

and micropylar pole the distal one) migrates towards the center of the 

developing female gametophyte and fuse together forming the diploid central 

cell (Christensen et al., 1998; Schneitz et al., 1995). These events result in a 

seven-celled structure consisting of three haploid antipodal cells, one diploid 

central cell, two haploid synergid cells, and one haploid egg cell, that is the 

gamete (Figures 4B, stage FG6). The egg cell and central cell are polarized and 

their nuclei lie very close to each other (Figures 4B, stage FG6). It is important 

to mention that the region between the cells of the female gametophyte is 

devoid of the cell walls or that the cell wall is discontinuous such that the 

plasma membranes of these cells are in direct contact with each other (Kasahara 

et al., 2005; Mansfield and Briarty, 1991).  This is arrangement is functional for 

the success of the subsequent double fertilization between the female 

gametophyte and the two sperm cells carried by the pollen grain.  

 

Integuments formation 

 

An integument is a protective cell layer surrounding the ovule. Gymnosperms 

ovules typically have one integument (unitegmic ovules) while Angiosperms 

ones typically have two (bitegmic ovules).  

From a functional point of view, apart from the protection of the developing 

female gametophyte (and later on of the embryo) against stresses, previous  data 

support the possibility of an interaction between the ovule integuments and the 
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developing gametophyte, as well as between the seed coat and the fertilization 

products (Mizzotti et al., 2011; Nowack et al., 2010; reviewed Bencivenga et 

al., 2011;). The existence of an interaction between ovule integuments and the 

developing embryo sac has been proposed on the basis of the characterization 

of sporophytic ovule mutants, which show defects in embryo sac development, 

in gametophytic cell specification or present altered fertilization (Bencivenga et 

al., 2011; Mizzotti et al., 2011). This communication between the two 

generations is likely to involve hormonal signaling of auxin and cytokinins 

pathways, determining a strong control of the sporophyte over female 

gametophyte development (Bencivenga et al., 2012; Ceccato et al., 2013), 

although further studies are required to unveil this crosstalk (Bencivenga et al., 

2011). 

As mentioned above, the ovule integuments derive from the chalazal region of 

the primordium, and the morphological description of their development in 

Arabidopsis has been presented in detail in the past (Robinson-Beers et al., 

1992). 

The inner integument is initiated through a series of cell divisions in the dermal 

layer at the chalazal region of the primordium, resulting in the formation of a 

ring-like belt around the nucellus (Figure 5B). Shortly after that, the outer 

integument starts developing, through a series of similar cell divisions (Figure 5 

C). As the growing ovule enlarges and the funiculus elongates, the ovule begins 

to exhibit the effects of asymmetric growth: the larger number of cells on the 

convex side, relative to the concave side, determines that the nucellus and 

integuments curve forward and the outer integument overtakes the inner 

integument (Figure  5D-F). At complete integuments growth, although the 

developing gametophyte is fully protected, a small distal cleft surrounded by 

elongated cells of the outer integument is left in the distal part: it is called the 
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micropyle, and it will allow the pollen tube to reach the female gametophyte 

during fertilization  (Figure 5 G-H).  

 

 

 

Figure 5: Integuments development in Arabidopsis. A) Elongated ovule primordial and B) ring-

belt structure of the forming inner integument; C) initiation of the outer integument; D-F) 

asimmetric growth and bending of the ovule; G-H) mature ovules, with micropyle. p: ovule 

A B 

C D 

E F 

G H 
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primordium; f: funiculus;  ii: inner integument;  nu: nucellus; oi: outer integument;  owv:  ovary 

wall  (modified from Robinson-Beers et al., 1992). 

 

 

2.3 Double fertilization process 

 

In a flower, the carpel represents the female reproductive organ.  A carpel 

consists of different parts: an apical stigma, a style and an ovary, inside of 

which the differentiation of the meristematic placenta occurs and, therefore, the 

place of ovule development. 

The function of the stigma is to determine the right condition for the hydration 

and germination of desiccated pollen grain, each of which  will subsequently 

emit a pollen tube to deliver the two sperm cells inside the female gametophyte 

in the ovary. In plants with a dry stigma surface, like Arabidopsis, hydration of 

foreign pollen is often inhibited (Preuss, 1995). The first steps of pollen tube 

growth through the style require its interaction with an extra-cellular matrix 

secreted by transmitting tract cells (Alvarez and Smyth, 1999; Smyth et al., 

1990). Moreover, the attraction and guidance of the pollen tube involves several 

mechanisms, including chemo-attraction, mechanical guidance, growth 

stimulation, adhesion, re-orientation and competence control that enables the 

pollen tube to respond to the attraction signal, that is strongly controlled by the 

female gametophyte itself, mainly by the activity of the two micropylar 

synergid cells (Dresselhaus, 2006; Higashiyama et al., 1998; Higashiyama et 

al., 2001; Johnson and Lord, 2006).  

After entering the micropyle, the pollen tube stops elongating and bursts, 

releasing the two sperm cells inside the female gametophyte. The penetration of 

the female gametophyte occurs at the level of one of the synergid cells, that 

undergoes apoptosis before or upon pollen tube arrival. Immediately after these 
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events, one of the two male gametes fuses with the egg cell, while the other 

fuses with the diploid central cell. The result of the double fertilization, after 

karyogamy (fusion of the male and female nuclei) is the formation of a diploid 

zygote, that will originate the embryo, and of a triploid cell, that will form the 

endosperm (van Went and Willemse, 1984; Berger et al., 2008; Russell, 1992; 

Russell, 1996).  

 

Figure 6: Schematic representation of double fertilization in Arabidopsis. A) Mature ovule with 

highlighted positions of female gametophyte cells; B) pollen germination on the stigma and 

attraction of the pollen tubes towards the ovules; C) the pollen tube enters via the embryo sac 

via the micropyle, degeneration of one synergid cell and release of the male gametes. ec: egg 

cell; sc: synergid cells; cc: central cell; ac: antipodal cells (adapted from Huck et al., 2003). 

 

2.4 Embryogenesis and endosperm development 

 

One of the product of double fertilization is the diploid zygote, obtained by the 

fusion of the male gamete (a sperm cell) with the egg cell of the embryo sac. 

The zygote will proliferate and differentiate the different parts of the embryo, 

representing the new generation and the conclusion of the plant life cycle. The 

A B 

C 
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processes relative to the formation of the embryo are collectively known as 

embryogenesis, that itself can be divided in an earlier morphogenesis phase 

followed by maturation (West and Harada, 1993).  

Following fertilization, the zygote divides asymmetrically, originating two 

cells: a smaller apical one, and a larger basal cell. This asymmetric division is 

crucial in the morphogenesis of the embryo, as the smaller apical cell and its 

daughters will undergo sequential mitosis and differentiation processes that will 

characterize the apical part of the growing embryo. This cell proliferation phase 

establishes a sequence of precise embryo morphologies that are used as time 

points to describe embryo development: among them, two/four celled embryo, 

octant, globular stage, heart stage (where cotyledons start to appear) and 

torpedo.  

At the same time the large basal cell expands longitudinally and divides 

transversally to originate the hypophysis (that will develop the root system), 

while the other daughters form the suspensor, a transient structure that ensures 

communication of the embryo with the maternal tissues (Schwartz et al., 1994) 

(Figure 7). 

 

 

 

Figure 7: Different stages of embryogenesis in Arabidopsis. ac: apical cell; bc: basal cell; hy: 

hypophysis; cot: cotyledons (from Peris et al., 2010). 
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The second fertilization product is the triploid cell that gives rise to the 

endosperm, the nourishing and energy accumulation tissue characterized by a 

misbalance of genome dosage in on the maternal side (Lopes and Larkins, 

1993).  

In Arabidopsis, as in the majority of Angiosperms, the endosperm is initially 

nuclear, meaning that it derives from a series of syncytial divisions of the first 

triploid cell, with the consequent fast expansion of the new tissue inside the 

seed cavity. In Arabidopsis this developmental plan enables the endosperm to 

grow more rapidly than the embryo, that will only later replace the space 

occupied by the endosperm, during its maturation.  

The other phases that characterize endosperm development are the 

cellularization, differentiation and death (Berger, 1999). Cellularization starts in 

the peripheral region previously occupied by the central cell and continues 

towards the center, so that it is possible to identify three main endospermal 

regions: peripheral, chalazal and micropylar (Figure 8). In Arabidopsis the 

mature embryo occupies most of the seed cavity, progressively replacing the 

differentiated cells of the endosperm (Berger, 1999; Berger, 2003). 

 

 

2.5 Seed coat development 

 

Fertilization triggers a series of events that lead to differentiation of the ovule 

integuments into the seed coat (Beeckman et al., 2000; Western et al., 2000). 

In Arabidopsis, integuments of a mature ovule consist in five layers of cells, 

two deriving from the outer integument, and three from the inner one (Haughn 

and Chaudhury, 2005): these five layers delimit the seed cavity, and they 

experience a deep morphological and functional changes over the course of 
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seed maturation, for a period of approximately two weeks from the day of 

fertilization (Western et al., 2000). In particular, cell proliferation in the 

integuments peaks after fertilization and an intense mitotic activity is followed 

by a sharp decline that lead to a complete absence of cell division 4 days after 

pollination, determining a time window where the size of the seed significantly 

increases.  

The five cell layers (Figure 8) have different functions and they undergo 

consequent modifications. A common nomenclature of the layers takes in 

consideration their origin and position in the seed coat (Beeckman et al., 2000): 

ii1 or endothelium, is the inner layer of the inner integument; ii1’ and ii2 are the 

other two layers deriving from the inner integument; from the outer integument 

of the ovule there is the differentiation of layer oi1 and oi2, with this second 

being the outmost of the seed coat (Figure 8, Beeckman et al., 2000).  

Cells of the endothelium, typically characterized by bigger size in comparison 

to the other layers (Haughn and Chaudhury, 2005), synthesize flavonoid 

compounds called proanthocyanidins (PAs, or condensed tannins). PAs are 

accumulated in the central vacuole of endothelium cells during the first week 

after fertilization, and their later oxidation is responsible for the brown pigment 

that characterize Arabidopsis seed coat (Debeaujon et al., 2003). On the other 

hand, the cells of ii1’ and ii2 do not appear to differentiate further and are 

crushed together as the seed develops.  

Finally the outer layers, oi1 and oi2, accumulate starch-containing amyloplasts 

(Windsor et al., 2000). The oi1 then produces a thickened cell wall and cells of 

the oi2, also called the epidermis, synthesizes and secretes mucilage, that 

accumulates in a donut-shaped depression around a cytoplasmatic column of 

these cells. Later on, when secondary cell wall is deposited, it completely fills 
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the space occupied by the cytoplasmic column, forming the columella. At 

maturity, the mucilage dehydrates into a thin, compressed layer.  

Different roles for the seed coat have been previously described; among them, 

one should mention the obvious protective function for the growing embryo 

against mechanical damage or pathogen attack (Mohamed-Yasseen et al., 

1994), UV-protection guaranteed by the endothelial pigments (Debeaujon et al., 

2003), the maintenance of dormancy until favourable conditions for the 

seedling, as well as water uptake during germination (Debeaujon et al., 2000).  

The seed coat is also the only part of the seed exclusively of maternal origin and 

it plays a crucial role in the determination of final seed size, a role that is 

examined in detail in the other sections of this work. 

 

Figure 8: The structure of the Arabidopsis seed. (adapted from Debeaujon et al., 2003, seed 

coat nomenclature according to Beeckman et al., 2000). 
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2.6 The role of SEEDSTICK during ovule and seed development 

 

The genetic regulation of flower development has been intensively studied over 

the course of years, with considerable breakthrough discoveries coming from 

the mutants characterization performed on model organisms such as 

Arabidopsis thaliana, Petunia hybrida, Antirrhinum majus and rice (Oryza 

sativa). The determination of the organ identity for flower structure depends on 

the regulatory network involving numerous genes, mostly belonging to MADS-

domain family of transcription factors, therefore  playing a pivotal regulatory 

role throughout plant development. Their combinatory action in identity 

determination of different flower organs has been explained with the 

description of the ABCDE model (Theissen, 2001) (Figure 9A). 

Inside the carpel, ovule identity depends on the correct expression of the genes 

belonging to the D-class of MADS-domain genes. This class was first identified 

in Petunia by the characterization of the role the two genes FLORAL BINDING 

PROTEIN7 (FBP7) and FBP11, whose co-suppression results in the formation 

of carpelloid structures arising from the placenta, instead of ovules (Colombo et 

al., 1995). The ovule identity determination of the D-class genes is conserved 

also in other species, as it was observed by the study of the orthologs of FBP7 

and FBP11 in other species: SEEDSTICK (STK) in Arabidopsis and 

OsMADS13 in rice (Dreni et al., 2007; Favaro et al., 2003; Pinyopich et al., 

2003). In particular, the Arabidopsis triple mutant stk shp1shp2 

(SHATTERPROOF1  and SHP2 are orthologs of Petunia PLENA and FPB6) 

produces only a limited number of seeds, as most of the ovules lose their 

identity and are converted in carpelloid structures (Pinyopich et al., 2003) 

(Figure 9B). Biochemical studies  showed that STK, SHP1, SHP2 proteins can 

form multimeric complexes, an interaction established together with the the 

SEPALLATA proteins (SEP3), encoded by the genes of E-class genes, known 
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for their genetic interaction with the A, B and C-class genes (Honma and Goto, 

2001; Pelaz et al., 2001). 

Beside its role in the ovule identity complex, STK was shown also to have other 

later function in ovule and seed development. The stk single mutant does not 

present homeotic conversions during ovule development, but instead presents 

fully viable ovules with elongated and ticker funiculus, demonstrating that STK 

is required for correct seed dispersal, as the seeds in the stk mutant tend to 

remain attached to the fruit septum upon dehiscence of the silique (Pinyopich et 

al., 2003) (Figure 9 C). 

The first reported direct target of MADS-domain ovule identity complex, 

VERDANDI (VDD) is a putative transcription factor that belongs to the plant-

specific B3 superfamily. The vdd mutant shows defects in the identity of female 

gametophyte cells and during the fertilization process, resulting in semisterility 

(Figure 9 E). This demonstrates a role for STK also in gametophyte 

development and fertilization process (Matias-Hernandez et al., 2010; Mendes 

et al., 2013).  

The STK gene also controls, together with ARABIDOPSIS B-SISTER (ABS), the 

formation of  the endothelium, as shown by lack of endothelium of the stk abs 

double mutant. This phenotype is associated with a high sterility, due to both 

ovule and seed abortions, probably as a result of the enormously increased 

starch accumulation in stk abs mutant in comparison to wild-type, both before 

and after fertilization (Mizzotti et al., 2011) (Figure 9 F). 

Finally, although seed development does not appear altered in the stk single 

mutant, it was already reported that stk seeds are smaller than wild type 

(Pinyopich et al., 2003) (Figure 9 D). In this thesis, a detailed characterization 

of this phenotype is presented, showing that STK acts maternally in determining 

seed size. This is determined by the regulatory action of STK on cell cyle 
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progression and its positive control of cell expansion in the maternal seed coat 

(see Part III). Interestingly, the only other member of the B-Sister subclade 

apart from ABS is GORDITA (GOA), a gene for which it has been proposed a 

negative role in fruit and seed expansion (Erdmann et al., 2010; Prasad and 

Ambrose, 2010; Prasad et al., 2010).  
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Figure 9: A) Schematic representation of the Arabidopsis flowers and of the ABCDE model. 

se: sepals; pe: petals; st: stamens; ca: carpel; ov: ovules. B-F) STK is required for different steps 

of ovule and seed development B) stk shp1 shp2 carpelloid structures; C) enlarged funiculus in 
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the stk mutant; D) comparison between wild-type and stk seeds; E) ovule and seed abortions in 

the vdd mutant; F) starch accumulation phenotype of the stk abs mutant. (adapted from Matias-

Hernandez et al., 2010; Mizzotti et al., 2011; Pinyopich et al., 2003). 
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3. Molecular control of proanthocyanidins accumulation 

 

As briefly mentioned above (Paragraph 2.5), one of the function of the seed 

coat is the cellular accumulation of proanthocyanidins (PAs or condensed 

tannins).  

These molecules constitute an astringent, bitter plant polyphenolic compound 

that binds to and precipitates proteins and various other organic compounds 

including amino acids and alkaloids; in Arabidopsis seed coat, PAs consist of 

oligomers of the flavan-3-ol 2,3-cis-epicatechin (Abrahams et al., 2003).  PAs 

are synthesized as colourless polymers in vesicles (known as tanninosomes) 

that fuse into the central vacuole. The function of PAs in seeds has been 

previously described for their involvement in different processes from defense 

against predators and pathogens (Dixon et al., 2005) to seed dormancy increase 

(Debeaujon et al., 2000) and protection against UV-radiation (Winkel-Shirley, 

2002).   

Accumulation of PAs starts specifically after fertilization, and it involves the 

innermost integument protecting the seeds, the endothelium, that will undergo 

significant changes in morphology for acquiring its specific function 

(Debeaujon et al., 2003). PAs biosynthesis starts around 1 to 2 days after 

fertilization (DAF) at the micropyle, and the deposition progresses in the 

endothelium towards the chalaza until 5 to 6 DAF (Debeaujon et al., 2003; 

Lepiniec et al., 2006). 

The PAs biosynthetic pathway has been described thanks to the characterization 

of Arabidopsis mutants: transparent testa (tt) and tannin-deficient mutants 

produce seeds that lack endothelium pigmentation or present alteration in 

colours (Abrahams et al., 2003; Winkel-Shirley, 2002).  

The PAs biosynthesis and accumulation is under the regulatory action of two 

different group of genes, the Early (EBGs) and Late (LBGs) Biosynthetic 
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Genes (Lepiniec et al., 2006; Pelletier et al., 1999; Xu et al., 2014). The EBGs 

comprise four genes: CHALCONE SYNTHASE (CHS), CHALCONE 

ISOMERASE (CHI), FLAVONOL 3-HYDROXYLASE (F3H) and FLAVONOL 

3′-HYDROXYLASE (F3′H). EBGs are involved in the biosynthesis of precursors 

for PAs and other classes of flavonols.  

The LBGs include DIHYDROFLAVONOL-4-REDUCTASE (DFR), 

LEUCOANTHOCYANIDIN DIOXYGENASE (LDOX) and 

BANYULS/ANTHOCYANIDIN REDUCTASE (BAN/ANR). BAN is considered to 

be a branching-point enzyme because it is channelling the anthocyanin pathway 

to flavonoloids.  

An additional third group of genes, recently proposed as members of LBGs (Xu 

et al., 2014) has been identified in Arabidopsis and it comprises 

TRANSPARENT TESTA 12 (TT12), TT10, TT19 and AHA10 (H+-ATPase). 

These genes are involved in flavan-3-ols modification, transport and oxidation 

(Baxter et al., 2005; Kitamura et al., 2004; Marinova et al., 2007; Pourcel et al., 

2005). The regulation of LBGs occurs via a ternary protein complex, called 

MBW (MYB-bHLH-WDR), formed by a specific R2R3-MYB, a bHLH 

transcription factor and the WD repeat protein TRANSPARENT TESTA 

GLABRA 1 (TTG1) (Lepiniec et al., 2006; Zhao et al., 2013). Moreover, the 

regulation of LBGs requires the presence of other transcription factors 

belonging to different families, such as Zinc finger (TT1/WIP1), MADS 

(TT16/ABS/AGL32) and WRKY (TTG2/DSL1/WRKY44).  

Part II of the present thesis proposes a novel model for the molecular regulation 

of PAs production in the seed: we show that MADS-domain ovule identity 

transcription factor SEEDSTICK (STK) directly regulates a network of PAs 

metabolic genes, a regulation that likely involves modification of chromatin 

landscape on STK targets. 
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4. Molecular control of seed size in Arabidopsis 

 

Plant growth is determined by a succession of two moments: the proliferative 

phase, where the cell number largely increases but the cell size remains 

constant, and a second elongation phase where cells substantially increase their 

dimension to reach the final organ size. This has been described also in the case 

of seed development, with the strong indication that seed size regulation is 

subjected to an intrinsic control due to numerous molecular pathways (Egli, 

2006). 

