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Abstract 

Embryogenesis was observed through light and transmission electron microscopy to 

elucidate the role of the cytoskeleton in the cellularization of the coenocytic endosperm in 

Helianthus annuus. Microtubules were not seen throughout the development of the endosperm 

despite the fact that nuclear division occurred frequently. The positioning of organelles in the 

cytoplasm in close proximity to the developing cell plate as well as the crooked appearance of the 

growing endosperm cell wall suggests that a traditional microtubular system, in which a 

phragmoplast controls wall formation, is not present in this species. The growth patterns 

exhibited by endosperm walls, similar to that of tip growing cells, may indicate that actin 

filaments are controlling the cellularization of the endosperm. To further investigate the role of 

microtubules in the development of the endosperm of H. annuus, inhibitory studies using 100 

µM, 300 µM and 1 mM colchicine were conducted on ovules both in-vivo and in-vitro.  Enlarged 

nuclei, partial collapse of the integumentary tapetum, and loss of organelles were observed in 

colchicine treated cells which indicates that colchicine affected the development of the 

endosperm. However, since little difference was seen between the various concentrations of 

colchicine and the cellularization of the endosperm was still observed in treated cell, this may 

indicate that either colchicine did not affect the cytoskeleton controlling endosperm development 

or that it did not successfully penetrate the embryo sacs. The minor effect seen by the application 

of colchicine may support the idea that actin plays a role in the cellularization of endosperm in H. 

annuus.  
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Chapter 1 
Introduction 

Plant Species 

Helianthus annuus, commonly known as sunflower, is an angiosperm species native to 

North America. Traditionally sunflowers were used for medicinal and ceremonial purposes as 

well as a food source for Native Americans (Heiser 1951).  Sunflowers are now a valuable 

agricultural crop throughout the world and their seeds are harvested as a source of oil and feed for 

animals and humans (Cantamutto and Poverene 2006). The importance of sunflower seeds as an 

agricultural crop has led to an surfeit of scientific research on this species focusing on topics such 

as improving drought tolerance and salinity requirements for sunflower field crops (Kane and 

Reiseberg 2007); genetic manipulation to increase yield and the risks associated with modified 

plant species (Cantamutto and Poverene 2006); and manipulation of the fatty acid chains naturally 

occurring in sunflowers to attempt to reduce obesity in human populations by altering the diet of 

the animals consumed (Aydin 2005).  

Additional research focusing on the reproductive cycle of H. annuus, including both 

microsporangenesis and embryogenesis, has also been completed to investigate how these 

processes function at the cellular level (Newcomb 1973a and b, Yan et al. 1991, Caumont et al. 

1997, Popielarska and Przywara 2003). Sunflower is a popular angiosperm species to study the 

reproductive process for a variety of reasons. Sunflowers are cross pollinated and therefore their 

fertilization events and subsequent stages of development are fairly easy to control. Sunflowers 

are also unique from other angiosperm species in that they exhibit a unique pattern of wall 

development in the coenocytic endosperm during the cellularization of the embryo sac (Newcomb 

1973b, Appendix 1). These cell walls do not appear linear, as is seen in Arabidopsis thaliana and 

Brassica napus (Brown and Lemmon 2001b), but are seen at irregular angles and are often bent 

or crooked (Newcomb 1973b). These two factors as well as previous success in visualizing the 

embryo sac of this particular species (Newcomb 1973a, Newcomb 1973b, Popielarska and 
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Przywara 2003), supports the use of H. annuus variety Peredovic in the present investigation of 

how the cytoskeleton system governs the growth of the endosperm cell walls and other cellular 

functions within the embryo sac during embryogenesis.  

Embryogenesis of Helianthus annuus 

Embryogenesis, the developmental study of the embryo from fertilization to maturity, in 

angiosperms involves the formation of several distinct tissues; the ovule, the embryo proper, the 

suspensor and the endosperm, all of which develop independently but are linked in function as all 

are vital to the development of the embryo into a viable seed (Chamberlin et al. 1994). The 

development of the embryo proper, from fertilization to mature sporophyte, has been well 

documented in a variety of species, such as A. thaliana (Webb and Gunning 1991, Brown and 

Lemmon 2001a), Glycine max (Chamberlin et al. 1994), Tritucum aestivum (Fineran et al. 1981, 

Mares et al. 1977) and H. annuus (Newcomb 1973b). The general principles of zygotic 

embryogenesis apply to all angiosperm species; however the specific patterns of growth and 

development following fertilization differ. In H. annuus the distinct developmental changes at the 

cellular level, both before and after fertilization of the embryo, have been documented in detail 

(Newcomb 1973a and b). These studies found that in sunflowers, double fertilization occurs as 

the pollen tube grows down the style, through the filoform apparatus and into the degenerating 

synergid cell, where the two sperm cells are released. One sperm cell fuses with the egg cell to 

form a diploid zygote, while the other sperm cell fuses with the central cell, where the sperm 

nuclei and the fusion nucleus subsequently fuse to form a primary endosperm nucleus (Newcomb 

1973b, Appendix 1). Prior to the first nuclear division of the zygote, the endosperm nuclei 

undergoes several rounds of mitosis, which results in the formation of several free nuclei, not 

enclosed by cell walls, which are distributed around the embryo proper and the synergid cells at 

the micropylar end of the embryo sac (Newcomb 1973b, Appendix 1). At this point in 

embryogenesis, the zygote undergoes an initial transverse division resulting in basal and terminal 
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cells that will both be required for successful development of the embryo proper. The embryo 

proper, which arises from the terminal cell, takes on a globular form through a series of rapid 

longitudinal divisions.  At this time, the basal cell has also undergone a series of cell division to 

form the suspensor, an embryonic organ that connects the developing globular embryo to the 

maternal tissues as a source of nourishment. As nuclear divisions occur, the embryo proper 

achieves a larger globular shape, and the suspensor becomes elongated into a linear row of cells 