The subject of organ size regulation is of outstanding interest in the case of 

seeds for the peculiarity that they represent; during their development in fact, 

coordinated growth and interplay of their three components occurs, a scenario 

which is further complicated by the fact that the seed coat, the endosperm and 

the embryo are characterized by different origins and fate, different ploidy level 

and different genotype (Garcia et al., 2005). Additionally, a deep understanding 

of mechanisms regulating seed size in model organism such as Arabidopsis 

thaliana is of great interest in the frame of grain-crops yield improvement, an 

inevitable scenario that we should face given the current worldwide 

demographic situation (see Paragraph 1.2). 

For these reasons the study of seed development is of key importance to 

understand the whole mechanism governing seed size. While major regulators 

of seed size have been described, mostly in Arabidopsis (Garcia et al., 2005; 

Sun et al., 2010), the knowledge on the subject is still mostly fragmented and 

remains to be assembled into a global and coherent picture.  

Part III of the present thesis proposes a novel pathway for the molecular 

regulation of seed size in Arabidopsis thaliana that involves the MADS-domain 

transcription factor STK and AUXIN RESPONSE FACTOR 2 (ARF2): these data 
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confirm the pivotal role that the seed coat, thus the maternal tissues, have 

determining seed size.   

Finally, for a more organic description of the subject, we recently reviewed the 

state of the art on seed size regulation knowledge in Arabidopsis, covering the 

description of the genomic imprinting and parent-of-origin effects, the analysis 

size regulatory pathways affecting developmental processes of the endosperm 

and of the integuments and describing the hormonal regulation of this important 

trait. Such information can be found in Part II of the this thesis (Networks 

controlling seed size in Arabidopsis). 
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Aim of the project 

 

During my Ph.D. I have characterized the network controlling  seed coat during 

seed development in Arabidopsis thaliana. In particular I have analyzed the role 

of the transcription factors STK and ARF2 in the determination of seed size and 

seed quality. Furthermore, I collaborated to unveiling STK function in 

proanthocyanidins synthesis in the seed. 

 

 

Main results 

 

It was previously proposed that the seed coat has a fundamental role in the 

determination of seed size, both for its role in physical delimitation of the inner 

seed cavity, both for evidences indicating a strict control of the maternal tissues 

on the development of the endosperm and of the embryo (Doughty et al., 2014; 

Sundaresan, 2005). 

We characterized the phenotype of  the stk mutant, that produces seeds smaller 

than the wild type (Pinyopich et al., 2003), proving that it mainly acts as a 

positive regulator of cell expansion  in the seed coat and showing how it is also 

involved in the progression of the cell cycle, in a brassinosteroid-indipendent 

pathway. We also characterized the role of a known repressor of organ size, 

ARF2 (Okushima et al., 2005), unveiling how it acts antagonistically of STK in 

determining seed size. 

We also proved how STK is a master regulator of seed coat metabolism, 

unveiling its role in PAs biosynthesis and accumulation in the seed coat. 

Furthermore, we proposed that a common molecular mechanisms in the 
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regulation of the STK target might involve local remodeling of the chromatin 

state and, thus, of the accessibility of the DNA. 

 

Conclusions and future prospects 

 

By a detailed genetic and morphological analysis of loss-of-function mutants 

stk, arf2 and stk arf2 we were able to unveil  a novel genetic network involving 

the role of STK and ARF2 in the development of the seed coat and, thus, in the 

determination of seed size. We proved that STK acts in the seed coat, and its 

function involves a positive regulation of cell expansion, as the reduced cell 

length in the stk seeds suggests. The stk phenotype is also explained by the fact 

that STK negatively regulates ARF2, which itself acts as repressor of expansion 

and cell proliferation. We concluded that the molecular pathways downstream 

of ARF2 are regulated by the brassinosteroids cascade, that on the contrary does 

not control STK activity on seed size. These two reciprocally influenced 

pathways are both fundamental in the determination and they represent master 

regulators of seed yield, confirming the importance of maternal control in seed 

size determination. In order to further investigate on these regulators, it would 

be of great interest the possibility of performing ChIP-seq analysis to identify 

the targets of STK and ARF2 during seed development. This approach would 

help identifying master regulator of seed size, and the knowledge acquired 

through the studies in Arabidopsis could eventually help the improvement in 

seed yield of agronomic relevant crop. 

Our work on the role of STK in PAs production demonstrates that this key 

homeotic transcription factor not only determines the identity of ovules but also 

controls metabolic processes that occur later after initial identity determination 
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process, thus suggesting a link between identity determination and cell-specific 

(metabolic) processes. 

Finally, we have proved for the first time that the regulation of the STK targets 

(such as BANYULS and E2Fa) in seeds could involve local remodeling of the 

chromatin landscape on their genomic regulatory regions: further studies on 

STK interactors could help understanding whether this molecular mechanism is 

conserved in the control of other metabolic and developmental pathways and if 

epigenetic regulation of target genes is a common feature among MADS-

domain transcription factors.  
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ABSTRACT 

The role of secondary metabolites in the determination of cell identity has been 

an area of particular interest over recent years, and studies strongly indicate a 

connection between cell fate and the regulation of enzymes involved in 

secondary metabolism. In Arabidopsis thaliana the maternally derived seed 

coat plays pivotal roles in both the protection of the developing embryo and the 

first steps of germination. In this regard a characteristic feature of seed coat 

development is the accumulation of proanthocyanidins (PAs - a class of 

phenylpropanoid metabolites) in the innermost layer of the seed coat. Our 

genome-wide transcriptomic analysis suggests that the ovule identity factor 

SEEDSTICK (STK) is involved in the regulation of several metabolic 

processes, providing a strong basis for a connection between cell fate 

determination, development and metabolism. Using phenotypic, genetic, 

biochemical and transcriptomic approaches, we have focussed specifically on 

the role of STK in PA biosynthesis. Our results indicate that STK exerts its 

effect by direct regulation of the gene encoding BANYULS/ANTHOCYANIDIN 

REDUCTASE (BAN/ANR), which converts anthocyanidins into their 

corresponding 2,3-cis-flavan-3-ols. Our study also demonstrates that the levels 

of H3K9ac chromatin modification directly correlate with the active state of 

BAN in an STK-dependent way. This is consistent with the idea that MADS-

domain proteins control the expression of their target genes through the 

modification of chromatin states. STK might thus recruit or regulate histone 

modifying factors to control their activity. In addition, we show that STK is 

able to regulate other BAN regulators. Our study demonstrates for the first time 

how a floral homeotic gene controls organ identity through the regulation of a 

wide range of processes including the accumulation of secondary metabolites. 
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AUTHOR SUMMARY 

 

Plant secondary metabolites accumulate in seeds to protect the developing 

embryo. Using an RNA sequencing approach in conjunction with enrichment 

analyses we identified the homeotic MADS-domain gene SEEDSTICK (STK) as 

a regulator of metabolic processes during seed development. We analyzed the 

role of STK as a key regulator of the production of proanthocyanidins, 

compounds which are important for the pigmentation of the seed. STK directly 

regulates a network of metabolic genes and is also implicated in changes 

occurring in the chromatin landscape. Our work demonstrates that a key 

homeotic transcription factor not only determines the identity of ovules but also 

controls metabolic processes that occur subsequent to the initial identity 

determination process, thus suggesting a link between identity determination 

and cell-specific (metabolic) processes. 
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INTRODUCTION 

 

Seeds are essential units for plant propagation. Their development is an intricate 

process that requires the coordinated development of the embryo, the 

endosperm and the seed coat. The seed coat is derived from the maternal 

integuments and surrounds the embryo providing the latter protection against 

both mechanical damage as well as that inflicted by UV radiation. In addition, it 

facilitates the efficient dispersion of offspring and mediates initial water uptake 

during germination [1]. Upon double fertilization, the first phase of seed 

development is characterized by several morphological changes followed by the 

accumulation of secondary metabolites in specialized seed coat cells which 

mainly act in defence responses [2]. Although some interconnections between 

secondary metabolism and cell differentiation have been reported, the 

molecular mechanisms involved have not yet been elucidated. New approaches 

to genome-wide target identification indicate the existence of a correlation 

between cell identity specification and the regulation of secondary metabolism. 

For example, direct targets of the MADS-domain transcription factor 

SEPALLATA3 (SEP3) have been shown to include genes involved in lipid 

biosynthesis, hormone production and the biosynthesis of sterol and wax [3]; 

SHORT VEGETATIVE PHASE (SVP), another MADS-domain protein, binds 

to genes involved in the hormone stimulus response, suggesting its involvement 

in the cytokinin, auxin and jasmonate signalling pathways [4]. MADS-domain 

transcription factors have been demonstrated to be important regulators of floral 

organ specification, and SEEDSTICK (STK) in particular has been shown to 

play a pivotal role in ovule ontogeny [5]. The STK gene controls ovule identity 

redundantly with SHATTERPROOF1 (SHP1) and SHP2 [6–8]. Furthermore, 

STK is required for normal seed shedding and, together with another MADS-
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domain gene ARABIDOPSIS B SISTER (ABS), for proper formation of the 

endothelium, the innermost layer of the seed coat [7,9]. Transcriptome analysis 

of developing ovules and seeds has suggested the involvement of STK in the 

control of secondary metabolism (see later). Based on the data obtained and the 

morphological characterization of the stk mutant we have focused on the 

regulation of the flavonoid metabolic pathway. 

Fertilized ovules accumulate proanthocyanidins (PAs) in the endothelium. 

These molecules are flavan-3-ols and in Arabidopsis they are composed of 

epicatechin monomers and polymers [10]. PAs are important compounds as 

they provide protection against light and predation by herbivores, they have 

antimicrobial and antioxidant activities, and in addition they limit the growth of 

neighbouring plants [11–16]. Epicatechins are responsible for the brown 

pigmentation of the Arabidopsis seed [16]. They are synthesized in the 

cytoplasm and then transported to the vacuoles where finally they are 

polymerized [17]. In Arabidopsis, PA biosynthesis begins in the micropylar 

region of the endothelium around 1 to 2 days after fertilization and then 

progressively extends to include the rest of the endothelium up to 5 to 6 days 

after fertilization [2,16]. The genetics of PA biosynthesis and accumulation has 

been well-studied in Arabidopsis revealing the participation of a complex 

network of several groups of genes. PA biosynthetic structural genes are 

divided into two groups: the Early (EBGs) and the Late (LBGs) Biosynthetic 

Genes [16,18,19]. The EBGs comprise four genes: CHALCONE SYNTHASE 

(CHS), CHALCONE ISOMERASE (CHI), FLAVONOL 3-HYDROXYLASE 

(F3H) and FLAVONOL 3′-HYDROXYLASE (F3′H), and are involved in the 

biosynthesis of precursors for PAs and other classes of Arabidopsis flavonoids. 

The LBGs include DIHYDROFLAVONOL-4-REDUCTASE (DFR), 

LEUCOANTHOCYANIDIN DIOXYGENASE (LDOX) and 
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BANYULS/ANTHOCYANIDIN REDUCTASE (BAN/ANR). BAN is considered to 

be a branch point in the phenylpropanoid biosynthetic pathway. It encodes an 

anthocyanidin reductase which converts anthocyanidins to their corresponding 

2,3-cis-flavan-3-ols [20]. A third group of structural genes has also been 

identified in Arabidopsis that comprises TRANSPARENT TESTA 12 (TT12, 

MATE transporter), TT10 (laccase 15), TT19 (glutathione-S-transferase) and 

AHA10 (H
+
-ATPase). These genes are involved in flavan-3-ol modification, 

transport and oxidation [21–24] and have recently been proposed to be LBG 

members [19]. The regulation of LBGs occurs via a ternary protein complex 

called MBW (MYB-bHLH-WDR), formed by a specific R2R3-MYB, a bHLH 

transcription factor and the WD repeat protein TRANSPARENT TESTA 

GLABRA 1 (TTG1; [16,25,26]). In addition to this complex, other transcription 

factors belonging to different families such as Zinc finger (TT1/WIP1), MADS 

(ABS/TT16/AGL32) and WRKY (TTG2/DSL1/WRKY44) also participate in 

their regulation [16,27–29]. 

Studies in several fields indicate a correlation between cell identity 

determination and metabolism. In unicellular organisms, like some species of 

yeast and Streptomyces, cellular differentiation is influenced by nutrients and 

metabolism [30,31]. Some years ago it was proposed that enzymes involved in 

carbon metabolism also regulate myoblast differentiation [32,33], while stem 

cell differentiation has recently been proposed to be regulated by the 

metabolisms of both lipids and methionine [34,35]. 

The results presented in this manuscript demonstrate that STK directly prevents 

ectopic accumulation of PAs in the seed coat. STK both directly and indirectly 

regulates BAN and this involves STK-dependent changes in histone 

modification. The discovery of STK as a master regulator of genes involved in 

the anthocyanin biosynthetic pathway provides an interesting link between the 
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determination of organ identity determination and more downstream cell-

specific metabolic processes. Furthermore it opens up new possibilities to 

increase the levels of bioactive natural products which constitute a rich source 

of novel therapeutic compounds, or to modify pigments in plant tissues. 
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RESULTS 

 

STK is involved in the regulation of metabolic pathways  

As a first step to understand which processes are controlled by STK, a high-

throughput RNA-Seq analysis was performed comparing wild-type plants with 

the stk mutant. Based on the STK expression pattern, RNA was extracted from 

flowers starting from early stages of development (stage 9) until maturity and 

after fertilization until 5 Days After Pollination (DAP). Analysis of the raw data 

was performed on the commercially available CLC Genomics Workbench 

v.4.7.1 (http://www.clcbio.com/genomics/). A total of 102,278,242 reads 

passed a quality filter and 85% were mapped back to the Arabidopsis TAIR10 

genome. Approximately 90% of these mapped uniquely to single locations and 

each could thus be assigned to a single annotated TAIR10 gene. Normalization 

of expression was performed using RPKM values [36]. All other parameters 

were kept at default levels. The CLC Genomic Workbench was further used to 

identify and assess the levels of all the differentially expressed transcripts found 

in each cDNA library. Baggerley's test and False Discovery Rate (FDR) 

correction were used for the statistical evaluation of samples [37]. Our analysis 

revealed that 156 genes were up-regulated (Table S1) in the stk mutant 

compared to wild type, whereas 90 were found to be down-regulated (Table 

S2). To obtain an initial insight into the potential functions of STK downstream 

genes, a global view of function and the underlying biology of the differentially 

expressed genes was obtained by examining their gene ontology using agriGO 

(Figure 1; [38]). For up-regulated genes in the stk mutant, the biological process 

category showed enrichment for lipid localization and secondary metabolic 

processes (Figure 1A; Table S3). There was also notable enrichment for terms 

related to the phenylpropanoid metabolic process as well as flavonoid 
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biosynthesis. Analysis of the molecular functions affected revealed enrichment 

for genes encoding pectinesterase, enzyme inhibitor and lipid binding activities 

(Figure 1B; Table S3). Analysis of enriched cellular component terms in the list 

of up-regulated genes included categories related to the endomembrane system 

and also cell and cell part groups (Figure 1C; Table S3). Among the group of 

genes down-regulated in stk, we only found significant enrichment of terms in 

the molecular function category related to DNA binding (Figure 1D; Table S3). 

The transcriptome picture emerging provided a global view of the downstream 

networks regulated by STK. Interestingly, we found genes involved in 

flavonoid biosynthesis to be significantly represented in the up-regulated genes. 

That this group included key enzymatic players involved in PA synthesis 

constituted the basis for the work we report here on deciphering the role of STK 

in this seed coat process. 

 

 

The stk mutant accumulates PAs ectopically 

The transcriptomic analysis of stk mutant ovules and seeds highlighted a 

significant increase in the abundance of transcripts involved in secondary 

metabolic processes, including those of genes involved in flavonoid and 

phenylpropanoid biosynthesis. Interestingly, in this group we found DFR, 

LDOX and BAN, three key enzyme encoding genes controlling the synthesis of 

catechin and epicatechin, the precursors of PAs. We therefore decided to study 

the role of STK in the regulation of the PA biosynthetic pathway in more detail 

since this is considered to be a key metabolic pathway linked to seed 

development (for review see [16]). Furthermore, recent discoveries have shown 

that flavonoids play a fundamental role in regulating communication between 

the seed coat and the endosperm [39]. PAs in wild-type Arabidopsis seeds are 
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accumulated in the endothelium. To investigate and compare the accumulation 

of PAs in wild-type and stk mutant seeds we made seed sections at the heart 

stage of embryo development (when PA accumulation in the endothelium is 

completed) and stained these with toluidine blue O. This staining provided a 

general view of all seed coat cells and revealed the presence of phenolic 

compounds in the endothelium of wild-type and stk mutant seeds as highlighted 

by the blue staining of their vacuoles (Figure 2A - C). However, the toluidine 

blue also evidenced considerable accumulation of phenolic compounds in the 

outermost layer of the inner integument (ii2) in the stk mutant seed coat (Figure 

2C, asterisk). In order to confirm the nature of the latter we used the vanillin 

assay that specifically detects flavan-3-ols and their proanthocyanidin polymers 

[2]. This analysis confirmed that PAs are accumulated in the endothelium in 

wild-type seeds (Figure 2D) whereas in the stk mutant they are additionally 

observed in the ii2 layer (Figure 2E, asterisk).  

To better understand the role of STK in PA synthesis, soluble and insoluble 

extracts from mature and immature (6 DAP) seeds were analyzed by Liquid 

Chromatography-Mass Spectrometry (LC-MS) and the complete metabolic 

profiles obtained are shown in Figure 3. Peaks that could be identified as known 

compounds were selected and analyzed (Table S4). No differences were 

observed in the metabolic profiles of insoluble PAs between mature wild-type 

and stk seeds (Figure S1). At 6 DAP, insoluble PAs could not be detected which 

concords with the solvent-soluble nature of PAs at the immature stage [10]. 

Soluble PAs, however, showed some differences: at 6 DAP, both wild-type and 

stk mutant seeds contained the same levels of PA oligomers (n = 2–9) but the 

level of epicatechin monomers was higher in the stk mutant compared to the 

wild type (Figure 3A). In mature seeds only six soluble PA metabolites were 

detected. The levels of dimers, trimers and tetramers were the same in the wild 
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type and in the mutant, but the levels of epicatechin monomers, pentamers and 

hexamers were different (Figure 3B). In particular, the levels of pentamers and 

hexamers in the wild type were higher compared to the mutant. By contrast the 

level of epicatechin monomers was higher in the stk mutant, as already detected 

in the metabolic profiles of immature seeds. The total amount of PAs in the stk 

mutant was greater than in wild-type seeds. These data support the 

morphological analysis and suggest that stk mutant seeds have a higher level of 

PAs than wild-type seeds. Furthermore, it implies that STK is predominantly 

involved in epicatechin monomer metabolism and only slightly affects oligomer 

production. 

 

STK negatively controls key regulators of the PA biosynthetic pathway 

The biosynthesis of PAs is dependent on structural genes that can be divided 

into EBGs and LBGs (Figure 4), the EBGs being expressed prior to the LBGs 

[16]. Based on the transcriptome data, we focused our attention on the set of 

genes controlling the transformation of anthocyanidin into epicatechin (Figure 

4). The RNA-Seq data revealed that the expression of genes belonging to the 

EBGs is unaltered in the stk mutant background (Table 1); however, the levels 

of all the LBGs were found to be increased in the mutant (Table 1). This 

suggests that STK acts as a repressor of the expression of all the LBGs. Among 

these, BAN codes for the core enzyme of PA production [25,40–42]. We 

performed quantitative Real Time-PCR (qRT-PCR) experiments on siliques 

from 0 to 6 DAP and confirmed the results obtained by the RNA-Seq 

experiment showing BAN to be up-regulated in the stk mutant (Figure S2).  

To investigate in which seed tissues BAN is expressed we performed in situ 

hybridization experiments using an antisense BAN probe. In wild-type seeds 

BAN was expressed only in the endothelium layer (Figure 5A; [20]). In contrast, 
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BAN expression was observed in the endothelium layer and ectopically in the 

ii2 layer in the stk mutant (Figure 5B - C). These data confirm that STK 

controls the spatial and temporal expression of BAN. 

 

The SEEDSTICK-GFP reporter line reveals a dynamic fluorescence 

pattern in developing ovules and seed integuments.  

To investigate how STK regulates BAN expression we examined the expression 

pattern of the STK protein. We cloned the entire STK genomic region (a DNA 

fragment comprising 3.5 kb of sequence upstream of the ATG codon plus all 

the coding region) as a translational fusion to a GFP reporter gene, and the final 

pSTK::STK-GFP construct was introduced into the stk mutant background. The 

resulting plants produced seeds that were indistinguishable from wild-type and 

were able to abscise from the fruit upon maturity, demonstrating that the STK-

GFP fusion protein was biologically active and able to fully complement the 

absence of the endogenous STK protein. STK-GFP was uniformly detected in 

the nuclei of the placenta and the early ovule primordia (Figure 6A - B) which 

is consistent with previous data showing STK mRNA expression from stage 9 

of flower development [7]. Later, as the developing ovules initiate the inner and 

outer integuments, GFP expression was found to be restricted to the nucellus 

and the funiculus (Figure 6B). However, during subsequent stages the 

fluorescence signal appeared throughout the outer and inner integuments 

(Figure 6C - D), and as development proceeded it could be seen to be present 

strongly in the growing funiculus and also in its contact region with the 

placenta. This pattern of protein localization during ovule development is 

consistent with previous in situ hybridization data [7]. During early 

embryogenesis (Figure 6E) the STK-GFP protein remained extended 

throughout the outer integuments. Cell wall specific staining with propidium 
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iodide (PI) was also carried out and allowed us to better define the sites of 

STK-GFP localization as the outer integuments and the second layer of the 

inner integument (Figure 6F).  

Our observations thus show that the distribution of the STK protein changes 

over the course of ovule and seed development. During early stages it is 

detected uniformly distributed in the placenta and the different cell types of the 

ovule primordia, whereas later it becomes restricted to the maternal seed coat 

and funiculus. No STK-GFP was detected in the ii1 and ii1’ layers suggesting 

that here STK does not repress BAN in these tissues. These data are consistent 

with the observation that STK is able to repress BAN expression only in the ii2 

layer of the inner integument.  

 

STK binds to the BAN promoter affecting histone H3K9 acetylation levels  

RNA-Seq, expression analysis and in situ data all indicate that BAN expression 

is regulated by STK. In order to investigate whether this regulation involved 

direct interaction between the STK protein and the BAN gene we performed a 

ChIP (Chromatin Immunoprecipitation) assay on wild-type inflorescences and 

siliques (up to 6 DAP) using an antibody specific against the STK protein. 

Chromatin extracted from wild-type leaves was used as a negative control since 

STK is not expressed in this tissue, and the binding of STK to the VERDANDI 

(VDD) promoter [43] was used as the positive control. Bearing in mind that 

MADS-domain proteins recognize and bind CArG boxes [44], the BAN gene 

genomic sequences comprising the 3 Kb upstream of the ATG start codon, the 

structural gene and 1 kb downstream of the STOP codon were analysed for the 

presence of such consensus motifs (allowing up to one base mismatch; Figure 

5D). Six CArG boxes were found in the region of the BAN promoter sequence 

[2] extending up to 355 bp upstream from the ATG. We detected significant 
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enrichment for the region immediately upstream of the BAN translational start 

site (primer set spanning positions -140 to +1, including three CArG boxes 

(Figure 5E)) thus indicating the presence of STK bound to this region. 

To investigate a possible mechanism of regulation of the expression of BAN by 

STK, we examined epigenetic marks at the BAN locus. Modifications such as 

the hyperacetylation of histones H3 and H4 have diverse impacts on gene 

transcriptional activity and chromatin organization [45]. H3K9ac is one of the 

most well-characterized epigenetic marks associated with active transcription 

and has been shown to influence numerous developmental and biological 

processes in higher plants [46–48]. To address the question of whether the 

differential expression of BAN observed between stk and wild-type tissues 

correlates with alterations in this epigenetic marker we analyzed wild-type and 

stk mutant siliques at 3-4 DAP for H3K9 acetylation at the BAN locus. ChIP 

experiments were performed using an antibody specific to H3K9ac and were 

analyzed by qRT-PCR (Figure 5F). IAA8 was used as a reference as it carries 

the H3K9ac mark and is equally expressed in both wild-type and stk mutant 

plants [49]. Interestingly, in wild-type material we found considerable 

enrichment of DNA sequences corresponding to the region around the 

translational start site within which STK binding sites are located. When we 

assayed the same region in the stk mutant we observed a dramatic increase in 

enrichment compared to wild type. These results are consistent with the 

presence of elevated levels of H3K9ac (compared to H3) in the region of the 

wild-type BAN promoter where STK interacts (transcriptionally active 

chromatin), and in addition evidences a very considerable enrichment of 

H3K9ac in this region in the stk mutant which correlates with the increased 

transcriptional activity of the BAN gene observed in the mutant background. 
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STK controls BAN transcriptional regulators 

Our data suggest that STK might regulate BAN expression directly binding to 

its promoter. Previous studies have identified other key regulators of BAN 

expression, including ABS, TT8 and ENHANCER OF GLABRA3 (EGL3). 

Whereas TT8 and EGL3 act redundantly in a protein complex that promotes the 

expression of BAN, ABS is necessary for PA biosynthesis and normal 

endothelium cell morphology [9,28,41,42,50]. This raised the question as to 

whether STK might act as master regulator also controlling the genes encoding 

transcription factors that regulate BAN. We therefore investigated the 

expression of ABS, EGL3 and TT8 in both wild-type and stk mutant siliques (3-

4 DAP) by qRT-PCR, and also analyzed the expression of ABS in developing 

flowers in order to study the relationship between STK and ABS in their roles in 

endothelium formation [9]. This experiment revealed up-regulation of TT8, 

EGL3 and ABS in stk mutant siliques and hence that STK represses these genes 

in the wild type at this specific stage of development (Figure 7A); that the level 

of ABS in un-pollinated inflorescences was unaffected indicates that STK does 

not play a role in regulating the expression of ABS prior to pollination. These 

data therefore suggest that STK regulates these genes during a narrow stage of 

development, at 3-4 DAP.  

In order to clarify whether STK directly controls the expression of these 

regulatory genes, we performed a ChIP assay. Bioinformatics analysis of the 

gene loci revealed the presence of two CArG boxes in the putative EGL3 

promoter region at -2213 and -2177 bp; three CArG boxes in the putative ABS 

promoter region between -1692 and -1599 bp, and the TT8 gene presented two 

CArG boxes in the last exon at +3805 and +3815 bp from the ATG (Figure 7B). 

The ChIP assays showed that STK indeed binds to the CArG-containing 

regions of the EGL3 and ABS genes but not to the selected region of TT8 
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(Figure 7C). This analysis suggests that the control of PA biosynthesis by STK 

might occur via two mechanisms: a direct interaction with the BAN locus, and 

in addition by direct and indirect regulation of the expression of genes that 

encode transcriptional regulators of BAN. 
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Figure 1: Histogram of functional Gene Ontology analysis of differentially 

expressed genes. Slim Plant term enrichment - up and down-regulated 

genes. 

Genes with higher expression in stk in the Biological Process (A), Molecular 

Function (B) and Cellular Component (C) categories. Genes with lower 

expression in stk Molecular Function category (D). 
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Figure 2: stk mutant seeds present defects in seed coat PA accumulation. 

(A) Sections of wild-type seeds stained with the toluidine blue O revealed the 

presence of phenolic compounds in the endothelium (ii1). (B) Scheme of 

Arabidopsis seed coat anatomy. (C) In the stk mutant phenolic compounds are 

accumulated in the endothelium (ii1) and also in the second layer of the inner 

integument (ii2, asterisk). (D) Whole-mount vanillin staining confirmed the 

presence of PAs in the wild-type and (E) in the stk mutant endothelium. In the 

stk mutant PAs are also accumulated outside the endothelium in the second 

layer of the inner integument (asterisk).  

mi, micropyle; en, endothelium. Scale bars = 30 μm (A-E).  
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Figure 3: Solvent soluble PAs analysed by LC-MS. 

Soluble PAs were detected in wild type (black bars) and the stk mutant (grey 

bars) at the immature (6 DAP; A) and mature (B) stages of seed development. 

Error bars represent SD of three independent measurements. Asterisks indicate 

statistically significant differences as determined by Student's t test (* P < 0.05, 

** P < 0.01). 
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Figure 4: STK has a pivotal role in the control of PA production. 

Schematic representation of the pathways for PA production. The genes 

involved in these pathways are shown in boxes. BAN, that was found to be up-

regulated in RNA-Seq, has been analysed by in situ hybridization, qRT-PCR 

and ChIP assay. The ChIP assay demonstrated that STK directly regulates BAN, 

ABS and EGL3 (solid line). The ChIP assay revealed that STK function 
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negatively correlates with the level of the H3K9ac mark on the BAN promoter 

(solid line with nucleosome). 
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Figure 5: STK directly regulates BAN expression through the modification 

of chromatin state. 

(A) In situ hybridization experiments illustrating the expression of the BAN 

transcript: in wild-type seeds at 1 DAP, BAN is expressed only in the 

endothelium layer. (B) BAN expression in the stk mutant background at 1 DAP 

and (C) at 4 DAP. In the stk mutant background, BAN expression is affected: 

the BAN transcript was detected not only in the endothelium layer but also in 

the ii2 layer.  

(D) Schematic representation of CArG box positions indicating the regions 

analysed by the ChIP experiment (black bars). Black boxes: exons; white 

boxes: promoter, introns, 3’ and 5′ UTRs. Asterisks indicate CArG boxes. 

(E) ChIP enrichment tests by qRT-PCR show that STK binds to the selected 

region of BAN. Fold enrichment was calculated over the negative controls. 

Error bars represent the propagated error value using three replicates. 

(F) ChIP enrichment tests by qRT-PCR show that STK negatively correlates 

with the H3K9ac acetylation mark at the BAN translational start site. qRT-PCR 

quantification of BAN sequences in precipitated chromatin was used to infer the 

acetylated histone H3 and total histone H3 representation at the STK-binding 

site. Levels of histone modification were normalized to total histone H3. Ct 

values were used to calculate the IP/IN signal. ChIP enrichments are presented 

as the percentage (%) of bound/input signal. ChIP enrichments for H3K9ac 

were normalized to histone H3 density. We tested the efficiency of IP by 

quantifying the presence of the H3K9ac mark in IAA8 [49] which was shown 

to be strongly and equally expressed in both samples and yielded equal 

enrichment ratios. mi, micropyle; ii1, endothelium; ii2, internal layer of inner 

integument. Scale bars = 40 μm (A-C). 
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Figure 6: Confocal laser-scanning images of pSTK::STK-GFP expression 

patterns during ovule and seed development. 

(A) Early ovule development: STK-GFP nuclear protein is expressed in the 

placenta and in the ovule primordia. (B) When integuments arise STK-GFP 

signal is localized in the nucellus and in the funiculus. (C, D) Mature ovule 

development: GFP can be detected throughout the integuments, funiculus and 

the adjacent placental region. (E) After fertilization the STK-GFP signal is 

present in the outer integuments and funiculus of developing seeds. (F) 

Magnification of figure E with an overlay projection images of specific PI 

staining to determine the presence of the GFP signal in the integuments. Protein 

can be detected in the two layers of the outer integument and also in the more 

external layer of the inner integument. 

op, ovule primordia; pl, placenta; nu, nucellus; i, integuments; fu, funiculus; mi, 

micropyle; ii2, internal layer of inner integument. Scale bars = 50 µm (A and 

B), 40 µm (C, D and E) and 20 µm (F). 
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Figure 7: BAN regulators are direct targets of STK. 

(A) qRT-PCR performed on cDNA obtained from siliques from 3 to 4 DAP and 

from unpollinated flowers for ABS. Relative mRNA levels indicate that the 
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expression of all the genes is up-regulated in the absence of the STK protein at 

3-4 DAP; these differences are statistically significant as determined by 

Statistical Student's t test (P < 0.01). The expression level of ABS is not affected 

in unpollinated flowers in the absence of the STK protein. Error bars represent 

the propagated error value using three replicates.  

(B) Schematic representation of CArG box positions. 

Schematic diagrams of EGL3, ABS and TT8 loci indicating the regions 

analysed by the ChIP experiment (black bars). Black boxes: exons; white 

boxes: promoters, introns, 3’ and 5’ UTRs. Asterisks indicate CArG boxes. 

(C) ChIP enrichment tests by qRT-PCR show that STK binds to the selected 

regions of ABS and EGL3. Fold enrichment was calculated over the negative 

controls. Error bars represent the propagated error value using three replicates. 
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Table 1: Summary of the RNA sequencing results for the genes involved in 

the PA pathway. 
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SUPPLEMENTAL MATERIALS 

 

 

 

Figure S1: Insoluble PAs analysed by LC-MS. 

No differences were detected in the metabolic profiles of insoluble PAs 

between mature wild-type (black bars) and stk mutant seeds (grey bars). Error 

bars represent SD of three independent measurements.  

 

Figure S2: BAN expression is up-regulated in the stk mutant. 

qRT-PCR performed on cDNA obtained from siliques from 0 to 6 DAP. The 

relative mRNA levels confirmed the result obtained by the RNA-Seq 

experiment indicating that the expression of BAN is up-regulated in the absence 

of the STK protein. Error bars represent the propagated error value using three 

replicates.  
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Table S1: List of 156 genes up-regulated in the stk mutant background 

according to the criteria described in the text. (available on-line) 

 

Table S2: List of 90 genes down-regulated in the stk mutant background 

according to the criteria described in the text. (available on-line) 

 

Table S3: Gene ontology analysis.   

Singular enrichment analysis of GO annotation terms over-represented in the 

list of genes up- and down-regulated in the Arabidopsis stk mutant with respect 

to the wild-type. (available on-line) 

 

Table S4: List of the annotated metabolites shown in Figure 3. (available 

on-line) 
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Table S5: List of primer pairs used in the ChIP and expression analysis 

experiments. 
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DISCUSSION  

 

Seed development is a highly complex process that includes the formation of 

the zygote, storage tissues and a protective seed coat. Differentiation of the 

various structures is evidenced at the morphological level but is also reflected 

by the spatial distribution of metabolites. STK is involved in seed development 

in several ways, for example stk mutant seeds are smaller than those of wild 

type and do not detach from the mother plant. Furthermore, combining the stk 

mutant with the arabidopsis b-sister (abs) mutant resulted in ovules that failed 

to develop the endothelium layer that forms the innermost component of the 

seed coat [9]. To gain a deeper insight into the role of STK during ovule and 

seed development we performed RNA-Seq on material extracted from wild-

type and stk mutant inflorescences and seeds. The resulting transcriptomic 

analysis yielded a list of 246 genes identified as being differentially expressed 

between stk and wild type. The majority of these (156 genes) were up-regulated 

in the stk background whilst 90 were down-regulated, which suggests that STK 

may act primarily as a repressor. Of all the deregulated transcripts, we found 18 

that were expressed in the stk mutant but not in wild type, and 11 that were 

specifically expressed in the wild type but not in stk. GO analysis of the genes 

that were down-regulated in the stk mutant background revealed that they 

encoded proteins involved in DNA binding, including group II WRKY 

transcription factors (TFs) such as WRKY39 [51].  

The importance of TTG2 (WRKY group I) as a regulator of the LBG 

biosynthetic pathway has been described previously [16]. Our RNA-Seq data 

revealed that expression levels of TTG2 are unaltered between wild type and 

stk. WRKY TFs are global regulators acting at various levels, including the 

direct modulation of immediately downstream target genes, but they also appear 
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to interact with key chromatin-remodelling factors [52]. The latter could be of 

special interest since we found that the STK-dependent BAN regulatory 

mechanism involves a chromatin remodelling activity which may imply the 

action of downstream STK targets acting as remodelers that have yet to be 

defined. In this regard, the nucleosome assembly/disassembly protein NAP1-

RELATED PROTEIN 1 (NRP1) which interacts with chromatin remodelling 

factors [53] was also found in this list. In addition we identified NAC 

transcription factor-like 9 (NTL9), a calmodulin-regulated NAC transcriptional 

repressor in Arabidopsis [54], and SQUAMOSA PROMOTER BINDING 

PROTEIN-LIKE 2 (SPL2), a member of the SQUAMOSA PROMOTER 

BINDING PROTEIN (SBP)-box family of transcription factors [55]. Future 

analysis will be directed to determine the possible mechanism(s) of action of 

STK. 

GO analysis of genes that are up-regulated in the stk mutant showed an 

abundance of transcripts involved in secondary metabolic processes, including 

those involved in flavonoid and phenylpropanoid biosynthesis. We hypothesize 

that STK may act on the PA pathway at two different levels: i) impacting 

directly on the elements comprising the enzymatic pathway of PA biosynthesis, 

and/or ii) influencing key regulatory elements. In the first case, all the genes of 

the Late Biosynthetic step were found to be up-regulated in the stk mutant. 

However, no changes were found for the group of genes involved in the 

metabolic steps corresponding to early synthesis. This may indicate that STK 

regulation does not involve major alterations at the level of production of 

dihydroflavonols, the precursors to PAs, but impact instead on the synthesis of 

anthocyandins and proanthocyanidins. We also found that two out of the three 

genes involved in the pathway controlling transport and compartmentation were 

up-regulated: TT12 and TT19. Since anthocyanins are transported from the 
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cytosol to the vacuole as part of the PA biosynthetic pathway, it may be 

reasonable to expect coordinated regulation of transporter-mediated and 

vesicle-mediated mechanisms by STK. As commented above, STK may also 

act on key regulatory elements. In this regard we observed a strong influence on 

the expression levels of the members of the bHLH transcription factor family 

(TT8 and EGL3), the Zinc-Finger transcription factor (TT1) and the R2R3 MYB 

domain putative transcription factor (TT2) in the stk mutant background. These 

regulatory elements together with other key MADS-domain transcription 

factors like ABS were all found to be up-regulated. 

Based on observation from the RNA-Seq data we investigated the role of STK 

in PA biosynthesis in more detail. Histological analysis revealed that PAs 

accumulated ectopically in the outer-layer of the inner integument in stk mutant 

seeds, and analysis by LC-MS analysis demonstrated that the level of soluble 

epicatechin monomers was greater in the stk mutant in both immature and 

mature seeds. The latter data confirm the morphological analysis (Figure 2) and 

support the idea that STK is involved in PA accumulation and in particular the 

accumulation of epicatechin monomer.  

Regulation of the production of flavonoids and proanthocyanidins has been 

extensively studied (for review see [16]). Several transcription factors are 

known to be involved in the regulation of BAN expression, and in particular a 

R2R3-MYB/bHLH/WDR complex is responsible for BAN activation in the 

endothelium [25,40–42]. Not all the members of this complex exhibit the same 

hierarchy, for instance it has been suggested that TT8 is necessary for activation 

of the LBGs whereas a predominant role of TT2 controlling via a positive 

feedback loop is required to maintain the transcript levels of both TT8 and BAN 

[2,25,56]. Interestingly our RNA-Seq dataset highlighted a repressive role for 

STK on the regulation of TT2. Another gene required for the activation of BAN 
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in the endothelium is ABS. This gene is a member of the MADS-domain gene 

family and to date it is the only MADS-domain gene identified to be involved 

in the control of PA accumulation. abs mutants show significant reductions in 

epicatechin and procyanidins accumulation [10]; moreover, in the abs 

background both GUS reporter gene expression driven off the BAN promoter 

and qPCR analysis of BAN expression itself showed significant down-

regulation [28,57]. In the complex regulatory network that governs PA 

accumulation in the endothelium layer, STK plays a key role controlling BAN 

expression, and our results suggest that this occurs through the binding of STK 

to the BAN regulatory region. Recently, Dean and collaborators performed 

genome-wide expression profiling using microarrays to identify those genes 

differentially expressed in the wild-type and abs mutant seed coats [57]. This 

showed that STK expression is unaffected in the abs mutant at 3 DAP but is up-

regulated at 7 DAP. Furthermore, Nesi and colleagues demonstrated that 

ectopic expression of ABS causes altered PA accumulation in a manner very 

similar to that which we have observed in the stk mutant, since these plants 

present PAs not only in the endothelium but also in the more external layer of 

the inner integuments [28]. Integration of previous data with our results 

indicates that STK is a master regulator of inner seed coat differentiation. 