(Newcomb 1973b, Appendix 1). During these early globular stages of development, the free 

nuclear endosperm begins to become cellularized, beginning at the micropylar end. Wall 

ingrowths have been seen emerging from the embryo sac wall over which the endosperm wall 

material is deposited as cell walls begin to develop. Sunflower endosperm walls have been 

documented as irregularly shaped, not linear as the cell walls seen in the embryo proper 

(Newcomb 1973b, Appendix 1). This suggests that cytoskeleton control over the development of 

the endosperm may differ from that of the embryo proper or the endosperm of other angiosperm 

species, such as A. thaliana, which exhibit linear cell walls in the endosperm (Brown and 

Lemmon 2001a). During embryogenesis in angiosperms, Golgi bodies and vesicles are often 

located near the freely growing cell walls and this is where the wall material is believed to be 

synthesized in H. annuus (Newcomb 1973b). Cellularization of the endosperm begins at the 

micropyle end and progresses rapidly towards the chalazal end of the embryo sac. At this stage in 

development, the endosperm closely surrounds the developing embryo proper. However, as the 

embryo proper reaches the heart shaped stage, in which it takes on a symmetrical appearance and 

will eventually result in the formation of the cotyledon primoridia on either side of the apical 

meristem, the now completely cellularized endosperm and the suspensor both begin to degenerate 

(Appendix 1). As the embryo proper evolves into the torpedo stage, characterized by the 

elongation of the embryonic axis and the continued growth of the cotyledon primoridia, the 

endosperm and suspensor cells completely degenerate and the torpedo embryo eventually fills the 

entire embryo sac (Newcomb 1973b). 
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Types of Endosperm 

In angiosperms, the endosperm begins to form during double fertilization as a result of 

the fusion of the second sperm cell with the two polar nuclei, which may fuse to form the fusion 

nucleus of the central cell, giving rise to the first endosperm nucleus (Chamberlin et al. 1994). 

Following this first division of the fusion nucleus, endosperm development occurs by one of three 

types; helobial, cellular or nuclear (Floyd and Friedman 2001). Helobial endosperm development 

begins when the first endosperm nucleus undergoes mitosis to produce two daughter nuclei. This 

nuclear division is coupled with cytokinesis to create two endosperm chambers (Newcomb 1978). 

One of these nuclei moves to the chalazal end of the embryo sac and the central cell is then 

transversely split into two regions, the micropylar and chalazal chambers, which are separated by 

a thin cell wall. One or both of these chambers (usually only the micropylar chamber) then 

undergoes free nuclear divisions and may eventually become completely cellular (Floyd and 

Friedman 2001, Friedman 1994). This type of endosperm development is thought to be an 

ancestral characteristic of angiosperms and is seen in plants such as Cambomba (Floyd and 

Friedman 2001), Haemanthus Katherinae (Newcomb 1978) and Butomus umbellatus (Fernando 

and Cass 1996).  

The second type of endosperm commonly observed is cellular or ab initio cellular 

development. This type of endosperm arises after the initial formation of the primary endosperm 

nucleus when traditional mitosis occurs coupled with cytokinesis, producing fully cellularized 

endosperm cells following every nuclear division (Friedman 1994). Species that have been shown 

to exhibit this type of endospermic development are Solanum nigrum (Briggs 1993), 

Arceuthobium americanum (Ross and Sumner 2005) and Monotropa hypopitys (Olsen 1993).  

The third and most common type of endosperm development seen in angiosperms is 

nuclear. This type of endosperm is often termed coenocytic or free nuclear and is formed as the 

primary endosperm nucleus undergoes several rounds of mitosis without cytokinesis prior to the 

first division of the fertilized zygote. Cellularization of the endosperm nuclei, following the free 
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nuclear stage, occurs later on in development in a wide variety of species such as wheat (T.  

aestivum) (Mares et al. 1977, Fineran et al. 1982,), A. thaliana (Webb and Gunning 1991, Brown 

and Lemmon 2001a), chickweed (Stellaria media) (Newcomb and Fowke 1973), soybean (G. 

max) (Dute and Peterson 1992,Chamberlin et al. 1993a, 1993b, 1994), Phaseolus vulgaris 

(XuHan and Van Lammeren 1994) and Ranunculus sceleratus (XuHan and Van Lemmeren 

1993). The nuclear type of endosperm development is most commonly seen in angiosperms, 

including H. annuus, and will be the type of development focused on in this present study.  

Role of the Cytoskeleton in Plant Cells 

The plant cytoskeleton consists of three components; microtubules, proteinaceous tube-

like structures about 25 nm in diameter which are found throughout the cytoplasm of eukaryotic 

cells; actin, an abundant cellular protein that can exist in either a globular (G-actin) or 

filamentous (F-actin) form; and intermediate filaments, protein structures that are generally 

between 8-12 nm in diameter (Lloyd et al. 2004, Staiger and Hussey 2004). Although the exact 

nature of intermediate filaments in plant cells is still unknown, actin and microtubules have been 

previously shown to participate in cellular division and cytokinesis as well as cellular locomotion, 

cell signaling, the transport of vesicles, and the maintenance of cell shape in plant cells (Brown 

and Lemmon 2001a, Brett and Waldron 1990). 

  Traditionally, cell wall development in angiosperms was thought to be governed 

by a variety of microtubule systems depending on the cell type under consideration (Lloyd et al. 

2004).  A complex cytoskeletal apparatus is assembled to control cell division and cell shape in 

order to maintain the rigid cellulose walls that surround a cell and determine its structure 

(Canaday et al. 2000, Brown and Lemmon 2001a).  In most plant cells there are two methods in 

which cortical microtubules; tubulin dimers, composed of α and β- subunits which heterodimerize 

in a head to tail formation to form highly organized arrays in the cytoplasm, influence the 

deposition of wall material and therefore the directionality of cellular growth (Eckardt 2006). 
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Early studies of cell wall development in interphase cells made use of a compound named 

colchicine which is a microtubule inhibiting agent. These studies showed colchicine-sensitive 

structures that were observed parallel to the plasma membrane during interphase and appeared to 

be in control of the polymers that would eventually form the basis of the cell wall (Green 1962). 