Whilst several transcription factors involved in seed coat determination or 

secondary metabolite accumulation have been already characterized [58], no 

gene connecting these processes has been described previously. In our study we 

provide evidence of a role for chromatin modification, specifically H3K9 

acetylation, in the transcriptional regulation of BAN. We have shown that the 

region of the BAN promoter proximal to the translational start site is heavily 

covered by this epigenetic marker of transcriptional activity. H3K9ac 

enrichment is greater when BAN is ectopically expressed due to the lack of STK 
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protein. This suggests that STK somehow represses the activity of histone 

deacetylases (HDACs) at the BAN locus in cells of the outer layer of the inner 

integument. It will be interesting to determine whether STK is able to recruit a 

chromatin remodelling partner, yet to be identified, that would form part of a 

hypothetical STK complex. It is known that histone acetyltransferases (HATs) 

and HDACs participate in the genome-wide turnover of acetyl groups, and that 

besides histones some also modify other factors. Future progress will therefore 

be focused on determining their availability for interaction with specific 

transcription factors like STK and other protein complex partners. 

PA biosynthesis and its spatial accumulation are under the control of a complex 

regulatory network. BAN is one of the key genes of the LBG group and its 

expression falls under the influence of several transcription factors, including 

ABS, EGL3 and TT8. Our work adds STK to this list. Our data also suggest 

STK to be a master regulator of PA biosynthesis and accumulation since we 

observed that it also controls the expression of ABS and EGL3. This shows that 

STK not only acts as a regulator of ovule identity but also orchestrates 

important aspects of seed development, adding new evidence for the importance 

of MADS-domain genes in the control of plant developmental processes.  

The role of STK in the regulation of epicatechin accumulation could have 

relevance for certain agricultural applications: PAs are important in several 

aspects of plant protection and their significance in the flavour and astringency 

of foods and beverages is already known (for review see [59]). Indeed, it has 

been demonstrated that avocado fruits that contain higher levels of epicatechin 

exhibit stronger resistance to fungal attack [60]. In this regard it will be 

interesting to study the fungal resistance of stk mutant seeds since regulation of 

STK levels might provide a tool to make plant seeds more resistant to fungi. 
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MATERIAL AND METHODS 

 

Plant Material and Growth Conditions 

Arabidopsis thaliana wild-type (ecotype Columbia) and stk mutant plants were 

grown at 22°C under short-day (8 h light/16 h dark) or long-day (16 h light/8 h 

dark) conditions. The Arabidopsis stk mutant was kindly provided by M. 

Yanofsky [7]. The stk-2 allele contains a 74 nucleotide insertion near the splice 

site of the third intron.  

 

PCR-Based Genotyping 

Identification of STK wild-type and mutant alleles was performed by PCR 

analysis using oligonucleotides AtP_204 (5'-

GCTTGTTCTGATAGCACCAACACTAGCA-3') and AtP_561 (5'-

GGAACTCAAAGAGTCTCCCATCAG-3'). The mutant allele yields a 399 bp 

DNA fragment whilst the wild-type allele produces a 325 bp fragment. 

 

RNA Extraction, cDNA Library Preparation, and Sequencing for RNA-

Seq 

Total RNA was extracted from two biological replicates (1 gr) from both wild-

type and stk mutant inflorescences and siliques until 5 DAP using the Qiagen 

'RNeasy miniKit' according to the manufacturer's instructions. DNA 

contamination was removed using PROMEGA RQ1 RNase-Free DNase 

according to the manufacturer's instructions. RNA quality and integrity were 

analyzed by gel electrophoresis and validated on a Bioanalyzer 2100 (Aligent, 

Santa Clara, CA); RNA Integrity Number (RIN) values were greater than 7 for 

all samples. In order to confirm that the stk mutant was a knock-out line, STK 

expression was checked by qRT-PCR with primers RT_780 (5’-
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TGCGATGCAGAAGTTGCGCTC-3’) and RT_781 (5’-

AGTACGCGGCATTGATTTCTTG-3’). Sequencing libraries were prepared 

according to the manufacturer’s instructions using the TruSeq RNA Sample 

Prep kit (Illumina Inc.) and sequenced on an Illumina HiSeq2000 (50 bp single-

read). The processing of fluorescent images into sequences, base-calling and 

quality value calculations were performed using the Illumina data processing 

pipeline (version 1.8). Raw reads were filtered to obtain high-quality reads by 

removing low-quality reads containing more than 30% bases with Q < 20. 

Finally, quality control of the raw sequence data was performed using FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).  

 

Mapping of Short Reads, Quality Analysis and Assessment of Gene 

Expression Analysis for RNA-Seq 

Evaluation and treatment of raw data was performed on the commercially 

available CLC Genomics Workbench v.4.7.1 

(http://www.clcbio.com/genomics/). After trimming, the resulting high-quality 

reads were mapped onto the Arabidopsis genome (TAIR10). Approximately 

25M reads of each sample that mapped with ≤2 mismatches were used for 

further analyses. The read number of each gene model was computed based on 

the coordinates of the mapped reads. A read was counted if any portion of that 

read’s coordinates were included within a gene model. As CLC Genomics 

Workbench v.4.7.1 distributes multireads at similar loci in proportion to the 

number of unique reads recorded and normalized by transcript length, we 

included both unique reads and reads that occur up to 10 times in the analysis to 

avoid undercount for genes that have closely related paralogs [36]. Gene 

expression values were based on reads per kilobase of exon model per million 

mapped read (RPKM) values [36]. The fold change and differential expression 
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values between wild type and the stk mutant was calculated in terms of RPKM 

of the corresponding transcripts. Statistical analysis of biological replicates was 

assessed using heat map visualization of Euclidean distances. This clustered the 

biological replicates in the wild-type and mutant groups as expected. We further 

checked whether the overall variability of the samples reflected their grouping 

by performing Principal Component Analysis (PCA). This confirmed that the 

replicates were relatively homogenous and distinguishable from the samples of 

the other group. Finally, the overall distribution of expression values between 

the different samples confirmed that none of the samples stood out from the 

rest. To obtain statistical confirmation of the differences in gene expression, P 

and FDR values were computed using Baggerley’s test on expression 

proportions. We applied a threshold value of P=0,05 to ensure that differential 

gene expression was maintained at a significant level (5%) for the individual 

statistical tests. Transcripts that exhibited an estimated absolute Fold Change ≥ 

2 (i.e. 2 mapped reads per kilobase of mRNA) were determined to be 

significantly differentially expressed. To gain insight into the biological 

processes associated with the regulated genes, we determined which GO 

annotation terms were over-represented, in both the up-regulated (Table S1) and 

down-regulated (Table S2) lists. Gene set enrichment analysis was performed 

with the agriGO database [38] using the Singular Enrichment Analysis (SEA).  

 

Histological Analysis 

For the morphological analysis of integuments, Arabidopsis thaliana wild-type 

(ecotype Columbia) and stk mutant plants were fixed for Technovit 7100 

embedding (Heraeus Kulzer) following the manufacturer's instructions. 

Sections of plant tissue (0.8 µm) were stained in 0.5% (w/v) toluidine blue O. 

Samples were observed using a Zeiss Axiophot D1 microscope 
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(http://zeiss.com/) equipped with differential interface contrast (DIC) optics. 

Images were recorded with an Axiocam MRc5 camera (Zeiss) using the 

Axiovision program (version 4.1). The whole-mount vanillin assay for PA 

detection was performed as described previously [61]. Vanillin (vanilaldehyde) 

condenses specifically with PAs and flavan-3-ol precursors to yield a bright-red 

product under acidic conditions. Microscopic observations were performed as 

detailed above.  

 

Preparation of Extracts 

Three biological replicates of immature and mature seeds (30 mg) were frozen 

in liquid nitrogen and ground to a fine powder using an analytical mill (IKA; 

A11 basic). The soluble PA fraction was extracted with 75% methanol:water 

(v/v) containing 0.1% formic acid. The mixture was vortexed, sonicated for 30 

min at room temperature, vortexed again and then centrifuged (13000 rpm, 10 

min). Soluble PAs (contained in the supernatant) were analyzed by LC-MS. 

The pellet was washed with 50% methanol:water, centrifuged (13000 rpm, 10 

min), washed again with 100% methanol and centrifuged (13000 rpm, 10 min). 

Samples were dried in a speed vacuum for 1 hour at 30°C and then hydrolyzed 

with NaOH (2N) for 15 min at 60°C. The mixture was vortexed and HCl (4N) 

was added. To remove lipids hexane was added to the mixture and after 

centrifugation (13000 rpm, 10 min) the upper phase was removed. The 

insoluble PAs were extracted three times with ethyl acetate, and the three 

extractions were combined and dried in a speed vacuum for 1 hour at 30°C. The 

pellet was dissolved in acetone:water:acetic acid (70:29.5:0.5 v/v/v), vortexed, 

sonicated for 15 min and centrifuged (13000 rpm, 10 min). This PA fraction 

was analyzed by LC-MS. 
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Targeted Profiling of Proanthocyanidins 

The profiling of PAs in extracts of seeds was performed by MS analysis using 

the UPLC-qTOF instrument (Waters High Definition MS System; Synapt) with 

the UPLC column connected online to a photodiode array detector (Waters, 

Acquity) and then to the MS detector equipped with an electrospray probe. The 

separation of metabolites and detection of the eluted compound masses was 

performed as previously described [62–66]. 

 

Construction of Binary Vectors and Plant Transformation 

For the construction of pSTK::STK-GFP, DNA fragments containing the 3,5 kb 

promoter region and the complete STK genomic region without the stop codon 

were amplified from wild-type genomic DNA and cloned into a pGreen II 

binary vector containing a GFP reporter gene cassette. For amplification we 

used the following primers containing attB1 and attB2 recombination 

sequences: AtP_3066 5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTCCAACCAATATCACACC

CTAAATAC-3’ and AtP_3067 5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTCGTCCGAGATGAAGAAT

TTTCTTGTC-3’.  

The resulting binary vectors were transformed into Agrobacterium tumefaciens 

by electroporation prior to stable transformation of plants using the floral dip 

method. Transformant lines were obtained using BASTA as a selection agent. 

Resistant transgenic plants showing strong GFP fluorescence were genotyped 

and those that complemented the stk phenotype were selected. Protein 

expression patterns were analyzed by Confocal Laser Scanning Microscopy 

(CLSM). Fresh material was collected, mounted in 10 mg/ml of propidium 

iodide (Sigma P-4170) in water and immediately analyzed. CLSM analysis was 
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performed using a Leica TCS SPE with a 488 nm argon laser line for excitation 

of GFP fluorescence; emissions were detected between 505 and 580 nm. For PI 

fluorescence a 543 nm laser line was used and emissions were detected between 

600 and 640 nm. Confocal scans were performed with the pinhole at 1 airy unit. 

Images were collected in the multi-channel mode and the overlay images were 

generated using the Leica analysis software LAS AF 2.2.0. 

 

Expression Analysis by in situ Hybridization 

DIG-labelled RNA probes for detection and hybridization of BAN were 

prepared as previously described [67]. Sections of plant tissue were hybridized 

with digoxigenin-labelled BAN antisense probe amplified using primers 

AtP_4331 (5’-CGAGTAGC TTATCTCTCTCG -3’) and AtP_4332 (5’- 

TCAATCCTTTTGACTCGAAG -3’). 

 

ChIP and qRT-PCR Analysis 

The genomic regions located 3 kb upstream of the ATG, 1 kb downstream of 

the stop codon, and in the exons and introns of the selected genes were analyzed 

to identify CArG box sequences with up to one base mismatch. ChIP 

experiments were performed in a modified version of a previously reported 

protocol [68]. The qRT-PCR assay was conducted in triplicate on three 

different biological replicates, with three technical replicates for each sample, 

and was performed in a Bio-Rad iCycler iQ optical system (software version 

3.0a). ChIP efficiency was determined using the third CArG box of the VDD 

gene as a positive control [43]. Fold enrichment was calculated using the 

formulae of a previously reported protocol [43].  

For ChIP-based analysis of histone modifications, the following antibodies 

were used for immunoprecipitation: rabbit anti-histone H3 (Sigma-Aldrich 
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H0164) and rabbit anti-H3 acetyl K9 (Upstate 07-352) and were handled in 

parallel to samples lacking antibody. qRT-PCRs were performed on input and 

immunoprecipitated samples and % of input was calculated. The signal 

obtained after precipitation with anti-H3K9ac antibody (as indicated in the 

figure) was normalized to the signal obtained by precipitation with an antibody 

to an invariant domain of histone H3. For H3K9ac analyses, IAA8 (At2g22670) 

was used as a reference as it carries the H3K9ac mark and is equally expressed 

in both samples [49]. Relative enrichment of Mu-like transposons was included 

as negative control. Sequences of oligonucleotides used for ChIP analyses are 

listed in Table S5. 

 

Expression Analysis 

qRT-PCR experiments were performed on cDNA obtained from siliques from 3 

to 4 DAP and unpollinated flowers. Total RNA was extracted using the LiCl 

method [69]. DNA contamination was removed using the Ambion TURBO 

DNA-free DNase kit according to the manufacturer's instructions. The treated 

RNA was reverse transcribed using the ImProm-II reverse transcription system 

(Promega). cDNAs were used as templates in the qRT-PCR reactions 

containing the iQ SYBR Green Supermix (Bio-Rad). The qRT-PCR assay was 

conducted in triplicate on three different biological replicates, with three 

technical replicates for each sample, and was performed in a Bio-Rad iCycler 

iQ Optical System (software version 3.0a). Relative transcript enrichment of 

genes of interest was calculated normalizing the amount of mRNA against 

different endogenous control fragments (UBQ, ACT, PPa2 and SAND [70]). 

The difference between the cycle threshold (Ct) of the gene and that of the 

reference gene ( Ct = CtGENE – CtREFERENCE) was used to obtain the 
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normalized expression of that gene, which corresponds to 2
– Ct

. The primers 

used for this analysis are listed in Table S5. 

 

Accession Number 

Sequence data from this article can be found in the GenBank/EMBL data 

libraries under the following accession number: SEEDSTICK, At4g09960; 

BANYULS, At1g61720. 
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1. Abstract 

 

Human and livestock nutrition is largely based on calories derived from seeds, 

in particular cereals and legumes. Unveiling the control of seed size is therefore 

of remarkable importance in the frame of developing new strategies for the crop 

improvement. The networks controlling the development of the seed coat, the 

endosperm and the embryo, as well as their interplay, have been described in 

Arabidopsis thaliana. In this review we provide an organic and comprehensive 

description of the current knowledge about the molecular mechanisms 

controlling seed size in Arabidopsis. 
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2. Introduction  

 

Increasing seed production is a key goal to meet world demand and 

consumption of agricultural crops, for food and feed in emerging economies. In 

this context, the study of the molecular mechanisms controlling seed formation 

becomes essential for plant scientists as seed size is a major component of seed 

yield (Adamski et al 2009). Thus, advances in the basic knowledge about seed 

development in the model species Arabidopsis thaliana are of key relevance for 

the rational design of genetically engineered traits in relevant agronomic crop 

species that could complement and improve upon traditional breeding systems 

(Varshney et al 2009; Langridge and Fleury 2011; Feuillet et al 2011; Becker et 

al 2014).  

Arabidopsis seed development (see Fig. 1) starts after a double fertilization 

event (for a complete seed development review see Nowack et al 2010; Becker 

et al 2014). During the first fertilization event, the zygotic embryo is generated 

by the fusion of the egg cell and one sperm cell. The second fertilization event, 

which triggers the development of the triploid endosperm, starts with the fusion 

of the central cell of the embryo sac with the second pollen sperm cell 

(endosperm development is reviewed by Lafon-Placette and Köhler, 2014). The 

two biparentally derived fertilization products (the embryo and the endosperm) 

are encased by the maternal sporophytic tissue (the seed coat), which is derived 

from the ovule integuments (seed coat development has been reviewed recently 

by Khan et al 2014; Figueiredo and Köhler 2014). The seed coat represents a 

protective layer that prevents damage from external factors such as UV 

radiation, toxic chemicals and pathogens, as well as impeding germination until 

conditions are favorable (Haughn and Chaudhury 2005). Furthermore, the seed 
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coat plays a major role in controlling communication between the two 

generations (reviewed by Bencivenga et al 2011).  

In spite of the influence of several abiotic factors on plant growth and 

development, such as temperature, light, day length, etc., the final size of plant 

organs is reasonably constant within a given species (Tsukaya 2006), indicating 

that it is mainly the genetic seed developmental plan which determines the rate 

of growth until the seed reaches a predetermined mass and final size (Conlon 

and Raff 1999; Day and Lawrence 2000). Arabidopsis seed size is mainly 

attained either during the rapid proliferation and growth of the endosperm 

(Boisnard-Lorig et al 2001) and proliferation of the seed coat cells. These 

events span from fertilization to six days after pollination (DAP) of seed 

development (Fig. 1). From seven to 13 DAP, there is a residual increase in 

seed volume occurring when the embryo expands at the expense of the 

endosperm. At this point, seed growth is limited by the seed coat that acts as a 

constraining physical barrier (Fang et al 2012). Thus, to understand the whole 

mechanism governing seed size, it is essential to unveil both the mechanisms of 

endosperm and integument growth and development, as well as the interplay 

existing between the developmental programs of these structures.  

In the last decades, many key regulators of seed size have been identified 

(reviewed by Kesavan et al 2013 – summarized in Table 1). However, there are 

still major gaps in knowledge regarding seed size and the available data are still 

fragmentary and need to be assembled into a global and coherent picture (see 

Fig. 2). This review provides a summary and an update of the different 

pathways controlling seed size in Arabidopsis. We analyzed seed size 

regulation in Arabidopsis, focusing on different functional categories in order to 

better describe them singularly. This includes mechanisms underlying the 

developmental processes of (A) the endosperm, including genomic imprinting 
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and parent-of-origin effects, and (B) the seed coat / integuments. Moreover, we 

discuss (C) the crosstalk between endosperm and seed coat and the role of (D) 

hormone synthesis and perception in determining seed size. 

 

3. Endosperm development  

 

Successful seed development requires the synchronized growth of the 

endosperm, the embryo and the seed coat (Fig. 1). Coordinated growth and 

development between these structures is reached through exchange of signals 

whose nature is still unknown. The profound morphological changes that 

characterize seed coat development could start only if the endosperm undergoes 

its developmental program, as embryo development by itself is not sufficient to 

stimulate seed coat growth and differentiation (Nowack et al 2007; 

Hehenberger et al 2012). However, it was demonstrated that central cell nuclei 

could start to proliferate even in the absence of karyogamy between central cell 

and sperm nucleus (Guitton et al 2004). Notably, despite the absence of the 

second fertilization event in FIS-PRC2 (FERTILIZATION INDEPENDENT 

SEED - POLYCOMB REPRESSIVE COMPLEX2) mutants, which develop 

endosperm autonomously, embryogenesis is completed and viable plants are 

produced (Nowack et al 2007). Endosperm development has four phases (Fig. 

1): syncytial, cellularization, differentiation and death. The syncytial phase is 

characterized by a series of divisions of the triploid nuclei without cytokinesis 

(Boisnard-Lorig et al 2001) and parallels the maximal phase of seed growth 

(Garcia et al 2005). After eight rounds of syncytial mitoses, the cellularization 

process starts, initially from regions surrounding the embryo and proceeding 

towards the chalazal region. Cellularization is followed by a differentiation of 

functional tissues, and eventually most endosperm cells die during seed 
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maturation. The timing of endosperm cellularization correlates with the end of 

the main stage of seed growing, therefore the size attained by the endosperm 

syncytium appear to be a major determinant of seed size (Boisnard-Lorig et al 

2001). Consequently, precocious endosperm cellularization results in small 

seeds, while delayed endosperm cellularization causes the formation of 

enlarged seeds (Scott et al 1998; Garcia et al 2003; Berger et al 2006). A 

number of mutations have been described that impair proper endosperm 

development and the timing of endosperm cellularization. The existence of 

three redundant pathways that control endosperm cellularization has been 

recently proposed (Khan et al 2014). The first pathway regulates endosperm 

cellularization through the action of APETALA 2 (AP2) and MADS-box 

transcription factors such as AGAMOUS LIKE 80 (AGL80) (Portereiko et al 

2006), AGL61 (Steffen et al 2008) and AGL62 (Kang et al 2008). The second 

endosperm cellularization pathway includes members of the Polycomb group 

(PcG) proteins and its imprinted genes (discussed below). The third pathway is 

the IKU pathway.  

The AP2 pathway controlling endosperm cellularization has only two members 

previously linked to seed size determination: AP2 itself and AGL62. AP2 

encodes the founding member of the plant-specific family of transcription 

factors that contain an AP2/EREBP (Ethylene Responsive Element binding 

Protein) DNA binding domain (Jofuku et al 1994; Okamuro et al 1997; 

Riechmann and Meyerowitz 1998). AP2 is involved in a great variety of 

developmental processes, including endosperm cellularization. ap2 mutant 

seeds undergo an extended endosperm proliferation stage, associated with a 

delay in cellularization (Ohto et al 2009). Additionally, the abnormal 

endosperm development in ap2 mutants resulted in other seed defects, such as 

enlarged embryos that show increased cell number and cell size (Jofuku et al 
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2005; Ohto et al 2005). AP2 has also been associated with seed coat 

development and integument-endosperm crosstalk, as we discuss below. The 

other member belonging to this pathway is AGL62, a type I MADS-box 

transcription factor. The expression level AGL62 correlates with endosperm 

cellularization in a dosage-dependent way, suggesting that it represents a key 

regulator of endosperm cellularization, and consequently of seed size 

determination. Accordingly, the agl62 mutants have precocious endosperm 

cellularization and a small seed phenotype (Kang et al 2008; Kradolfer et al 

2013), while increased AGL62 expression correlates with a delay or a complete 

absence of cellularization (Erilova et al 2009; Tiwari et al 2010). Interestingly, 

AGL62 expression is under negative control of the FIS-PRC2 complex, an 

indication that the timing of endosperm cellularization is epigenetically 

controlled (Hehenberger et al 2012). 

The second pathway controlling cellularization of the endosperm involves the 

PcG protein complex and its imprinted genes. Imprinting and its relation with 

seed size control will be discussed in a separate section of this review. 

The IKU pathway is probably the best-described pathway for endosperm 

cellularization. The genes HAIKU1 (IKU1) and IKU2 have been shown to be 

key regulators of seed size in Arabidopsis via control of the transition from 

syncytial phase to the cellularization phase of the endosperm (Garcia et al 

2003). IKU1 encodes a protein containing a VQ motif (Wang et al 2010), while 

IKU2 encodes a leucine-rich repeat kinase (Luo et al 2005). iku1 or iku2 mutant 

plants show reduced proliferation of the endosperm, as well as a precocious 

cellularization process, leading to reduced seed size (Garcia et al 2003). 

Another member of the IKU pathway is MINISEED3 (MINI3), a WRKY class 

transcription factor that regulates the endosperm cellularization process (Luo et 

al 2005). mini3 mutant plants phenocopy iku1 and iku2 small seed phenotypes, 
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due to precocious cellularization of the endosperm. In addition, the small seed 

phenotype of mini3 mutant is ascribable to reduced cell expansion in the seed 

coat, and reduced cell proliferation that results in a smaller embryo compared to 

wild type (Garcia et al 2003; Luo et al 2005). Genetic and mutant analyses 

indicate that IKU1, IKU2 and MINI3 are likely to participate in a single 

pathway, with IKU1 regulating both MINI3 and IKU2, and MINI3 regulating 

IKU2 (Luo et al 2005). Apparently, MINI3 could positively regulate IKU2 by 

binding to the putative W-box identified in the IKU2 promoter. Seed size of the 

double mutants iku2-1 mini3-1 is similar to the seed size of homozygous mutant 

alleles of each single locus (Luo et al 2005).  

Recently, it has been reported that SHORT HYPOCOTYL BLUE1 (SHB1) 

binds to the promoters of IKU2 and MINI3 (Zhou et al 2009; Kang et al 2013). 

SHB1 encodes a nuclear SYG1-homologous protein (Kang and Ni 2006) that is 

recruited by MINI3 to activate the IKU2 and MINI3 expression, and probably 

other genes required for endosperm development, stimulating the process of 

endosperm cellularization (Kang et al 2013). SHB1 was first described to be 

involved in hypocotyl development (Kang and Ni 2006), and later as a regulator 

of endosperm proliferation and the timing of cellularization. The gain-of-

function overexpression mutant shb1-D displayed an enlarged seed size 

phenotype associated with a delay in endosperm cellularization (Zhou et al 

2009). 

Thus, independent networks act as key regulators of endosperm growth, by 

controlling endosperm proliferation and cellularization with a major impact in 

final seed size (Fig. 2). Further investigation is required to identify all the 

molecular players in these pathways and to determine if they share downstream 

targets.  
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3.1. Genomic imprinting and parent-of-origin effects 

 

In plants, genomic imprinting has been observed in the endosperm. Imprinting 

of a specific allele depends on the presence of an epigenetic mark on the 

corresponding locus (reviewed by Ferguson-Smith, 2011). It has been proposed 

that imprinted genes regulate the transfer of nutrients from the sporophyte to the 

developing progeny. In particular, maternally expressed genes (MEGs) function 

to equally allocate nutrients to all seeds, while on the other hand paternally 

expressed genes (PEGs) function as growth factors that allow their own 

offspring to extract the maximum amount of nutrients from the mother. 

Therefore, increased PEGs activation determines formation of larger seeds 

(Haig and Westoby 1989).  

Epigenetic marks have been proposed as a major determinant of parents-of-

origin imprinting. Of particular importance is the balance of methylation 

between maternal and paternal alleles in the central cell. DNA demethylation 

relies on the enzymatic activity of DEMETER (DME) (Kinoshita et al 2004; 

Gehring et al 2006) and DNA methylation depends on the enzyme MET1 

(Hsieh et al 2011; Jullien et al 2012). DME is expressed in the central cell of the 

female gametophyte (Choi et al 2002) but not in sperm cells (Schoft et al 2011). 

This leads to specific DNA hypomethylation of the maternally inherited 

genome. Previous studies showed that altering DNA methylation in a parental-

specific manner via MET1 resulted in variation in seed size (Xiao et al 2006). 

When crossing MET1::RNAi pistils with wild type pollen, the result is 

production of enlarged F1 seeds. Meanwhile, reciprocal crosses generated 

smaller F1 seeds, as expected from the presence of hypomethylated maternal 

genome (Adams et al 2000; Luo et al 2000). Thus, the DNA methylation status 

of the maternal genome in the endosperm directly influences seed size. 
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The second major mechanism involved in imprinted expression of a subset of 

genes relies on PcG proteins. PcG proteins are pivotal regulators of cell identity 

that act as transcriptional repressors in multimeric complexes (Schuettengruber 

and Cavalli 2009). Among these, the PRC2-complex catalyzes the 

trimethylation of histone H3 on lysine 27 (H3K27me3), and has been 

implicated in controlling endosperm development. Specifically, the FIS-PRC2 

complex, which comprises the different subunits encoded by MEDEA (MEA), 

FERTILIZATION INDEPENDENT SEED2 (FIS2), FERTILIZATION 

INDEPENDENT ENDOSPERM (FIE), and MULTICOPY SUPPRESSOR OF 

IRA1 (MSI1) acts in the central cell of the female gametophyte and in the 

endosperm, targeting DNA hypomethylation sites. For this reason, the FIS-

PRC2 complex mainly represses the expression of maternally inherited (and 

hypomethylated) alleles. Seeds with mutations in mea, fis2 or fie2 show 

endosperm proliferation even in the absence of fertilization, but also prolonged 

endospermal proliferation and late cellularization if fertilization occurs 

(Grossniklaus et al 1998; Kiyosue et al 1999; Makarevich et al 2008). The 

phenotypes of these mutants imply that PCR2 complexes promote fast 

endosperm differentiation after fertilization, thus directly acting on a pathway 

that greatly influences seed size (Fig. 2). 

Finally, it is necessary to mention that perturbation of the relative dosages of 

the maternal and paternal genomes, typical in the case of interploidy crosses, 

directly affects endosperm development and seed size (Garcia et al 2003; Luo et 

al 2005; Kang et al 2008; Zhou et al 2009; Wang et al 2010). The defects and 

low endosperm viability often observed in seeds of interploidy crosses (as in the 

case of wheat) can be explained in terms of maternal or paternal genome 

excess, i.e. an imbalance between MEGs and PEGs, and its effect on endosperm 

growth (Haig and Westoby 1991). However, the negative effects on seed 
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development of interploidy crosses are reduced in Arabidopsis, in which both 

paternalized (PEGs excess) and maternalized (MEGs excess) seeds show the 

expected alteration from wild type size, but show normal endosperm viability. 

This mitigated effect is probably due to the high rate of self-pollination that is 

characteristic of this model species (Scott et al 1998). 

 

4. The role of the seed coat in seed size determination 

 

The Arabidopsis seed coat derives from the ovule integuments, formed by a set 

of five cell layers in mature ovules (Fig. 1). Two cell layers derive from the 

outer integument (oi), and three from the inner one (ii). The outer integument 

consists of two cell layers (oi1 and oi2), and the inner integument consists of 

three cell layers (ii1, ii1', and ii2) (Beeckman et al 2000; Kunieda et al 2008). 

The innermost layer of the inner integument, ii1, named the endothelium 

(Beeckman et al 2000), is in direct contact with the endosperm cells. 

The seed coat deeply influences seed size, highlighting a fundamental role for 

seed maternal tissues in the control of this aspect of seed yield. The seed cavity 

(the space enclosed by the seed coat) increases in volume after fertilization, 

partly due to the independent developmental plan of the seed coat and partly as 

the result of the interplay between the seed coat and the endosperm (Ingouff et 

al 2006; Roszak and Köhler 2011). Fertilization is in fact followed by intense 

mitotic activity in the different layers of the seed coat, prior of a sharp decline 

of the same. Before fertilization, the female gametophyte (embryo sac) seems to 

have only a moderate importance in generating the signals to stimulate the 

integuments’ proliferation (Ingouff et al 2006); this was proven by 

demonstrating that mutants defective in embryo sac formation, such as 

sporocyteless (spl), are still able to develop integument to some extent (Yang et 
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al 1999). Numerous studies have identified genes involved in Arabidopsis ovule 

integuments and seed coat development, and some of them have provided a 

functional characterization of seed size contribution. In particular, seed size 

mutant phenotypes showing a clear maternal inheritance are mainly due to an 

alteration of cell proliferation or elongation in the seed coat. The control of 

these two pathways will be discussed separately.  

 

4.1. Factors controlling integuments cell proliferation  

 

A key player in the control of cell cycle and expansion in Arabidopsis is AUXIN 

RESPONSE FACTOR 2 (ARF2), which encodes a B3-type transcription factor 

of the ARF family (Li et al 2004). ARF genes take part in auxin-related 

responses and recognize specific AuxRE (Auxin Response Elements) consensus 

elements on target genes (Ulmasov et al 1999). Among the different ARF 

proteins, ARF2 is thought to act as a transcriptional repressor, exercising a 

negative control over cell proliferation and expansion (Li et al 2004; Okushima 

et al 2005; Schruff et al 2006). In particular different arf2 loss-of-function 

mutants exhibit abnormal flower morphology and enlarged seeds in comparison 

to the wild type (Okushima et al 2005), a phenotype characterized in detail in 

the case of arf2-9, which presented more cells in the seed coat compared to 

respect to wild type seeds. The result of the increased volume of the seed cavity 

in arf2-9 is that seeds are 46% heavier than the wild type seeds, showing in 

some cases additional cell layers in the seed coat (Schruff et al 2006). A further 

confirmation that ARF2 is important for the maternal control of seed size comes 

from the maternal inheritance of arf2-9 phenotype observed in the reciprocal 

crosses with wild type plants (Schruff et al 2006). Although the arf2-9 mutant 

shows a significant reduction in fertility due to improper flower development 
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(Schruff et al 2006), the hypothesis that the large-seed phenotype might be an 

indirect effect (as a result seed size/seed number trade-off) was later refuted in 

another study (Hughes et al 2008). In fact the defects in the floral morphology 

of the arf2-9 mutant were overcome by expressing ARF2 under the promoter of 

APETALA1 (AP1). The pAP1::ARF2 arf2-9 plant improved the fertility, 

retaining the enlarged seed size phenotype of the original arf2-9 mutant, thus 

showing the pivotal role of ARF2 in seed development.  

Another negative regulator of cell division is the transcription factor AP2, 

whose role in endosperm development has been described above. Interestingly, 

the increased cell proliferation observed in ap2 is under maternal control, and 

affects both the seed coat and the endosperm (Jofuku et al 2005; Ohto et al 

2005). Notably, AP2 expression is negatively regulated by miR172 during 

flower development (Chen 2004), while ARF2 is negatively regulated by trans-

acting small-interfering RNA (tasiRNA) (Williams et al 2005). Similarly, it was 

reported that mutation in the gene miR159 results in seeds smaller than wild 

type (Allen et al 2007). The two known targets of miR159 that are expressed in 

developing seeds, MYB33 and MYB65, have no described function in the seed. 

However, they are responsible for the mir159ab seed phenotype, as the 

quadruple mutant mir159ab myb33 myb65 showed a reversion of the seed traits 

(Allen et al 2007). Taken together, these results provide evidence of a 

fundamental role for post-transcriptional regulation via small RNAs in the 

control of seed size. 

Cytochrome P450 KLUH, encoded in Arabidopsis by CYP78A5/KLU, is a 

regulator of organ size (both leaves and floral organs) as well as of plastochron 

length (Anastasiou et al 2007; Wang et al 2008). It has also been shown that 

KLU, expressed prior to fertilization in the inner integuments of the ovule, acts 

as a maternal positive regulator of seed size. klu-2 seeds have a reduced number 
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of cells in the outer layers of the seed coat in comparison to wild type, with the 

result that klu-2 seeds are 13% lighter than seeds of wild type plants. The 

opposite phenotype was observed in KLU-overexpressing plants, whose seeds 

are 11% heavier (Adamski et al 2009). KLU seems to act independently of 

previously described integument cell proliferation factors as AP2 and ARF2, 

because seeds of the double mutants klu arf2 and klu ap2 were an intermediate 

seed size between those of the respective single mutants (Adamski et al 2009).  

In Arabidopsis the importance of ubiquitin pathway in the determination of 

seed size has been widely investigated over the last decade. Several members 

involved in this pathway have been identified (reviewed by Li and Li 2014) for 

their role in maternal control of seed size. Among them, DA1 and DA1-

RELATED (DAR) encodes for plant-specific ubiquitin receptor protein. While 

single mutants da1-ko and dar1-1 do not exhibit variation in seed size in 

comparison to wild type, the double mutant da1-ko dar1-1 produces larger 

seeds. Another mutation in the DA1 sequence (a single arginine-to-lysine 

aminoacidic change at position 358, the da1-1 mutant) results in plants 

producing seeds with increased cell proliferation in the seed coat, a phenotype 

also observed in 35S::DA1
R358K

. This suggests that the mutated DA1 protein 

might act antagonistically with native DA1 or DAR (Li et al 2008). DA2 and 

ENHANCER OF DA1 (EOD1) encode proteins with E3 ubiquitin ligase 

activity, and are also negative regulators of seed size, as shown by the enlarged 

seeds of single mutants da2-1 and eod1. They may act synergistically with 

DA1, as observed by the enhanced seed size of da1-1 da2-1 and da1-1 eod1 

double mutants in comparison to da1 mutant (Xia et al 2013). EOD3 encodes 

cytochrome P450 CYP78A6. The gain-of-function mutant eod3-1D proved to 

be a dominant enhancer of the da1-1 seed size phenotype, while on the contrary 

eod3-ko produced smaller seeds than wild type (Fang et al 2012). CYP78A9 
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encodes for another cytochrome P450 and is the most closely related gene to 

EOD3, with whom it might act synergistically in promoting the size of the seed 

coat. This is implied by the additive small seed phenotype observed in eod3-ko 

cyp78a9-ko double mutants in comparison to the single mutants (Fang et al 

2012). UBIQUITIN-SPECIFIC PROTEASE 15 (UBP15)/ SUPPRESSOR OF 

DA2 (SOD2) encodes for a de-ubiquitinating enzyme acting downstream of 

DA1 (Li et al 2008; Du et al 2014). The ubp15 mutant produces small seeds, 

while the overexpression line of UBP15 results in larger seeds. This is likely 

due to a positive effect on cell proliferation in maternal integuments of ovules 

and developing seeds.  

It has been suggested that da1-1 acts independently of ARF2 and AP2, as the 

seed phenotype of the double mutants da1-1 ap2 and da1-1 arf2 is additive in 

comparison to the one of the single mutants (Li et al 2008). 

 

4.2. Factors controlling integuments cell elongation  

 

A reduction in cell elongation is observed in the loss-of-function mutant 

TRANSPARENT TESTA GLABRA2 (TTG2). In the ttg2 mutant, cell elongation 

in the integuments is affected, possibly because of the increased physical 

constraint of the cell walls, or possibly because of disruption of the 

developmental pathways for elongation. Endosperm development is also 

affected, probably as a consequence of the defects in integument cells (Garcia et 

al 2003; Garcia et al 2005). Developing seeds produced by the double mutant 

ttg2 iku2 display extremely reduced size in comparison with the single mutants 

ttg2 and iku2 seeds (Garcia et al 2005). The combination of ttg2 and iku2 

mutations prevents integument cell elongation and growth of the endosperm 

more severely than in each single mutant. The double homozygous mutant 
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displays a cumulative phenotype combining the maternal effects of ttg2 with 

the zygotic effect of iku2 (Garcia et al 2003; Garcia et al 2005). The additive 

reduction of integument cell division and elongation, endosperm growth and 

seed size when iku2 and ttg2 mutations are combined, indicates that each 

mutation acts in distinct genetic pathways, but has common effectors. In 

parallel, reduction of the endosperm volume is more evident in the double 

mutant relative to the single mutants. To achieve the size of the integument, 

dictated by the size of the syncytial endosperm, integument cells regulate 

elongation, not cell proliferation. Integument cell elongation plays a key role in 

the coordination of size between the endosperm and the integument. 

Accordingly, TTG2 would modulate the competence of the integument cells to 

elongate via a maternal integument elongation-dependent pathway (Garcia et al 

2005). 

Another positive regulator of seed size in Arabidopsis is the R2R3 MYB 

transcription factor, MYB56, which maternally affects seed development by 

regulating seed size and shape (Zhang et al 2013). The loss-of-function mutant 

lines of MYB56 generate smaller seeds, while overexpression of MYB56 

generates larger seeds compared with wild type. myb56 endothelial cells are 

smaller and more rounded. Apparently, the role of MYB56 is locally dependent 

since its altered expression on the endothelial layer affects cell size but not cell 

number; however, in the two layers of the outer integument MYB56 controls 

only cell number but not the cell size (Zhang et al 2013). MYB56 affects seed 

size in a regulatory pathway probably independent of other seed coat 

development regulators such as TTG2, KLU, GORDITA (GOA) and DA1, 

because these genes show no expression changes in a myb56 mutant 

background (Zhang et al 2013).  