These structures were visualized and the term ‘microtubules’ (later cortical microtubules) was 

coined because of their parallel appearance in the cell (Ledbetter and Porter 1963).  Research has 

since shown that controlled directional growth of plant cells is strongly influenced by these 

cortical microtubules, generally found in between the vacuole and the plasma membrane. They 

run in parallel lines transversely around the cell and act as “tracks” for cellulose microfibrils, 

which emerge from cellulose synthases embedded in the plasma membrane (Wasteneys 2002). 

Cortical microtubules control the orientation and deposition of these fibrils along the inner layer 

of the cell wall (Samaj et al. 2003, Sugimoto et al. 2003, Lloyd et al. 2004). This formation of the 

cortical array is commonly found in cells that undergo rapid growth, such as the root axis or the 

hypocotyls. It has also been suggested that short cortical microtubules may act as a dynamic track 

in which cellulose synthase is guided (Hardham and Gunning 1977). The components of these 

tubules would shift along with the growth of the cellulose microfibrils as cell walls are 

constructed (Hardham and Gunning 1977). These cortical arrays have been seen in root tips of 

Azolla pinnata and have been shown to extend over large areas of the cell cortex and can overlap 

and form bridges with each other as well as the plasma membrane (Hardham and Gunning 1978). 

A less rigid organization of microtubules has been seen in other cell types such as pavement cells 

(Paradez et al. 2006). These observations have led to the speculation that the organization of 

cortical microtubules is not universal throughout the cells of a plant and that the requirements of a 

specific cell type dictates the microtubular organization that is produced (Lloyd et al. 2004). This 

hypothesis is further supported by the recent investigations into the coupling of the cellulose 

synthase and cortical microtubule partnership. Cellulose walls can be formed without the 

presence of these parallel microtubules and therefore could indicate that the role of microtubules 
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in wall formation may be more complex than originally thought (Sugimoto et al. 2003, Paradez et 

al. 2006). Although the exact function of cortical microtubules is under debate, the fact that their 

presence results in the formation of an organized cell wall and controlled directional growth 

cannot be disputed in most plant cells.  

In addition to maintaining the organization of the cell wall during interphase, cortical 

microtubules have also been shown to be vital to nuclear division and to control the placement of 

cell wall material during cytokinesis, through the separation of the daughter cells by a cell plate 

following division (Lloyd et al. 2004). In tissues of vascular plants, cellular division occurs in 

four stages; G1, S, G2, M. In the first interphase stage, G1, cortical hoop-like microtubule 

structures are organized. These microtubules are present throughout the S stage and in G2 they 

disassemble (Brown and Lemmon 2001a). In conventional cytokinesis, which occurs immediately 

following nuclear division in somatic cells of plants, three microtubular structures, a pre-prophase 

band (PPB), a phragmoplast, a cytoskeleton structure consisting of two sets microtubules and 

actin filaments as well as various proteins, and the mitotic spindle, are necessary for successful 

completion of the cell wall between the two daughter cells (Lloyd et al. 2004, Otegui and 

Staehelin 2000).  The PPB, a ring like structure which is formed between the G2 stage of 

interphase and prophase, marks the future plane of cellular division and is derived following the 

polarization of the cell (Weingarner et al. 2004, Gunning et al. 1978). The PPB is composed of 

overlapping, short strands of microtubules that are cross-bridged and often vesicles are seen in the 

area of the PPB as well (Gunning et al. 1978). The number of microtubules in the PPB varies 

with every cell and often asymmetrical or “one-sided” PPBs are seen (Gunning et al. 1978). At 

the beginning of pro-metaphase, the chromosomes that became condensed during prophase 

become attached to the mitotic spindle, oriented perpendicular to the plane that the PPB once 

occupied, which will separate the chromosomes to opposite poles of the cell during anaphase 

(Weingarner et al. 2004). At this stage in division, cortical microtubules are reorganized and both 

the spindle and the phragmoplast, which will originate in the later stages of anaphase, are 
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composed of dynamic bipolar microtubules (Lloyd et al. 2004). As the chromosomes are pulled 

to opposite poles of the cell through the action of the mitotic spindle, the phragmoplast is formed 

and is oriented with the positive ends of microtubules at the future plane of division (Otegui and 

Staehelin 2000). The phragmoplast interacts with the cortical plane of division that was 

previously marked by the PPB during interphase, and guides secretory vesicles containing wall 

material to the line of division. The phragmoplast grows centrifugally to meet the initial mother 

cell wall at the site of division thus completing the cellularization of the daughter cells (Lloyd et 

al. 2004, Weingarner et al. 2004).  

In addition to cortical microtubules, plant cells have also been shown to have 

endoplasmic, or radial, microtubules present at various stages of development. These 

endoplasmic microtubules radiate from the nucleus towards the periphery of the cell; the minus 

ends, which consist of α-tubulin subunits, being attached to the nuclear membrane with the plus 

ends, which consist of ß-tubulin subunits, branching throughout the cytoplasm, exhibiting 

dynamic growth (Baluska et al. 1997, Samaj et al. 2003, Wasteneys and Collings 2004) These 

microtubules are both visually different from cortical microtubules, as they are not organized in 

bundles, and function differently, as they have not yet been shown to be involved with either the 

transport of vesicles containing cell wall material or nuclear division.  Rather they are thought to 

fulfill a signaling role between the nuclear surface and the peripheral regions of the cell (Samaj et 

al. 2003).  Although research on endoplasmic microtubules is not as vast as that on cortical 

microtubules, these radial components of the cytoskeleton have been documented recently in root 

cells of maize (Baluska et al. 1997), in root hair cells of Medicago truncatula and A.  thaliana 

(Sieberer et al. 2005), in BY-2 cells of tobacco (Nakayama et al. 2008), in the microsporocyte of 

Lavatera thurungiaca (Tchorzewska et al. 2008)  as well as in endosperm cells of A. thaliana 

(Brown and Lemmon 2001a) and Coronopus didymus (Brown and Lemmon 2002). These 

endoplasmic microtubules may also be similar to cytoplasmic microtubules as seen in pea nodules 

(Davidson and Newcomb 2001a). These microtubules were shown to exist in short, fine bands at 
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various orientations throughout the cytoplasm of the cell, similar to those reported under the name 

endoplasmic microtubules (Davidson and Newcomb 2001a, Wasteneys and Collings 2004). 