   Dario Paolo 

 

116 

 

SEEDSTICK (STK) and ARABIDOPSIS B SISTER (ABS) are two MADS-box 

genes that act together to control the formation of one layer of the seed coat, the 

endothelium, during seed development (Mizzotti et al 2011). STK controls 

ovule identity redundantly with SHATTERPROOF1 (SHP1) and SHP2. In 

addition, stk single mutant produces smaller seeds (Pinyopich et al 2003) with 

respect to wild type, whereas abs mutant has no size difference (Nesi et al 

2002). The double mutant stk abs completely lacks endothelium development 

and manifests a high level of sterility, due to both ovule and seed abortions 

(Mizzotti et al 2011). Another MADS-box transcription factor involved in seed 

coat development is GOA. A loss-of-function mutation in GOA causes an 

increase in the seed size when compared with wild type, due to an impact on 

cell expansion processes, during fruit and seed development (Prasad et al 2010; 

Erdmann et al 2010).  

Very recently, a new actor in the integument development was described, the 

plasma membrane receptor kinase FERONIA (FER) (Yu et al 2014). FER has 

been demonstrated previously to be involved in inhibiting pollen tube 

elongation (Escobar-Restrepo et al 2007) and promoting cell elongation in 

leaves and root hairs (Guo et al 2009; Duan et al 2010). FER is highly 

expressed on the integuments of developing seeds but it was not detected in 

embryo or endosperm (Yu et al 2014). FER-null mutants develop seed that are 

40% - 60% larger than the wild type. At 2DAP the outer integument of fer-4 

contained larger cells and no differences in cell number from the wild type. The 

authors concluded that FER inhibits the elongation of seed coat cells (Yu et al 

2014). This conclusion is supported by the fact that FER controls cell 

elongation in root hairs in response to auxin through recruitment of RHO 

GTPases (ROP/RAC) to promote or inhibit cell elongation. ROP/RAC 

signaling pathway regulates several cell responses, such as polarized growth 
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and differentiation (Duan et al 2010; Yu et al 2014). In the female gametophyte, 

FER is a receptor of Rapid Alkalinization Factor (RALF), a small peptide 

whose overexpression or external application promotes cell wall alkalinization 

and growth inhibition. The FER-RALF interaction causes the phosphorylation 

of the H
+
-ATPase AHA2. AHA2 phosphorylation may have an effect on the 

cell wall levels of reactive oxygen species (ROS), changing the balance 

between the ROS promoting/inhibiting cell wall relaxation state (reviewed in 

Wolf and Höfte, 2014). In this way FER could, at least partially, control the cell 

wall’s capacity to elongate. However, further research has to be done to fully 

understand the role of FER in seed development.  

 

5. Endosperm-integument crosstalk  

 

Endosperm and integument growth and development are tightly coupled. As 

mentioned above, seed coat development influences endosperm proliferation 

and the timing of cellularization (Fig. 1). At the same time, the endosperm 

performs a key nourishing function and provides signals to coordinate seed 

maturation (Berger et al 2006).  

Two models have been proposed to explain the crosstalk between endosperm 

and the seed coat and its role in controlling seed size. The ‘Integument Size-

Restriction Model’ suggests that the expansion of the integument cells 

represents a physical constraint to the size of the seed cavity, restricting the size 

of the embryo. As a result, this volume reduction increases the concentration of 

the factors triggering the cellularization process (Garcia et al 2005; Doughty et 

al 2014). 

In the second model, identified as the ‘Cellularization Signaling Model’ (Fig. 

3), the interplay between seed coat and endosperm is mediated by a signal that 
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moves between integuments and endosperm. Flavonoids (proanthocyanidins 

[PAs]) represent excellent candidates for the signal that triggers the endosperm 

cellularization process since they are synthesized in the endothelium. The 

accumulation of flavonoids is initiated after fertilization in the endothelium 

(Debeaujon et al 2003). The relevance of flavonoids in seed size control 

emerged from the fact that many flavonoid biosynthetic pathway mutants show 

alterations in the timing of the endosperm cellularization process (Scott et al 

2013; Doughty et al 2014). Furthermore, it has been reported that flavonols 

could interact with the phosphoglycoprotein (PGP) auxin transporters PGP1, 

PGP4 and PGP19 (Peer and Murphy 2007). Flavonoids inhibit PGP-mediated 

polar auxin transport (Terasaka et al 2005), which in fact may cause a rapid 

change in auxin concentration that results in delay/triggering of the endosperm 

cellularization process (Doughty et al 2014), thus affecting seed development 

and seed size. 

Another type of candidate molecules that could mediate the seed coat-

endosperm crosstalk are the polysaccharides. Nutrients from the phloem have to 

be unloaded from the seed coat into the endosperm and the embryo. The 

processing of sucrose follows distinct biochemical pathways, such as 

biosynthesis of cell wall polysaccharides and storage reserves. Thus, maternal 

tissues are major sites of sugar translocation and partitioning, and are hence 

considered key determinants of sink strength and seed biomass yield. Since 

sugar metabolism and transport can be highly compartmentalized in seeds 

(Morley-Smith et al 2008), even small differences in hexose/sucrose ratio can 

have dramatic effects on seed development and storage metabolism. For 

instance, AP2 seems to modulate the nutritional supply from maternal tissues by 

changing the ratio of hexose to sucrose during seed development, opening the 
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possibility that AP2 may also control seed mass through its effects on sugar 

metabolism (Ohto et al 2009). 

 

6. The role of hormone synthesis and perception in determining seed size 

 

As stated before, the complex structure forming the developing seed requires 

the coordination in growth of multiple tissues and cells with different patterns 

of proliferation and differentiation. This coordinated growth demands a precise 

spatio-temporal organization that can be achieved thanks to the synthesis and 

perception of signals in different seed tissues. This sophisticated 

communicative system between seed compartments is crucial not only to 

regulate their balance in growth, but also to control the progression of the whole 

developmental process within each tissue. The function of hormones in this 

communicative role to coordinate seed development has been well 

characterized by studies performed on hormone deficient and insensitive 

mutants of Arabidopsis. Several hormonal pathways such as brassinosteroids, 

cytokinins, auxins and abscisic acid have been already proposed to play a 

crucial role in seed development (Sun et al 2010). In this last part of the review, 

we provide a global panorama of the regulation of seed development by 

phytohormonal stimuli, emphasizing their impact on seed size (for a review of 

hormones controlling seed development see Locascio et al 2014). 

 

6.1. Key role of brassinosteroids in seed size regulation 

 

The function of brassinosteroids (BR) in seed development has been well 

characterized by studies of BR deficient and insensitive mutants in several 

species such as Arabidopsis, Oryza sativa, Pisum sativum, and Vicia faba (for a 
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review, see Jiang and Lin 2013). At the cellular level, low endogenous 

concentrations of BR have been shown to exert a positive effect on cell 

elongation, meanwhile saturating levels of BR lead to the opposite effects with 

reduced cell elongation (Fujioka et al 1997; Turk et al 2003). Brassinosteroids 

are required for proper plant growth and deficiencies in their synthesis and 

signal transduction pathway leads to severe dwarfed phenotypes (Fujioka et al 

1997). An Arabidopsis dwarf mutant overexpressing the P450 monooxygenase 

gene CYP72C1 (shk1-D) showed a reduction of endogenous BR levels and 

produced smaller seeds than the wild type, probably due to an effect on cell 

elongation (Takahashi et al 2005). A similar small seed phenotype was reported 

in the DWARF5 (DWF5) loss-of-function mutant. DWF5 encodes a sterol 

reductase gene involved in the BR biosynthesis pathway (Choe et al 2000). The 

weak BR deficient mutant de-etiolated2 (det-2), in which seed size was rescued 

by exogenous BR application, and the BR insensitive mutant 

(BRASSINOSTEROID INSENSITIVE1) bri1-5 produced smaller seeds than wild 

type seeds. 

The mechanism of BR regulation of seed size is twofold: 1) expanding the seed 

cavity and endosperm volume, promoting embryo development and 2) 

controlling integument cell length (Jiang et al 2013). BR regulates embryo and 

endosperm development through the BRASSINAZOLE-RESISTANT1 (BZR1) 

transcription factor which controls the IKU-pathway by binding to the promoter 

regions of SHB1 or IKU1, or alternatively through binding to the promoter of 

IKU2 (Jiang et al 2013).  

On the other hand, evidence supporting BR control of seed size by regulating 

integument development comes from the significant decrease of integument cell 

length in det2 (Jiang et al 2013) and from the mutant arf2, which develops 

larger seeds due to extra integument cell divisions (Schruff et al 2006). ARF2 is 
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a direct target of BZR1, and its transcription is negatively regulated by BR 

(Jiang et al 2013). Thus it seems that BR might regulate seed size through 

BZR1 binding and repressing ARF2 promoter to positively regulate the 

integument development (Jiang et al 2013). As a result, ARF2 has been 

proposed to mediate the crosstalk between auxins and BR. BIN2, a kinase 

regulated by BR, phosphorylates ARF2 in vitro. Apparently, this 

phosphorylation would allow the detachment of ARF2 from DNA, inhibiting its 

transcriptional repression activity (Vert et al 2008). The proposed scenario 

establishes that BR affects BIN2 target specificity promoting a change from 

BRZ1/BES1 to ARF2. The presence of auxin and/or BR will determine an 

increment or persistence of the target genes expression (Krizek 2009). 

Interestingly, the fer mutants are hypersensitive to BR (24-epibrassinolide), 

suggesting that FER can act as a critical modulator of the brassinosteroid-

signaling pathway during hypocotyl development (Deslauriers and Larsen 

2010). The clarification of the relation between FER, BR and seed size 

promises to be very interesting to be clarified. Last but not least, BR can act as 

global regulator, acting at the same time over both integuments, endosperm, and 

embryo development through BZR1 binding to the AP2 promoter (Jiang et al 

2013). 

 

6.2. The role of auxins in communication 

 

At the cellular level, auxin is involved in many processes, including pattern 

formation, cell division and cell expansion (Vandenbussche and Van Der 

Straeten 2004; Leyser 2005). In addition, auxins exert a key role during the first 

steps of seed development (Hamann et al 2002; Friml et al 2003; Jenik and 

Barton 2005; Cheng et al 2007; Wabnik et al 2013). Schruff and colleagues 
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proposed that ARF2 is a general repressor of cell division in many aerial organs 

of the plant by controlling expression of CYCD3;1, a D-type cyclin involved in 

cell cycle entry, and AINTEGUMENTA (ANT), a transcription factor involved 

in organ growth and cell division control (Klucher et al 1996; Schruff et al 

2006).  

 

6.3. Cytokinins  

 

Several studies have highlighted the importance of cytokinins (CK), together 

with auxin, in promoting growth by cell division, development and 

differentiation (Bishopp et al 2011; Vanstraelen and Benková 2012). High 

levels of CK are present during early seed development in many species (Yang 

et al 2002). In Arabidopsis, limited information comes from a few reports 

(Werner et al 2003; Garcia et al 2005; Day et al 2008) and CK function has not 

yet been exhaustively characterized. Studies performed on the genetics of CK 

production have shown that during early stages of seed development 

transcriptional changes are mostly associated with effects of the hormone on the 

development of endosperm and seed coat. These data reinforce the idea that the 

control of seed size would involve a crosstalk occurring between maternal and 

zygotic tissues (Garcia et al 2005). Transcriptome analysis of the endosperm at 

4 DAP revealed an over-representation of CK biosynthetic and response genes, 

supporting the hypothesis that the predominant role of CK is in cell 

proliferation of the early endosperm (Lur and Setter 1993; Day et al 2008). 

Overexpression of two cytokinin oxidase dehydrogenases (CKX1 & CKX3) 

produced larger seeds with larger embryos. The enlargement found in these 

transgenic seeds is attributable to increases in cell number and size (Werner et 

al 2003). Larger seeds were also produced by the triple mutant of the CK 
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receptor genes ARABIDOPSIS HISTIDINE KINASE 2 (AHK2), AHK3 and 

CYTOKININ RESPONSE1/AHK4 (CRE1/AHK4). In this case, an increase of 

almost two times the seed size was reported, when compared with wild type 

seeds, due to an enlargement of the embryo size, with approximately 15% 

greater cell number and 30% greater cell size. Reciprocal crosses with wild type 

plants suggested that the increase found in seed size was likely to be regulated 

by maternal and/or endospermal genotypes (Riefler et al 2006). 

Recently, it was concluded that the control of endosperm size by the IKU 

pathway is regulated by the cytokinin catabolic pathway through the activation 

of CKX2 (CYTOKININ OXIDASE 2) by MINI3 (Li et al 2013). CKX2 is also 

co-regulated by maternal genome dosage and methylation, and both phenomena 

suppress CXK2 transcription. These data establish a link between hormonal and 

epigenetic factors in the regulation of seed size in Arabidopsis (Li et al 2013). 

 

5.4. Abscisic acid  

 

The predominant role of abscisic acid (ABA) regulation involves key processes 

occurring during the maturation stages of seed development. Key aspects of this 

development are accumulation of storage compounds in the embryo, seed 

dormancy, and the inhibition of precocious germination (McCarty 1995; 

Finkelstein et al 2002; Kanno et al 2010). ABA biosynthesis exhibits two peaks 

during seed development: initially biosynthesis is induced in the embryo, then 

levels accumulate to a second peak during the late maturation stage, where it is 

thought that ABA mainly originates from the maternal tissues (Finkelstein et al 

2002; Finkelstein 2004). ABA has been proposed to act mainly as an 

endosperm development regulator since the mutants abscisic acid deficient2 

(aba2) and abscisic acid-insensitive5 (abi5) develop larger seeds than the wild 
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type (Cheng et al 2014). ABA2 encodes a dehydrogenase/reductase involved in 

ABA biosynthesis (González-Guzmán et al 2002) and ABI5 encodes a 

transcription factor involved in ABA signaling (Brocard et al 2002). 

Interestingly, aba2 mutants have delayed endosperm cellularization. The model 

of action suggests that endogenous ABA levels in the seed are raised by ABA2 

action, resulting in an enhancement of ABI5 transcription. ABI5 negatively 

regulates SHB1 expression by directly binding to its promoter region. Therefore 

ABA regulates proper endosperm development and cellularization processes in 

a SHB1-dependent way (Cheng et al 2014). ABA slowly induced DA1 

expression but other growth regulators such as jasmonic acid, auxin, CK, BR, 

gibberellins or glucose, failed to induce its expression. It therefore seems that 

the mechanism that restricts proliferative growth under the control of DA1 

control could include ABA signaling (Li et al 2008). 

 

7. Future perspectives 

 

Unraveling seed development and its genetic control is important due to the 

critical role of seeds as a food source for mankind and livestock, as well as the 

growing interest in seeds as a renewable source of energy. Recently, genomic-

based research and other modern technologies have made it possible to identify 

most of the genes involved in seed development, providing a vast amount of 

information that could be used in the engineering and design of transgenic 

crops. However, there are many gaps in the field regarding the functional 

characterization and determination of the biological relevance of these genes in 

model species. Unveiling a complete and accurate map of the process remains a 

major challenge for plant biologist. Achieving these goal will require not only 

the integration of multiple disciplines including proteomics, metabolomics and 
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functional genomics, but also the development and improvement of 

automatized computational tools to analyze complex datasets. A comprehensive 

analysis of large-scale datasets will provide the required tools to enhance the 

nutritional quality of seeds, and also to increase resistance to adverse 

environmental conditions and/or biological attacks. A second major challenge 

for plant genomics will be finding an integrative and rational way to apply that 

information to crop species to improve their agronomic performance. This 

could be achieved either by using the basic knowledge arising from studies of 

Arabidopsis, or using the tools and techniques refined with Arabidopsis (or 

other model species), to generate and analyze extensive datasets for important 

crop species.  
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Fig. 2 Model indicating the pathways determining seed size in Arabidopsis. The 

presented model illustrates the main networks and/or key regulators 

characterized in the literature, based on their role in development of the A) seed 

coat or of B) the endosperm which are discussed in this review. Part C) shows 

the proposed crosstalk mechanism involving the seed coat and the endosperm, 

illustrated in detail in Fig. 3. A) Seed coat. Genetic pathways involving the 

activation/repression of cell proliferation and cell expansion affecting seed coat 

development, thus controlling seed size in a maternal way. The distinct four 

functional categories (pink boxes) involved are refer to characterization studies 

provided by the respective publications. B) Endosperm. Schematic 

representation of factors influencing endosperm cellularization and thus, seed 

size. One of the mechanisms involved in parents-of-origin effects include 

activation of DME in the central cell, and simultaneous repression of MET1, 

that results in a misbalanced ratio in the endosperm that favors the expression 

of MEGs over the PEGs. White boxes indicate the three pathways that regulate 

the timing of endosperm cellularization, discussed in detail in this work. 
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Fig. 3. Schematic representation of endosperm-seed coat crosstalk in 

Arabidopsis according to the 'cellularization signaling model'. Seed coat layers 

are not shown for clarity. Black circles represent the endosperm nuclei at 

syncytial stage. A) Seeds on globular stage embryo (4 DAP), the endosperm 

progresses from the syncytial to cellularized stage. In this suggested model, 

transport of a cellularization signal between the integuments and the endosperm 

would be controlled by flavonoid biosynthesis. Adding support to this thesis, 

several mutants defective in the flavonoid biosynthesis pathway with reduced 

seed size were found to display a precocious endosperm cellularization (Scott et 

al 2013). Hexose concentrations may also play an important regulatory role 

driving growth of the endosperm, since a higher hexose/sucrose ratio may 

stimulate mitotic activity and promote cellular proliferation leading to a greater 

seed size (Ohto et al 2005). During the early stages of seed development 

sucrose is actively transported into plant “sink” tissues like seeds and enters the 

seed coat via the vascular bundle of the funiculus (black arrows). Sucrose is 

cleaved in the seed coat and the resultant hexoses are used by developing 

embryo and endosperm. Signaling mechanisms, originated in the seed coat, 

may enter to the syncytium from the seed coat and later reach the embryo (red 
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arrows). This could be done directly from the syncytial endosperm, or indirectly 

via the suspensor. B) The accumulation of these signals triggers the endosperm 

cellularization process at later stages of seed development (heart stage embryo). 

Abbreviations: SC seed coat. 
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ABSTRACT 

 

Seed size is the result of complex molecular networks controlling the 

development of the seed coat (of maternal origin) and of the embryo and the 

endosperm (the fertilization products). In this study we characterized  the role 

of two transcription factors in the control of seed size of Arabidopsis thaliana: 

SEEDSTICK (STK), a MADS-domain protein, and AUXIN RESPONSE 

FACTOR 2 (ARF2), belonging to the ARF family. The loss-of-function mutant 

stk produces smaller seeds than wild type, while the seeds of the arf2-8 mutant 

are larger than wild type. We show that these phenotypes are due to alterations 

of seed coat morphology, that we characterized in details. STK is mainly a 

positive regulator of cell expansion, and ARF2, whose expression is activated 

by STK, acts as a repressor of cell proliferation and cell expansion, in a pathway 

also controlled by the brassinosteroids. Interestingly, we proved that STK has 

also a function in directly promoting cell cycle progression via the 

transcriptional activation of E2fa, via a molecular mechanism that involves 

chromatin remodeling at the E2fa locus. Furthermore, we characterized the 

seeds of double mutant stk arf2-8, and we concluded that while STK and ARF2 

have antagonistic activities in controlling the increase in dimension of the seed 

coat, they also maintain independent roles in controlling other aspects of seed 

coat metabolism, such as  proanthocyanidins biosynthesis and mucilage release. 

Altogether, our results unveil a new genetic network active in maternal control 

of seed size in Arabidopsis. 
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INTRODUCTION 

 

In Spermatophyte plants, seeds are the vehicle by which plants rely for their 

propagation, and the reproductive success depends on the possibility of 

producing a healthy seed set. In this context, seed size represents one of the 

aspect that mostly influences plant fitness, with several studies suggesting that 

the seedlings of large-seed plants are better able to tolerate many of the stresses 

encountered during seedling establishment, whereas plants with smaller seeds 

have higher colonization abilities related to the possibility of producing a large 

number of seeds, as it happens for example in model plant Arabidopsis thaliana 

(Lord and Westoby, 2012; Moles et al., 2005). Moreover, in agriculture, food 

grains have been subjected to selection and breeding for size, as well as for 

other qualities, with the result that nowadays crops have usually larger and 

heavier seeds in comparison to wild-type relatives (Fan et al., 2006; Kesavan et 

al., 2013; Kim et al., 2009; Orsi and Tanksley, 2009).  

Although the importance of seed size determination  and the fact that this trait 

has been used and modified by breeders over the last centuries, only in the last 

few years  molecular regulators of seed size begun to be identified, mainly 

through studies on Arabidopsis (Van Daele et al., 2012). Several factors 

influence seed size, among them the  parent-of-origin effect (Haig, 1987; Haig, 

2013), the overall plant fertility (Hughes et al., 2008), cell cycle/expansion 

regulation processes and hormonal signaling, particularly in relation to auxin 

and brassinosteroids which  cascades that interact with all the factors mentioned 

above (Jiang and Lin, 2013). 

Final seed size is achieved through coordinated growth of the three parts that 

compose the seeds: the seed coat, the endosperm and the embryo (Garcia et al., 

2005). All of these three parts are characterized by a different genotype: the 
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seed coat, deriving from the ovule integuments, is entirely of maternal origin, 

whereas both embryo and endosperm are the result of the double fertilization. 

The Arabidopsis seed size is mainly determined at 4 days after fertilization 

(DAF) by the dimension of the seed cavity, due to the coordinated increase in 

size of the seed coat, that temporally precedes the proliferation of the 

endosperm and the growth of the embryo (Sun et al., 2010a).  

The development of the seed coat in terms of cell proliferation and cell 

expansion is highly regulated. For instance, CYP78A5 (KLUH) promotes cell 

proliferation in the seed coat, thus affecting seed size (Adamski et al., 2009), 

while AUXIN RESPONSE FACTOR2 (ARF2) exerts an opposite role on cell 

proliferation  and arf2 mutant seeds are known to be both larger and heavier 

than wild-type due to enlarged integuments (Okushima et al., 2005; Schruff et 

al., 2006). ARF2 encodes a B3-type transcription factor of the ARF family (Li 

et al., 2004), and the activity of its encoded protein is negatively regulated by 

brassinosteroids (Jiang et al., 2013; Vert et al., 2008). The brassinosteroids 

(BRs) are a class of steroid hormones that control several aspects of plant 

development, including stress responses (Krishna, 2003) and regulation of yield 

is mainly related to a positive effect on cell expansion in the vegetative tissues 

and in the reproductive organs (Divi and Krishna, 2009; Sasse, 2003). BRs 

regulate grain filling and dimension in rice (Tanabe et al., 2005; Wu et al., 

2008) and the characterization of the BR-deficient mutant de-etiolated 2 (det2) 

has further confirmed their positive correlation with seed size also in 

Arabidopsis (Jiang et al., 2013). Although the BRs cascade is yet to be 

completely unveiled, we know that the BRs signal is perceived by the cell 

surface receptor BR-INSENSITIVE1 (BRI1), which in turn activates the two 

main players of the cascade, the transcriptional factors BRASSINAZOLE-

RESISTANT 1 (BZR1) and the BRI1-EMS-SUPPRESSOR 1 (BES1), which 
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control a large number of BR-related genes; among the identified BR-regulated 

genes, several are associated to pathways determining cell wall structural 

properties, cytoskeleton formation and biosynthesis of hormones (Fang et al., 

2012; Goda et al., 2002; He et al., 2005; Kim et al., 2009; Müssig et al., 2002; 

Sun et al., 2010b; Vert et al., 2005; Yin et al., 2002). Beside the 

brassinosteroids, also auxin has been reported to be involved in the 

determination of seed size. ARF2 has been proposed as a possible molecular 

link between the BRs and the auxin cascades in organ size determination (Vert 

et al., 2008).   

There are also many example of mutants affected in seed size due to alteration 

in cell expansion. Among them TRANSPARENT TESTA GLABRA2 (TTG2) 

increases seed size by promoting cell expansion in the integuments (Garcia et 

al., 2005), on the  contrary, APETALA2 (AP2) represses cell expansion in the 

seed coat (Jofuku et al., 2005; Ohto et al., 2005; Ohto et al., 2009). Finally, the 

ubiquitination pathway influences the dimensions of the seed coat, further 

highlighting the maternal control and regulation in determining the seed size 

(reviewed by Li and Li, 2014).  

Given the importance of the maternal tissues in determination of final seed size, 

we decided to focus on the Arabidopsis network affecting the formation of the 

seed coat directly influencing the dimension of the seeds. Loss-of-function 

mutants for the MADS-domain transcription factor SEEDSTICK (STK), 

produce smaller seeds than wild type, albeit with no obvious defects in overall 

plant fertility (Pinyopich et al., 2003). STK has been largely reported in relation 

to its redundant function in ovule identity determination and for its role in the 

specification of one layer of the seed coat, the endothelium (Pinyopich et al., 

2003; Favaro et al., 2003; Mizzotti et al., 2011). STK is also known for its 

fundamental role in flavonoids (proanthocyanidins/ PAs) biosynthesis in the 
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seed coat (Mizzotti et al., 2014, in press, see Part II of this thesis). PAs are 

involved in the seed coat-integument cross talk, and act as as positive regulators 

of endosperm cellularization and seed size, possibly upstream of auxin cascade 

(Doughty et al., 2014).  

In this study we characterize in detail the phenotype of stk and arf2 seeds, 

revealing a genetic network involving both these transcription factors, for which 

we present a novel role in the control of seed coat development.  

Our data  show evidences that ARF2 and STK respectively control cell 

proliferation and expansion regulation in maternal tissues, and that they are 

both pivotal regulator of seed size. The hormonal regulation of this genetic 

network via the brassinosteroids cascade is presented as well, and the data 

obtained are used to propose and discuss a model that explain the interaction 

these factors studied in the determination of seed size.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Molecular control of seed size 

159 

 

RESULTS 

 

ARF2 and STK control seed coat development  

To unveil one of the genetic network determining seed size in Arabidopsis, we 

analyzed the role of two different genes during seed development: STK that 

encodes a MADS-domain transcription factor (Colombo et al., 2008; Favaro et 

al., 2003; Pinyopich et al., 2003) and ARF2, of the ARF family (Li et al, 2004). 

It was previously reported that both STK and ARF2 influence seed size in 

opposite ways (Pinyopich et al., 2003; Schruff et al., 2006).  

To define the possible functional connection between these two genes, we 

further characterized the phenotype of the two single mutants as well of the 

double mutant stk arf2. In this study we used loss-of-function insertional 

mutants stk and arf2-8 (Okushima et al., 2005; Pinyopich et al., 2003) (Suppl. 

Fig. 1).  

In order to quantify the differences in seed size, the different mutants were 

grown in controlled conditions together with wild-type Col-0 control plants and 

three weeks after manual pollination (DAP) mature dry seeds were harvested 

from individual plants to evaluate their size and shape. Manual pollination was 

necessary as it was already described that self-pollination of the arf2-8  mutant 

is impaired due to elonged pistils in the flowers (Schruff et al., 2006), a trait 

that is maintained in double mutant stk arf2-8 pistils (data not shown). Mutant 

and wild-type seeds differ in average seed mass (Fig. 1), with stk seeds being 

smaller than Col-0 (approximately -15%) and arf2-8 seeds being larger (circa 

+14%). Interestingly, we found that the double mutation in both STK and ARF2  

only partially recovered wild-type seed mass, as the stk arf2-8 plants still 

develop seeds significantly larger than wild-type (+9%). Moreover, stk seeds 

are characterized by rounder-like shape, different from the more oval-like shape 
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typical of the wild-type seeds, a characteristic that is much reduced in the 

double mutant stk arf2-8 (Fig. 1 A).  

It has been reported that STK controls seed coat development by the 

coordination of the biosynthesis and release of the mucilage and flavonoid 

synthesis and accumulation of PAs (Ezquer and Colombo, personal 

communication; Mizzotti et al., in press) therefore we also explored the role of 

ARF2. in these processes. The mucilage is a polysaccharide synthetized and 

released by the cells of the outer layer of the seed coat. Seeds hydration leads to 

mucilage inflation and consequent bursting of the primary cell wall, so that 

mucilage is released upon germination (Western et al., 2000; Windsor et al., 

2000). Ruthenium Red, a pectin-staining dye has been used to follow mucilage 

release of Col-0, arf2-8, stk and stk arf2-8 seeds (Hanke and Northcote, 1975). 

Col-0 and arf2-8 seeds similarly released mucilage, while no release was 

observed in the stk and in stk arf2-8 mutant seeds (Fig.2). We performed 

scanning electron microscope observations of the mutant seeds to further 

analyze the seeds morphology. From the comparison of the seeds surface layers, 

stk epidermal cells are smaller than wild-type ones. Conversely arf2-8 and stk 

arf2-8 seeds both presented seeds with altered surface, where the distinction 

between the different cells was less clear than wild-type (Fig. 3).  

PAs accumulation can be visualized using a vanillin staining (Debeaujon et al., 

2003); stk seeds progressively accumulate PAs also ectopically outside the 

endothelium in the seed coat (Mizzotti et al., 2014, in press) while ARF2 

instead does not appear involved in this pathway, since arf2-8 staining is 

identical to the one of  Col-0 seeds and stk arf2-8 mutant  seeds phenocopy stk 

seeds (Fig. 4)  
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STK and ARF2 maternally control seed size.  

It is well established that in Arabidopsis final seed size largely depends on the 

formation of the seed cavity, the empty space that is enclosed by the maternal 

seed coat, and that will be occupied by the proliferating endosperm and later on 

by the growing embryo (Sun et al., 2010; Sundaresan, 2005). We previously 

show that that STK is expressed in developing ovules and seeds (Brambilla et 

al., 2007; Mizzotti et al., 2011). Temporal and spatial confocal analyses of the 

transgenic pSTK::STK-GFP seeds reveal that STK protein is present in the seed 

coat until 4 days after fertilization (Mizzotti et al., 2014, in press). The activity 

of a putative ARF2 promoter during seed development was already evaluated 

with reporter construct pARF2::3XGFP-SV40 and it was similarly detected that 

ARF2 is expressed throughout the seed coat after fertilization (Schruff et al., 

2006). We therefore wanted to access the genetics of the phenotypes observed 

in the stk and arf2-8 mutants by performing reciprocal crosses with wild-type 

Col-0 plants. By using these genetic assays we could demonstrate that the seed 

size phenotypes of both stk and arf2-8 were independent of the pollination 

partner, indicating that these transcription factors influence seed size by acting 

in the seed coat (Tab. 1), thus maternally controlling this trait. 

 

Tab. 1 Reciprocal crosses with wild-type plants. 

 

 

Female 

genotype  

Male 

genotype Average seed mass (μg) 

Col-0 x Col-0 14,38 ± 0,16 

stk x stk 12,10 ± 0,21 

Col-0 x stk 14,13 ± 0,29 

stk x Col-0 12,33 ± 0,24 

arf2-8 x arf2-8 16,20 ± 0,32 

Col-0 x arf2-8 14,51 ± 0,23 

arf2-8 x Col-0 16,11 ± 0,28 
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Consequently, in order to better analyze the morphology of the seed coat, seeds 

from the mutants  taken in consideration were Fuelgen-stained (Braselton et al., 

1996) and observed through confocal microscope. This cell-wall specific 

staining was performed to quantify the main differences between the mutants in 

terms of cell proliferation (average cell number counted in the seed coat) and 

cell expansion (average cell length). Seeds were observed at 4 DAP (Fig 5 A), a 

time point were the increase in dimension of the seeds reaches a peak, and the 

final volume of the inner seed cavity is established (Sun et al., 2010). We 

performed measurements for both the outermost layer of the seed coat (oi2) and 

for the innermost one (ii1) (Fig 5 B). Interestingly, the seed phenotype of the stk 

mutant is likely to be ascribable to defects in cell expansion in the seed coat, as 

stk cells of the oi2 resulted shorter than in the wild type, while at the same time 

we have not been able to detect a significant reduction of cell proliferation in 

stk seeds (Fig 5 B). On the other hand, coherently with what was previously 

reported about the repressive action of ARF2 on proliferation (Schruff et al., 

2006), the seed coat of the arf2-8 mutant presented more cells in the layers 

analyzed, as well as increased average cell length in ii1 (Fig. 5 B). The double 

mutant stk arf-8 only partially recovers the wild-type phenotype because while 

average cell number is intermediate between arf2-8 and stk single mutants, the 

arf2-8 stk seed coat still clearly shows defective cell length, comparable to the 

stk single mutant (Fig. 5 B).  

Since the phenotype of stk is partially rescued in the stk arf2-8 mutant, we 

wanted to test if STK and ARF2 regulate each other. We performed qRT-PCR 

on cDNA obtained from siliques between 0-4 DAP of the mutants and of the 

wild type. While STK negatively controls ARF2 expression level, as we 

concluded from the overexpression of ARF2 in the stk mutant, we didn’t detect 

reciprocal control of STK expression via ARF2 (Fig. 6).  
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To better understand the phenotype of the mutants we also evaluated, in the 

different backgrounds, the expression levels of cell-cycle related genes in 

developing seeds. This was done in order to understand if genes previously 

reported for their control on cell cycle could be downstream of STK or ARF2.  

We observed that ARF2 negatively controls CYCD3;1, a positive marker of 

mitotic activity in the Arabidopsis seed (Collins et al., 2012). Also the 

expression level of AINTEGUMENTA (ANT) is increased in the arf2-8 mutant; 

ANT encodes for an AP2-like transcription factors that promotes cell 

proliferation in different organs, including the flower, and it was shown to be 

crucial for the correct development of ovule integuments (Baker et al., 1997; 

Krizek and Anderson, 2013). Differently from what happens the arf2-8 mutant 

background, the expression levels of CYCD3;1 and ANT do not change in the 

stk mutant background. On the other hand master regulators of cell cycle 

progression CDKB1;1 (Boudolf et al., 2004) and E2Fa (De Veylder et al., 

2002; Vlieghe et al., 2005) are positively regulated by STK but not by ARF2 

(Fig. 6).  

 

STK controls cell cycle progression via direct activation of E2Fa 

The over-expression of E2Fa in stk is of particular interest because, despite the 

fact that cell proliferation in the seed coats of the stk mutant is not significantly 

altered (Fig. 5 B), we were able to identify differences between stk and wild-

type seeds when comparing them in terms of cell cycle progression via flow 

cytometry. With this technique, thanks to the fluorence-activated cell sorting 

(FACS) it is in fact possible to discriminate, in the heterogeneous cell 

population of developing seeds, relative quantitative representation of each cell 

type. For this reason, 6 DAP seeds of Col-0 and stk plants were collected, 

DAPI-stained and subsequently analyzed, comparing their DNA-content 
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profiles. We concluded that stk seeds did not differ from wild-type ones in 

terms of presence of triploid nuclei corresponding to endosperm (3c and 6c 

peaks, Fig 7 A, B); the fact that cell cycle progression is not affected in stk 

confirms the genetic data shown before, that indicated that the stk phenotype is 

due to altered seed coat development. The only difference observed is in terms 

of 4c and 2c peaks, as it was previously suggested (Mizzotti et al., 2011) (Fig. 7 

A, B).  While, in stk seeds, the 4c peak is representative of  close to 50% of the 

total sample, in wild-type seeds represents less than 35% of the total sample 

(Fig. 7 B). Interestingly, 4c peak at this stage of seed development is mainly 

influenced by seed coat cell in G2 phase of the cell cycle and a high 4c/2c ratio 

measured in an organ usually is interpreted as an alteration of the balance 

between mitosis / endoreduplication, a checkpoint known to be positively 

regulated by E2Fa (Boudolf et al., 2004; He et al., 2004; Sozzani et al., 2006).  

To understand the nature of E2Fa regulation via STK, we analyzed the E2Fa 

locus and identified two putative CaRG boxes, the CC[A/T]6GG consensus 

sequences known to be recognized by MADS-domain transcription factors, 

including STK (Matias-Hernandez et al., 2010; Nurrish and Treisman, 1995) 

(Fig. 8 A). We tested whether E2Fa could be a direct target of STK, via a 

chromatin immunoprecipitation (ChIP) assay with an anti-STK antibody. 

Unspecific binding of the anti-STK antibody was achieved by using the double 

mutant shp1 shp2 as positive control, as suggested previously (Matias-

Hernandez et al., 2010), while negative control was represented by the stk 

mutant. Immunoprecipitated chromatin obtained from 0-4 DAP fruits was 

tested via qPCR analysis, showing for one of the STK putative binding of E2Fa 

a significant enrichment over the negative control (Fig. 8 B). These data show 

indeed E2Fa expression is directly regulated by STK in developing seeds.  
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To understand the molecular mechanism involved in E2Fa regulation via STK, 

we investigated on the possibility that the binding of STK on its target might 

correlate with a local change in the chromatin landscape, similarly to BANYULS 

(BAN) regulation (Mizzotti et al., 2014, in press). For this reason we tested, by 

means of ChIP experiment using a specific antibody the level of H3-lysine9-

acetylation (H3K9ac), an epigenetic mark usually associated with activation of 

expression (Lauria and Rossi, 2011). The level of the H3K9ac mark was 

assessed at the STK binding site on E2Fa, on both wild-type and stk 0-4 DAP 

seeds. This region presented a lower level of the H3K9ac in stk mutant 

background (Fig. 8 C) and therefore we conclude that the down-regulation of 

E2fa in stk seeds correlates with a reduced level of this euchromatic at the STK 

binding site 

 

Interplay between brassinosteroids, STK and ARF2 in seed size 

determination. 

It is well established that auxins and brassinosteroids (BRs) control several 

aspects of plant growth, in the frame of regulation of cell proliferation and 

expansion. Strong evidences support the idea of interdependence and synergism 

between these two pathways (Halliday, 2004; Nemhauser et al., 2004) and a 

recent study investigated in detail on the role of BRs in the regulation of seed 

size and shape in Arabidopsis (Jiang et al., 2013). Interestingly, the post-

translational regulation of ARF2 protein has been proposed as one of the 

possible molecular links between the two hormonal cascades of auxin and BRs 

in the control of organ size (Vert et al., 2008). For this reason we wanted to 

evaluate whether also the regulation of seed size via-STK is downstream of the 

BRs signaling. To test this, exogenous application of brassinolide (BL), a 

compound that represents the first isolated of the brassinosteroid, was 
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performed repeatedly every 24h on young buds and resulting siliques until 4 

days after fertilization, on both wild-type Col-0 and stk plants. Mature seeds 

were then harvested 3 weeks later to be measured (Fig. 9 A). The results 

indicate that BL-application increased seed size in comparison to mock-control 

both in the wild type and in the stk mutants; however stk mutant seeds only 

partially recovered wild-type size (Fig. 9 B), further suggesting that the STK 

function in indispensable for the achievement of final seed size. Finally, we also 

reported that ARF2 expression is not affected in BL-treated siliques from 0-4 

DAP and mock control, nor in wild-type nor in stk background, and that 

similarly the expression of STK does not change upon BL-treatment in wild-

type and in arf2-8 background (Fig 9 C).  
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Fig.1 Size and weight comparison of mature seeds.  

(A) Comparison of mature seeds collected from siliques 3 weeks after 

pollination of wild-type, single and double homozygous mutant plants. Scale 

bar = 500 μm. (B) Seed mass measured 3 weeks after pollination. Error bars 

represent st. error of the sample. All the samples are significantly different from 

each other (p<0,01). 
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Fig.2 Mucilage extrusion assay.  