Despite the fact that this system of radial, endoplasmic or cytoplasmic microtubules is present for 

a shorter period of time than the cortical microtubule system in the life cycle of a cell before they 

are reorganized (Mineyuki 2007), it is vital to consider their function when investigating the 

cytoskeletons impact on the developmental processes of a cell. 

Although microtubules have been the most widely studied component of the 

cytoskeleton, actin has also been shown to play a role in the process of nuclear division including 

cytokinesis and wall formation following division.  Recent evidence found in tobacco suggests 

that actin filaments interact with microtubules both as part of the mitotic spindle, which separates 

chromosomes during anaphase, and as a component of the phragmoplast (Yasuda et al. 2005).   

The phragmoplast contains both microtubules and actin filaments (Otegui and Staehelin 2000). 

The function of actin in this structure is still relatively unknown although there are several 

hypotheses that exist. Actin may aid in the assembly and the structural support of the 

phragmoplast as it is synthesized during anaphase (Valster et al. 1997, Otegui and Staehelin 

2000).  Actin may also be responsible in part for cell plate alignment and expansion, therefore 

directing the growth of the phragmoplast to the previously determined plane of division (Otegui 

and Staehelin 2000). Alternatively, actin filaments may contribute to the transport of vesicles 

containing wall material to the site of cell wall formation (Valster et al. 1997).  While there is an 

ongoing debate on the importance of actin filaments in wall development and cytokinesis, their 

existence cannot be disputed. Both actin and microtubules have been suggested to function in the 

growth and division of all cell types, with microtubules determining the polarity of cell growth 

and actin filaments directing the delivery of vesicles containing cell wall materials (Mathur and 

Hulskamp 2002). Both microtubules and actin filaments appear to interact and function in the 

stages of nuclear division and cell wall development that occur during embryogenesis of 

angiosperms. 
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Role of the Cytoskeleton in Angiosperm Embryogenesis 

In the developing seed, the embryo proper and the endosperm are distinct tissues, which 

develop independently during the same time period and interact to ensure the viability of the 

mature seed (Chamberlin et al. 1994). Although the successful growth and division of both the 

embryo proper and the endosperm is dependent on the action of the cytoskeleton apparatus, it has 

been proposed that each tissue is dependent upon a unique organization of microtubules to ensure 

successful growth and development (Chamberlin et al. 1994, Brown and Lemmon 2001a). In the 

most commonly observed form of development of the embryo proper, a cortical microtubule 

system such as that described above for nuclear division of vegetative cells has been observed. 

This microtubule cycle has been seen in many species such as A. thaliana (Webb and Gunning 

1991, Brown and Lemmon 2001a), Phaseolus vulgaris (XuHan and Van Lemmeren 1994) and G. 

max, both before (Folsom and Cass 1990) and after fertilization (Chamberlin et al. 1993a).  

While the cortical microtubule system is prevalent in the development of the embryo 

proper, a system using radial or endoplasmic microtubules is more commonly seen in the 

endosperm development of angiosperms (Brown and Lemmon 2001a). Immediately following 

fertilization, the primary endosperm nucleus undergoes several rounds of mitosis without 

cytokinesis, initiating the formation of a free nuclear or coenocytic endosperm (Newcomb 1973b, 

Chamberlin et al. 1994, Brown and Lemmon 2001a). Endosperm cell walls begin to form when 

enough nuclear divisions have occurred to produce a layer of nuclei that surround the periphery of 

the embryo sac, forced there by that enlarging central vacuole which takes up the majority of the 

embryo sac at this stage of development (XuHan and Van Lemmeren 1993). Although PPBs are 

present in most somatic cells, they are not present in cells in which the cell plate does not fuse 

with the parental wall, such as in coenocytic endosperm development (Gunning et al. 1978). In 

the early stages of endosperm cellularization, the wall is initiated from the parental wall and 

therefore a PPB is not required (Gunning et al. 1978). The radial microtubules determine the 

positions of both sister and non-sister endosperm nuclei, equally spaced along the inside of the 
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embryo sac membrane, by radiating from the membranes of every endosperm nuclei (Olsen 

2001). The site of overlap between the nuclei’s individual radial microtubules marks the 

boundaries of the nuclear-cytoplasmic domains, which is the area containing a nucleus or that will 

contain a nucleus once wall formation has been completed (Brown and Lemmon 2001b). 

Anticlinal walls, free growing wall ingrowths that originate with material from dictyosome, or 

Golgi vesicles (Dute and Peterson 1992), begin to form at the site of microtubule overlap between 

these nuclei, indicating the eventual site of endosperm cell walls (Mares et al. 1977, Brown and 

Lemmon 2001a). Overlapping radial microtubules initiate the formation of structures called 

adventitious phragmoplasts, which form in the absence of nuclear division and guide the 

formation of cell walls (Olsen 2001, Brown and Lemmon 2001b). Unlike phragmoplasts that 

occur in typical somatic nuclear division, which contain cortical microtubules as well as many 

actin filaments, these adventitious phragmoplasts are thought to be directed by radial 

microtubules alone (Brown and Lemmon 2001a). Although F-actin is present in the cytoplasm of 

the central cell, it has not been shown to be associated directly with either the nuclei or the 

microtubules present (Brown and Lemmon 2002). These phragmoplasts control the formation of 

anticlinal walls, which exhibit centripetal growth (towards the central vacuole), by directing the 

motion of the Golgi vesicles but they do not expand or deposit walls themselves as do 

phragmoplasts governed by the cortical microtubule systems (Brown and Lemmon 2001a). As 

these walls extend into the central cell, they fuse together to become sheet-like and form a 

cylindrical structure that is open towards the central cell, called an alveoli (Chamberlin et al. 

1994).  

There are two hypothesized methods that lead to the completion of these individual cells 

of the endosperm. In the first method, which is thought to occur only between sister nuclei, the 

growing end of the anticlinal wall fuses with a periclinal wall to enclose a single nucleus (Webb 

and Gunning 1991, XuHan and Van Lemmeren 1993, Chamberlin et al. 1994, Brown and 

Lemmon 2001a). This method involves radial microtubules and adventitious phragmoplasts that 
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guide the formation and completion of endosperm cell walls. Alternatively, the second method 

involves mitosis of the alveolar nucleus, including the traditional formation of a PPB and 

phragmoplasts and the deposition of cell plates (Mares et al. 1977, Chamberlin et al. 1994, Brown 

and Lemmon 2001a). Once the first layer of alveoli are completed, anticlinal walls continue to 

grow unidirectionally until the second layer of the endosperm alveoli cells are complete (Brown 

and Lemmon 2001a). Once these cells become walled in they exhibit normal cytokinesis, 

beginning at the micropylar end and moving towards the chalazal end, until the embryo sac has 

become completely cellularized (Chamberlin et al. 1994, Brown and Lemmon 2001a).  

This theory of embryo proper and endosperm development governed by the distribution 

of cortical and radial microtubules, respectively, has been well documented in A. thaliana and 

cereal species, and is generally accepted to be the standard procedure of nuclear division in 

coenocytic endosperm. However, the presence of this system across all angiosperm families has 

yet to be shown. In H. annuus, the formation of the endosperm walls deviates from the traditional 

method of development as they are not formed perpendicular to the embryo sac plasma 

membrane but are instead crooked in appearance.  This is in opposition to the traditionally 

straight cell walls seen in the embryo proper of H. annuus (Newcomb 1973b) and in the 

endosperm development of Arabidopsis (Brown and Lemmon 2001a), which indicates a possible 

deviation from the accepted role of the cytoskeleton in the formation of the endosperm in H. 

annuus  prompting this present study. 

Interaction of Colchicine and Microtubules 

Colchicine, a soluble plant alkaloid, found in Colchicum autumnale, is a large, three 

ringed molecule (Appendix 2) which acts as both an anti-mitotic and anti-microtubule agent as it 

affects the rate at which tubulin dimers polymerize to form microtubules (Morejohn and Fosket 

1991, Hastie 1991, Guha and Bhattacharyya 1997).  Colchicine has been shown to inhibit cell 

division, cell elongation, cellular transport and cell motility in both vegetative and reproductive 

plant cells (Morejohn and Fosket 1991, Guha and Bhattacharyya 1997). Colchicine also 
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negatively disrupts the function of plant cells, even when present at low levels, through its 

inhibition of microtubule assembly (Guha and Bhattacharyya 1997). Colchicine is thought to 

restrict the elongation of microtubules by binding at a specific lateral site between monomers, 

dubbed the colchicine-binding site, either at the end tubulin subunit or one in the middle of the 

chain. Both actions induce a conformational change of the microtubule and therefore decrease the 

successful addition of tubulin monomers to the end of the chain (Guha and Bhattacharyya 1997, 

Nogales 2000).  

Plant cells have been shown to have a higher resistance to anti-mitotic drugs, such as 

colchicine, than animal cells, and can be exposed to higher concentrations of a drug of this type 

for longer periods of time without suffering mortality (Morejohn and Fosket 1991). Plant cells 

also have the ability to recover and resume normal patterns of growth and development following 

colchicine exposure (Morejohn and Fosket 1991). Although colchicine has been shown to have an 

effect at low levels in a cell, the binding of colchicine to tubulin has been shown to be a fairly 

slow process.  At minimum 60 to 90 minutes is required for colchicine to successfully bind to 

tubulin dimers and inhibit the polymerization of the subunits into microtubules, and this process 

is dependent on the concentration of colchicine used and therefore the amount present in the cell 

(Guha and Bhattacharyya 1997). Despite the length of time needed for colchicine to have a 

visible effect, many inhibitory studies using it have been performed to study the function of the 

cytoskeleton in plant cells.  

Colchicine has been used in a variety of studies, as a method of analysis of the role that 

microtubules and the cytoskeleton fulfill in cells. Colchicine is affective only on cells undergoing 

division (Singh 1993) and therefore has been used in investigations determining the control of the 

growth and curvature of coleopitiles, the sheath covering the emerging shoot, in rice (Saiki et al. 

2005); the stability of microtubules in the presence of lectin in both the roots and shoots of wheat 

(Timofeeva et al. 2000); the function of microtubules in root nodules of pea and soybean plants 

(Davidson and Newcomb 2001a, Mockler 2005); the influence of the cytoskeleton on water 
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transport in the roots of winter wheat, T. aestivum, (Volobuyeva et al. 1999) and also the ability 

to induce embryogenesis by treating haploid microspores with colchicine in B. napus (Zhao et al. 

1996, Zhou et al. 2002) and  T. aestivum (Soriano et al. 2008). Of these inhibitory studies, the use 

of colchicine to induce embryogenesis from microspores is most relevant to this present study as 

the microtubule systems that govern microsporangenesis are thought to be similar to those that 

occur in embryogenesis in angiosperms.  

Many studies have been completed using colchicine as a tool to induce the formation of a 

diploid embryo from a haploid microspore, or to increase the ploidy of a cell.  Because colchicine 

inhibits mitosis in metaphase, by preventing spindle formation, it is able to increase the overall 

number of chromosomes in a cell (Singh 1993).  In the microspore system of B. napus, colchicine 

binds with tubulin heterodimers, inhibiting the formation of microtubules that are used to position 

the nucleus before division occurs (Zhao et al. 1996). It has been proposed that microspores 

initially divide using a radial microtubule system, similar to the development of endosperm cells 

(Brown and Lemmon 2001a). The first division of a microspore into a generative and vegetative 

cell is dependent on the positioning of the nucleus. This is controlled by microtubules, which 

have been suggested to be organized in a radial orientation (Zhao et al. 1996, Brown and 

Lemmon 2001a). After treatment with colchicine, the first division is inhibited, inducing the 

formation of an embryo sac rather than haploid gamete production; normal embryogenesis and 

generation of a healthy plant from the embryo formed from the colchicine-treated microspore was 

subsequently observed (Zhao et al. 1996, Zhou et al. 2002). However, colchicine became 

inhibitory to embryogenesis if used at a greater concentration or for an extended period of time 

(Zhao et al. 1996, Zhou et al. 2002). This may provide support for the fact that microtubules are 

essential for the development of the zygote into a viable seed. Despite the high occurrence of 

colchicine as the drug of choice in microtubule inhibitory studies, one concern is that colchicine 

affects all tissues it encounters and not just the cells that are being targeted for analysis 
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(Wasterneys 2004). The improvement of techniques to administer inhibitory drugs is necessary to 

ensure the most valid results are recorded.  