Mature seeds show mucilage-specific pink staining upon hydration and 

Ruthenium-Red treatment. stk and stk arf2-8 seeds show lack of mucilage 

release in comparison to wild-type and arf2-8 seeds, indicating alteration in the 

structure of cell wall in the seed coat. Scale bar = 100 μm 
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Fig.3 Scanning electron microscopy observations  

SEM imaging of mature seeds. Upper part: stk seeds are both smaller and more 

rounded than wild-type seeds, while arf2-8 and stk arf2-8 are larger than wild-

type (scale bar = 100 μm). Lower part: arf2-8 and stk arf2-8 epidermis structure 

appears altered compared to wild type, and cell-cell distinction is less evident. 

(Scale bar = 20 μm) 
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Fig.4 Vanillin assay on wild-type and mutant seeds reveal PAs 

accumulation.  

Pink staining indicate PAs accumulation in the endothelium of developing 

seeds. PAs biosynthesis starts in the endothelium after fertilization and 

gradually procedes from the micropylar region of the seed towards the chalazal 

pole. In stk and stk arf2-8 ectopic accumulation of PAs is observed outside of 

the endothelium in the seed coat (asterisks). DAP = days after pollination. Scale 

bar = 50 μm 
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Fig.5 Seed coat morphology analysis (A) Fuelgen-stained seed at 4 DAP. oi2 

= outer integument 2; ii1 = inner integument 1 (B) Comparison of average cell 

number and average cell length in layer oi2 and ii1. Error bars represent st. 

error of the sample. Asterisks indicate that the sample is significantly different 

from wild-type Col-0 control (p<0,01). 

 

 

 



   Dario Paolo 

 

172 

 

 

Fig.6 Expression analysis of cell cycle related genes in developing seeds (0-4 

DAP).  

Relative expression level (normalized for ACTIN and UBIQUITIN) of different 

genes related to cell cycle control, tested on 4 DAP siliques. 

Fig.7 DNA-content profile obtained from FACS analysis of seeds. 

 (A) DNA-content profile of wild-type Col-0 and of stk mutant seeds showing 

the different peaks related to diploid nuclei (2c, 4c), highly endo-reduplicated 

nuclei (8c) and triploid/endospermal nuclei (3c, 6c). (B) quantitative 

representation of each peak relative to total measured samples. 
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Fig.8 E2Fa regulation via STK protein.  

(A) Schematic representation of E2Fa gene with intron/exon structure, with 

positions of CArG boxes (region a, b) tested by ChIP. (B) ChIP enrichment 

tests by qPCR show that region “b” of E2Fa is a direct target of STK. (C) 

H3K9 acetylation level in E2Fa region “b” of wild-type and stk expressed as % 

input, normalized on total H3 level (See Material and Methods). 
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Fig.9 Effects of brassinolide treatment on Col-0 and stk mutant seeds.  

(A) Comparison  between mature seeds collected from siliques treated with 1 

μm brassinolide (BL) and relative mock-control (B) Seed size comparison of 

plants treated with BL and mock-control. Asterisks indicate that the sample is 

significantly different from relative mock control (p<0,01) (C) Relative 

expression level (normalized for ACTIN and UBIQUITIN) of ARF2 and STK 

upon BL-treatment.  
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Fig.10 Proposed model of regulation of seed coat cell proliferation and 

expansion. 
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Suppl. Fig.1 Mutant alleles analyzed. 

Schematic representation of STK and ARF2 genes with intron/exon structure. 

Triangles represent the position of the insertion in the mutant alleles stk-2 and 

arf2-8. 
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Suppl. Tab.1 List of primers used in this study. 

 

 

 

 

 

Primers for genotyping 

stk-2 5’-GCTTGTTCTGATAGCACCAACACTAGCA-3’ 

5’-CCACTAACCATTTGATGATGGTGTTGT-3’ 

arf2-8 5’-TGAGTCCTGTTCCAATGCC-3’ 

5’-GAAAGATCCACTGAACGGC-3’ 

Primers for expression analysis 

STK 5’-ACGCGCAGAAAAGGGAGATTGAGC-3’ 

5’- TGTCGGGATCAGAGTAAGAACCTCC-3’ 

ARF2 5’- CCTCATCCGAAGGATGCTCAAACG-3’ 

5’- GGAGCCATCAACTCTCCATTGAACTC-3’ 

CYCD3;1 5’- GGAGAAGGAACATACGGGAAAGTC-3’ 

5’- ACGAAGAGCAGTTGGTGGAATAC-3’ 

ANT 5’- CAAGCACGGATTGGTAGAGTCG-3’ 

5’- CATTAGGGTTTGATGTCCAAGG-3’ 

E2fa 5’- CTTTGGAAGGGAGTTGATGCGTGTC-3’ 

5’- TTGTGCCATGAGGAGCTTTGACG-3’ 

CDKB1;1 5’- GGAGAAGGAACATACGGGAAAGTC-3’ 

5’- ACGAAGAGCAGTTGGTGGAATAC-3’ 

ACT 5’- CTCAGGTATTGCAGACCGTATGAG-3’ 

5’- CTGGACCTGCTTCATCATACTCTG-3’ 

UBQ 5’- CTGTTCACGGAACCCAATTC-3’ 

5’- GGAAAAAGGTCTGACCGACA-3’ 

Primers for ChIP experiment 

E2fa 5’- ACTGGCTTCTCTCAAATGCTGAG-3’ 

 5’- GGTGCTATTTCGCCCATTCCT-3’ 

VDD 5’- GGAAATATGACGTTGTCTTTTTTAG-3’ 

 5’- CAGAAACAGCAATATGGTCGTG-3’ 

IAA8 5’- GAACGTAACTACTTGGGTCT-3’ 

 5’- GTCTTTAGAAGGTAGCAAC-3’ 

ACT 5’- CCAATCGTGAGAAAATGACTCAG-3’ 

 5’- CCAAACGCAGAATAGCATGTGG-3’ 
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DISCUSSION 

 

The embryo and  the endosperm develop protected by the maternal seed coat; 

the coordinated growth of these three parts requires signaling and interplay 

between them, although their development is completed in different moments. 

In Arabidopsis, the formation of the seed cavity precedes the complete 

development of the endosperm an the embryo (Sun et al., 2010a), thus final 

seed size in largely dependent on seed coat formation.  

We provide evidences that both the MADS-domain transcription factor STK 

and Auxin Response Factor ARF2 are master regulator of seed size, albeit with 

opposite roles. ARF2 and STK affect seed coat development through the 

regulation of cell proliferation and of cell expansion in the seed coat, besides 

STK regulates ARF2 expression in the developing seeds. We shed light on the 

putative pathways downstream of these two transcription factors in the control 

of cell cycle and on the connection between their activity and the BRs cascade, 

already known to regulate ARF2 and seed size (Jiang et al., 2013; Vert et al., 

2008).  

It has been previously reported that STK is active in the seed coat and controls 

different aspects of its development; it controls endothelium formation 

(redundantly with another MADS-domain gene ARABIDOPSIS B-SISTER) 

(Mizzotti et al., 2011), as well as secondary metabolism of flavonoids (PAs) 

(Mizzotti et al., 2014, in press), compounds thought to be involved in the seed 

coat-endosperm cross-talk. This interplay between the seed coat and the 

endosperm is a central mechanism in the control of the timing of endosperm 

cellularization, and consequently in the determination of seed size (Doughty et 

al., 2014).  
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Our data indeed confirm that STK controls the biosynthesis and accumulation 

of PAs, as stk ectopically accumulates PAs also outside of the endothelium, in 

different layers of the seed coat. On the contrary ARF2 does not seem to be 

involved in the PAs metabolic pathway as arf2-8 single mutant does not present 

ectopic accumulation of PAs, nor do stk arf2-8 seeds (Fig. 4). 

The defects in expansion observed in stk, whose seed coat cells are clearly 

shorter than in wild type (Fig. 5), can be explained by the pivotal role of STK in 

determining the biochemical and structural properties of cell walls in the seed 

coat.  As matter of fact the stk seed coat at 2 DAP is significantly stiffer and 

more rigid than in wild-type seeds, as it was experimentally proven through the 

use of an atomic force microscopy approach to investigate the elastic modulus 

of the cell wall at the epidermis (the outermost layer) of the seed coat (Ezquer 

and Colombo, personal communication). Furthermore structural defects of the 

cell walls in stk seeds would explain lack of mucilage extrusion from the stk 

mutant, as improper mucilage release could be linked to increased mechanical 

resistance of the outer primary cell wall (Western et al., 2001) (Fig. 2).  

In addition, we proved that STK is also involved in the progression of the cell 

cycle in the seed coat. In this frame, it is however interesting to highlight that 

positive markers of the mitosis (such as E2Fa and CDKB1;1) are down-

regulated in the stk mutant during seed development (Fig. 6), although we did 

not observe significant reduction in cell proliferation in the stk seed coat. This 

observation brings to assume redundancy in the activation of cell proliferation 

via different pathways also in absence of STK, a common compensation effect 

of disruption between cell number/cell length ratio in developing organs. 

Strikingly, E2Fa and CDKB1;1 control G2/M transition in cell cycle, and their 

down-regulation results in high 4c/2c cell ratio organs  (Boudolf et al., 2004). 

We indeed observed via FACS that a high 4c/2c ratio is a characteristic of 
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developing stk seeds, and it indicates alteration in cell cycle progression in the 

seed coat (Fig. 7). The altered 4c/2c ratio in stk could be therefore explained by 

the down-regulation of E2Fa in stk seeds. We additionally revealed via ChIP 

that E2Fa is a direct target of STK during seed development, and consequently 

we propose that STK directly activates E2Fa by binding to its genomic region 

(Fig. 8). Previous studies indicated that protein complexes involved in 

chromatin remodeling can be recruited on target genes by transcription factors 

of different families, such as BnSCL1, a SCARECROW-like protein of 

Brassica napus (Gao et al., 2004), AtERF7 (Song et al., 2005), LEUNIG (LEU) 

(Gonzalez et al., 2007) and, among MADS-domain factors, AGAMOUS LIKE 

15 (AGL15) (Hill et al., 2008). It has been recently shown that the regulation of 

STK on BAN, a key gene in PAs biosynthesis, likely involves local chromatin 

remodeling (Mizzotti et al., 2014, in press). Our data add new information on 

the possibility that  epigenetic regulation of expression might be common 

among STK target genes.  Mizzotti and colleagues showed in fact that BAN is 

over-expressed in stk seeds, and that coherently with that the BAN locus 

presents a higher level of H3K9ac (an euchromatic marker). The ChIP data here 

presented, on the contrary, indicate that the level H3K9ac seeds at the STK 

binding site on E2Fa is lower in stk seeds than in wild type ones, in accordance 

with  E2Fa  down-regulation in stk and the alteration in the cell cycle described 

above. 

The activation of E2Fa expression has been pointed out as a branching step in 

the arising of lateral roots in Arabidopsis (De Veylder et al., 2002), and notably, 

the triple mutant stk shp1 shp2 completely lacks lateral roots (Moreno-Risueno 

et al., 2010): therefore, the mechanism of positive control of STK on E2Fa 

expression, that we show during seed development, could be conserved also in 

the development of secondary radical apparatus, and the study of parallelism 
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between these two pathways would be of great interest in deciphering how 

MADS-domain transcription factor control the development of lateral organs, 

after their initial identity specification. 

ARF2 has the opposite effect on seed size in comparison to STK, since prove 

that ARF2 represses cell proliferation in the seed coat, acting via a distinct 

pathway compared to STK. ARF2 acts in fact as a repressor of two positive 

markers of mitotic activity such as CYCD3;1 and ANT also in young developing 

seed (Fig. 6), a regulatory mechanism already proposed for mature organs 

(Schruff et al., 2006). Overexpression of ANT, a major regulator of floral organ 

size (Krizek, 2009; Krizek and Anderson, 2013) has been shown to induce cell 

proliferation, and indeed we proved that cell proliferation is increased  in the 

seed coats of arf2-8. The expression  ANT is known to be  induced also by 

brassinosteroids (Jiang et al., 2013), hormones that negatively regulate the 

ARF2 protein activity via BIN2-mediated phosphorilation. This post-

translational modification loosens ARF2 binding to Aux-RE elements on target 

genes (Ulmasov et al., 1999) and it determines an increase in organ size (Vert at 

al., 2008). For these reasons the fact that ANT is downstream of ARF2 in 

developing seeds is of remarkable interest as it suggests that ARF2 regulation 

of cell proliferation in the seed coat might be controlled by the BRs. We indeed 

proved that exogenous application of brassinolide on developing fruits results in 

increased seed size, possibly because of the removal of ARF2-block on cell 

proliferation and expansion. Coherently with a mainly post-translational 

regulation of ARF2 via BRs, we observed that ARF2 expression does not 

change after BL-treatment (Fig. 9). 

Moreover, the fact that the arf2-8 mutant has also larger cells in one of the seed 

coat layer analyzed (Fig. 5) indicates that ARF2 might also be involved, besides 

its negative regulation on cell proliferation, also in the repression of cell 
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expansion; the existence of such a mechanism contributes to explain the 

reduced expansion observed in stk: the absence of STK leads not only to 

structural defects in the cell walls described above, that inhibit cell expansion, 

but it also determines overexpression of ARF2, that further represses elongation 

(Fig. 10).  

From the detailed characterization of the seed coat of the stk arf2-8 mutant, we 

concluded that the partial recover of the wild-type seed phenotype is due to a 

reduction in cell proliferation in comparison with the single mutant arf2-8, 

while the defects in cell expansion (due to the loss of STK activity) are not 

overcome by the simultaneous loss of ARF2 function. These characteristics of 

the seed coat in the stk arf2-8 mutant indicate that STK is partially epistatic to 

ARF2 in controlling cell expansion, while ARF2 activity is dominant in 

controlling cell proliferation.    

Interestingly, while a significant increase in seed size (over stk mock control) is 

also observed when treating stk mutant plants with BL, the effect of the 

brassinosteroids is not sufficient to completely recover wild-type seed 

dimensions. This data, together with the fact that STK expression does not 

change upon BL-treatment, point out that the regulation of seed size via STK is 

BR-independent.  

In conclusion we have characterized in detail the role of these two transcription 

factors, showing how their antagonistic activity in seed size determination is 

exerted through different pathways. We show that STK mainly induces cell 

expansion in the seed coat, even if it seems also to have a redundant function in 

promoting cell cycle progression. ARF2 mainly represses cell proliferation in 

the same layers of the seed coat where STK acts. These two reciprocally 

influenced pathways are both pivotal in the achievement of seed size and they 

are differently regulated by hormonal signals, as the brassinosteroids cascade. 
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Our study identifies two master regulators of seed yield, confirming the 

importance of maternal control in seed size determination. 
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MATERIAL AND METHODS 

 

Plant material and growth condition 

Arabidopsis thaliana wild-type (ecotype Columbia, Col-0) and transgenic lines 

were grown on soil at 22°C under short-day (8h light / 16h dark) and long-day 

condition (16h light / 8h dark). stk-2 contains a 74 nt insertion near the splice 

site of the 3
rd

 intron (Pinyopich et al., 2003); arf2-8 (SALK_108995) was 

previously identified as allele of ARF2 (Schruff et al., 2006).  

 

Genotyping 

PCR-based genotyping for mutant alleles was performed with the following 

primer pairs: stk-2 Atp_204 / Atp_561;  arf2-8 Atp_3666 / Atp_3667 

(Supplemental Table 1). 

 

Seed size measurement 

Average seed mass was determined by weighing mature dry seeds in batches of 

500 and the weights of at least three replicates were measured for each seed lot. 

The measurements of seed area was performed using SmartGrain software upon 

observation via stereo microscope (Tanabata et al., 2012). 

 

Tissue staining and microscopy 

Ruthenium-Red (0.01% w/v for 90 min, Sigma-Aldrich) staining and evaluation 

of mucilage extrusion on mature seeds was performed upon water imbibition as 

previously described (Western et al., 2001).  

Scanning electron microscopy of mature dry seeds was performed by gold 

coating them using a sputter coater (SEMPREP2; Nanotech) and observed with 

a LEO 1430 scanning electron microscope (LEO Electron Microscopy). 
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Detailed seed coat analysis was performed upon Fuelgen-staining of 4 DAP 

seeds to visualize the cell walls (Braselton et al., 1996), and then observed 

through confocal microscopy.  

Vanillin assay for PA detection was performed as described previously 

(Debeaujon et al., 2000). Vanillin (vanilaldehyde) condenses to PAs and flavan-

3-ol precursors to give a bright-red product in acidic conditions. Microscopic 

observations were performed using a Zeiss Axiophot D1 microscope 

(http://zeiss.com/) equipped with differential interface contrast (DIC) optics. 

Images were recorded with an Axiocam MRc5 camera (Zeiss) using the 

Axiovision program (version 4.1).  

 

Expression analyses  

Total RNA was extracted from siliques from 0 until 4 days after pollination 

(DAP), using the LiCl method (Verwoerd et al., 1989). Total RNA was treated 

using the Ambion TURBO DNA-free
TM

 DNase (Ambion, 

www.lifetechnologies.com - Cat. AM1907) and then reverse transcribed using 

the Bio-Rad iScript
TM

 kit (Bio-Rad, www.bio-rad.com - Cat. 170-8891). The 

cDNAs were standardized relative to UBIQUITIN10 (UBI10) and ACTIN2-8 

(ACT2-8) transcripts and gene expression analysis was performed using the iQ5 

Multicolor real-time PCR detection system (Bio-Rad, www.bio-rad.com) with 

SYBR Green PCR Master Mix (Bio-Rad). Base line and threshold levels were 

set according to the manufacturer’s instructions. Primers used in the 

experiments are listed in  Supplemental Table 1. 

 

Ploidy analysis 

For flow cytometry analysis, flowers were manually emasculated 24h before 

manual  pollination with pollen of the same genotype. Seeds were collected 
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from the siliques at 6 DAF and prepared for the analysis with CyStain
®

 UV 

Precise kit (Partec, www.partec.com – Cat. 05-5002). The staining with DAPI 

(4',6-diamidino-2-phenylindole) was performed as previously described 

(Nowack et al., 2010). The ploidy level was calibrated against the 2C nuclear 

DNA content peak derived from a preparation of young rosette leaves (Mizzotti 

et al., 2011). 

 

Chromatin immunoprecipitation assay 

ChIP experiments to evaluate enrichment of E2Fa were performed with an 

antibody specific for STK protein, using fertilized flowers and siliques until 4 

DAF. Plant material was collected from the shp1 shp2 double mutant and from 

stk plants; qPCR data were obtained using the iQ5 Multicolor real-time PCR 

detection system (Bio-Rad, www.bio-rad.com) with SYBR Green PCR Master 

Mix (Bio-Rad) and, for the region of interest, fold enrichment over negative 

control (ACT7) was evaluated with ΔΔCt method (Matias-Hernandez et al., 

2010). Similarly, relative differences in acetylation levels between the wild-type 

Col-0 and the stk mutant were tested by ChIP using the same developmental 

stages mentioned above. We used an antibody against an unmodified isoform of 

H3 (“total H3”, Upstate, www.millipore.com – Cat. 06-753)  and one specific 

for H3K9ac (Upstate, Cat. 07-532). For each sample, percentage of enrichment 

in the acetylation versus input was calculated as previously shown (Lin et al., 

2012), normalizing for total H3 level. IAA8 was chosen as positive control 

(Mizzotti et al. 2014, in press). 

 

Hormonal treatments 

Brassinolide (Sigma-Aldrich Cat. E1641) was diluted to 20 mM with absolute 

ethanol and  a working solution diluted to 1 μΜ with water was used for 
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exogenous treatment on plants. The solution was applied directly on inflorences 

and the treatment was repeated every 24h until 4 DAP, with sterile water used 

as mock control. 
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