Goals of this project 

The central focus of this thesis was to investigate the cytoskeleton system governing the 

development of endosperm cell walls in H. annuus, variety Peredovic. Previous work has 

documented the stages of development both before and after (Newcomb 1973 a and b) 

fertilization in this species; however, the components of the cytoskeleton were not visualized in 

those studies. Research documenting the role of microtubules in angiosperm embryogenesis has 

been conducted on A. thaliana (Brown and Lemmon 2001a, 2001b). However, the unique 

structural formation of the endosperm cell walls seen in H. annuus differs greatly from those 

previously investigated, suggesting that the control of the cytoskeleton in this species may differ 

from that of Arabidopsis..  

The primary goal of this project was to visualize microtubules in the developing embryo 

sac of H. annuus from fertilization throughout the cellularization of the endosperm. In order to 

gain information about the function of the microtubules present in these cells, an inhibitory study 

using colchicine was conducted. It is hypothesized that a cytoskeletal system involving 

microtubules will be found to be governing the deposition of endosperm walls in this species and 

that colchicine will inhibit the function of microtubules and endosperm cell wall development 

will be irregular or disrupted. However, before these colchicine inhibitory studies could be 

performed, a methodology of administering the drug needed to be developed in order to observe 

the effect of colchicine on the microtubule systems that govern embryogenesis in sunflowers.  

Gaining knowledge of microtubules and other components of the cytoskeleton during 

embryogenesis and seed development has broad implications. Sunflowers are an important 

agricultural crop that is harvested for their seeds. New forms of pesticides are currently being 

developed that use mitotic inhibitors as a defense mechanism against crop infestations (Lloyd et 

al. 2004). Knowledge on the functioning of the microtubule system that controls the development 
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of the seed can enhance the information available for this research. In addition to this new topic 

of research, there is an ongoing debate concerning the process of cell wall development in 

angiosperms and the cytoskeleton systems that govern the deposition of the wall material in both 

somatic and reproductive cells. Knowledge gained from this study can be applied to the debate, as 

there is limited information about the system of wall deposition in endosperm tissues outside of 

the cereal family. This study could offer insight into the functioning of the cytoskeleton in wall 

development in other plant cell types. 
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CHAPTER 2 
Methods and Materials 

Plant Growth 

Sunflower plants, Helianthus annuus L. Peredovic, (National Sunflower Association, 

Manitoba, Canada) were planted in soil, with two plants per 10 inch pot, and grown in a 

controlled growth chamber for 60 to 90 days (d) or until antithesis had occurred. The chamber 

was regulated at 22°C with 70% humidity for a 16 hour (h) photoperiod daily. Fluorescent and 

incandescent illumination of 400 µmol quanta m²s¯¹ was used. Each pot was watered daily and 

following germination was fertilized once a week with Hoagland's nutrient solution (Appendix 3) 

supplemented with 20 mM KNO3 (Hoagland and Arnon 1950). Plants began to flower 

approximately 70 d following germination and were hand- pollinated daily at this time, beginning 

approximately 24 h after anthesis. Sunflowers were cross-pollinated using a paintbrush for 

approximately 3 d or until all exposed anthers were fertilized. Plants were harvested seven days 

following anthesis. Ovules were harvested during the last 3 h of the dark period as well as in the 

first 3 h of the light period for analysis in each experimental trial. For observations of 

embryogenesis in sunflowers, ovules were dissected out of their seed coats and preserved using 

chemical fixation techniques and prepared for microscopy as described below. Various stages of 

embryogenesis, ranging from fertilization through to the heart shaped embryo stage were 

observed. 

Experimental Design and Colchicine Treatment 

          Plants were chosen randomly for control and treatment trials; ensuring that each trail 

contained a plant that had opened on the same day and therefore was considered to be at the most 

similar stage of development. Individual florets were chosen for dissection dependent on the 

development of the anthers. Anthers that were partially curled were indicative of a post-

fertilization globular embryo (Popielarska and Przywara 2003) which was the targeted stage for 

this experiment. As such, only florets displaying these anthers were chosen for harvest. Before 
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colchicine-inhibition studies could be performed on the developing embryo sacs of H. annuus, a 

method of administering the drug, while causing minimal structural damage to the embryo sac 

was developed. Several methods, both in-vivo and in-vitro were attempted with limited success.  

Attempted methodologies, with all solutions prepared using d-H2O to successfully 

administer cytoskeletal inhibitor drugs to the developing embryo sacs of H. annuus, included; 

injection of an aqueous solution into the xylem of the stem (modified Begna et al. 2002); spraying 

the solution directly onto the flower head to diffuse through the seed coat into the ovular tissue; 

through the use of a hydroponics apparatus in which the flower head was suspended in an aerated 

aqueous solution; an in-vitro experiment where individual ovules were dissected and placed in an 

aqueous solution in a petri dish for a given period of time (Newcomb unpublished). A test using 

Toluidine blue O with 1% sucrose was completed to see whether a solution with a foreign 

substance could diffuse into the embryo sac using any of the methods described above as an 

indication of successful colchicine administration. Toluidine blue O was chosen to complete this 

preliminary test as it has a three ringed structure similar to that of colchicine. For this preliminary 

experiment, it was assumed that a foreign compound of similar size would be taken up in the 

same manner; however, this assumption was used for the sake of these initial trials only in 

determining which methodologies showed the greatest promise of success. From these tests, it 

appears that the embryo is protected from taking up foreign substances naturally throughout its 

development. Although the colored solution would penetrate the flower head, and in some 

instances spread to the petals, it was never seen to be successfully transported into the ovular 

tissue and therefore to penetrate the embryo sac in any of these attempted strategies.  

Eventually two treatment techniques that showed promising preliminary results were 

used for this study: an in-vivo injection of the colchicine solution directly into the ovular tissue 

(modified Chen et al. 1998): and an in-vitro treatment that used solid culture media of various 

concentrations of colchicine (modified Seagull 1998). These two methodologies showed signs of 

success at achieving the administration of colchicine into the embryo sac of H. annuus.  
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In-vivo Injection treatment 

For this treatment, plants were hand pollinated as described above. On the last day of 

pollination, ovules were directly injected with either a control or an aqueous colchicine solution 

using a 1 mL syringe with a 22.2 mm hypodermic needle. The control solution consisted of 1% 

sucrose, while both 100 µM and 1 mM solutions of colchicines with 1% sucrose were used. A 

stock solution of 5 mM of colchicines was prepared in 1 mL of DMSO to ensure complete 

absorption of the chemical in the stock solution. A trial using only DMSO as solvent was 

conducted and irregular fixation of the tissues was observed. However, when the same 

concentration of DMSO used in the colchicine solution was added to the control solutions of d-

H20 and 1% sucrose no difference was seen. The treatment concentrations of 100 µM and 1 mM 

were diluted from the stock solution. These concentrations were chosen based on previous studies 

using colchicine as an inhibitor (Thao et al. 2003, Mockler 2005). Concentrations <100 µM were 

shown to have no visible effect between control and treatment groups (Thao et al. 2003), with 

increasing effects seen as the concentration was increased. A previous study found that 100 µM 

colchicine was successful at inhibiting the function of microtubules in legume nodules (Mockler 

2005) and therefore this was the lowest concentration tested.  For the injection treatment, four 

plant groups were then used; a control no-injection, a control injection, a 0.1mM or 1 mM 

colchicine. Approximately 50 individual florets of each plant were then injected by hand with 1 

mL of the respective solution directly into the ovular tissue (modified Chen et al. 1998). The 

plants were then left in the growth chamber for 48 hours and then the tissues were processed for 

microscopy. 

 
 In-vitro Colchicine Treatment 

Prior to the dissection of ovules following fertilization, culture plates using Agar 

solidified media (Appendix 4) were prepared using a modified MS media (Murashige and Skoog 

1962). Various concentrations of colchicine were added from a 5 mM stock. These solutions were 
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sterilized in the autoclave at 135 º C, cooled and poured into plastic culture plates. The stability of 

colchicine although disputed following sterilization in an autoclave, has been shown to be 

unaffected following this procedure (Smith et al. 1963).  The culture plates were sealed with 

parafilm and stored overnight at 4 º C. Plants were harvested at 7 d after antithesis and individual 

florets were chosen for treatment based on the appearance of their anthers as described above. 

The stigma and the stamens were removed from each individual floret and surfaced sterilized in 

50% bleach for 10 min and washed 3 times in sterile d-H2O (Popielarska and Przywara 2003). 

The seed coats were removed and the embryo sac was partially dissected from the ovular tissue 

and placed on solid media, which was sealed and returned to the growth chamber until the 

treatment time had elapsed. Several treatment lengths were used with 3 h as the shortest time 

period used, as this treatment length both ensured the greatest possible viability of embryo sacs 

following isolation (Popielarska and Przywara 2003) and still allowed time for the colchicine 

solution to penetrate the tissue and bind to microtubules. However, in order to ensure that 

colchicine had enough time to penetrate the ovule and affect the microtubules, longer treatment 

lengths, of 6, 12, and 24 h with 100 µM and 300 µM colchicine were used.  Once the treatment 

time had elapsed, the plants were rinsed in potassium phosphate buffer (Appendix 5) and 

processed for light and electron microscopy. 

Chemical Fixation 

Embryo sacs were partially dissected by removing the seed coat and slicing the ovular 

tissues near the chalazal end of the embryo sac as an attempt to improve the penetration of the 

chemical fixatives and successful infiltration with resin. Tissues were placed in a solution of 2.5% 

glutaraldehyde in 0.025 M potassium phosphate buffer (Appendix 4), pH 6.8, for 2-4 h at room 

temperature. The tissues were then put in the same buffer solution, changed 3 times over 30 min, 

and then post-fixed in 1% osmium tetroxide in d-H2O for 1-2 h. The tissues were removed and 

placed in the buffer solution; 3 times over 30 min, and dehydrated with diluted acetone in 
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increasing 10% increments from 10% to 100%. The tissues were incubated in each solution, up to 

90% acetone, for 15-20 min and then changed 3 times over 30 min in 100% acetone. The tissues 

were placed in a solution of 1:1 acetone and propylene oxide and changed several times over a 1 

h period. This solution was replaced with 100% propylene oxide and washed three times over 0.5 

h. The tissues were infiltrated with a 1:1 solution of Epon-Araldite resin (Appendix 4) and 

propylene oxide drop by drop over a period of 4-6 h. Overnight the propylene oxide evaporated. 

The tissues were placed in fresh resin and vacuum infiltrated for 24 h and polymerized at 60° C in 

a drying oven for 24 h. Blocks for mounting specimens were prepared by filling Beem capsules 

(CANEMCO INC, Montreal, QC) with the Epon-Araldite resin and polymerizing for 24 h. The 

tops of the capsules were smoothed using a file and individual specimens were cut from the 

hardened resin and mounted on top of the capsules. Blocks were trimmed by hand using a single 

edged razor blade before thick and thin sections were taken.  

Light Microscopy  

Thick sections, (0.5 µm) were cut with glass knives using a Sorvall Porter-Blum MT-1 

ultramicrotome (Newtown, CT). The sections were heat-mounted on glass slides and stained 

using 0.05% toluidine blue 0 in 1% sodium tetraborate. These sections were then observed with a 

Leitz Dialux 20 light microscope (Leitz Wetzlar, Ottawa, ON) at varying magnifications. Photos 

were taken with Ilford FP4 plus 125 Black and White film and negatives were processed using T-

Max developer by Kodak. 

Transmission Electron Microscopy (TEM)  

Thin sections were also cut with glass knives using the Sorvall Porter-Blum MT-1 

ultramicrotome (Newtown, CT), stretched with xylene vapors and mounted on 0.25% formvar 

coated 100 mesh copper grids. Sections were stained for 30 min in saturated uranyl acetate in 

50% methanolic solution and then rinsed with d-H2O. Sections were then stained with 0.02% 
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lead citrate for 5 min, rinsed with d-H2O and placed on clean filter paper. Sections were viewed 

with a Zeiss 10CR Transmission electron microscope. Negatives were taken using Kodak electron 

microscope sheet film and processed using D-19 developer. 
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CHAPTER 3 

  Results 
General Cytology 

One hundred and sixty-four embryo sacs were observed from H. annuus. Prior to 

fertilization, the egg cell and the synergids, both of which are intact, are observed at the 

micropyle end of the embryo sac with the fusion nucleus of the central cell located directly to the 

upper chalazal region of the egg cell (Figure 1). The change in shape of one synergid at the 

micropylar end, which is shown as darkly staining, indicates that the pollen tube has grown into 

the micropyle and fertilization is about to occur or is occurring. Both the persistent synergid and 

the darkly staining degenerating synergid are present at this point in development and as mitosis 

of the zygote or of the primary endosperm nucleus has yet to begin, it is assumed that fertilization 

has not occurred (Figure 2). At this stage, either prior to or during fertilization, the central cell 

and the persistent synergid contain large amounts of starch (Figures 1 and 2).  

The endosperm cell immediately following fertilization is coenocytic and undergoes 

several rounds of mitosis without cytokinesis. These free nuclei are located at the periphery of the 

embryo sac, adjacent to the plasma membrane and surround the embryo proper in the micropylar 

end of the embryo sac (Figure 3). A multi-celled, suspensor that contains numerous vacuoles is 

present at the base of the micropyle region (Figure 3). Although the endosperm cell walls have 

yet to form, wall ingrowths that formed prior to double fertilization are observed along the 

endosperm plasma membrane near the site previously occupied by the central cell (Figure 4) as 

well as along the endosperm membrane (Figure 5). The cytoplasm of these free nuclear 

endosperm cells contains numerous mitochondria, Golgi bodies and strands of endoplasmic 

reticulum (Figure 5). The Golgi bodies appear to be active as there are numerous vesicles located 

in close proximity to them (Figure 5).  Vesicles that appear to contain fibrillar wall material are 

also seen close to the wall ingrowths (Figure 4, 5) as well as throughout the cytoplasm of the free 

nuclear endosperm cells (Figure 5). Endosperm cell walls begin to form between free nuclei, 
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extending from both the surface of the embryo proper (Figure 6) and from the embryo sac wall of 

the micropyle end (Figure 7). The cytoplasm surrounding these new cell walls contains both 

smooth and rough endoplasmic reticulum as well as vesicles located alongside the cell wall 

(Figure 7). The cells of the embryo proper at this stage in development have a cytoplasm with 

amyoplasts and endoplasmic reticulum and appears more active than the endosperm cells adjacent 

to them (Figure 6).   

Cellularization of endosperm occurs throughout the micropylar chamber of the embryo 

sac, first surrounding the globular shaped embryo proper and then progressing towards the 

chalazal region of the embryo sac (Figure 8). Developing cell walls now separate free endosperm 

nuclei (Figure 9, 10, 11). Golgi bodies appear to be actively producing vesicles in the cytoplasm 

of this partially cellularized nuclear endosperm (Figure 12, 13). Vesicles are seen in close 

proximity to the developing cell walls (Figure 10, 11). The cytoplasm of these endosperm cells 

are frequently seen with mitochondria, plastids, lipid droplets (Figure 13) as well as endoplasmic 

reticulum often seen near the developing walls and the plasma membrane (Figure 11, 12). Free 

endosperm nuclei are still visible closer to the chalazal end of the embryo sac along the 

endosperm plasma membrane (Figure 14). The cytoplasm surrounding the nucleus contains 

multiple organelles such as mitochondria, amyoplasts and endoplasmic reticulum (Figure 14). 

Wall ingrowths can still be seen along the plasma membrane (Figure 14) and it is here where the 

new cell wall should develop from as the cellularization of the endosperm progresses.  As 

cellularization of the endosperm progresses from the micropyle to the chalazal end, the 

endosperm becomes more cellular and less coenocytic. Vesicles, often seen containing fibrillar 

material, are located alongside these developing walls throughout the cellularization process 

(Figures 15, 16, 17). Cell walls growing from the parental endosperm walls are also observed at 

this stage in development (Figure 18, 19), and they are surrounded by a cytoplasm that contains 

mitochondria, plastids as well as Golgi bodies possibly producing vesicles (Figure 18). Vesicles 

are seen not only alongside but also as part of the developing cell wall (Figure 17) and in close 
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proximity to the growing tip (Figure 20).  Vesicles are also seen at the site of new endosperm wall 

growth, near the degenerating nucellus located along the embryo sac cell wall (Figure 21). Once 

these cells become completely surrounded by walls, vesicles are still seen alongside the walls and 

throughout the cytoplasm of the endosperm cells (Figures 22, 23A, 23B). These endosperm cells 

contain several organelles, but begin to accumulate more starch especially in the central region of 

the embryo sac (Figure 23A).  

Complete cellularization of the endosperm is observed as the embryo proper reached the 

late globular (Figure 24) to early heart-shaped stage of embryogenesis. The cells of the embryo 

proper are seen in interphase and are cellularized with straight cell walls (Figure 25). In contrast 

the cell walls of the now cellularized endosperm are wavy or crooked and the endosperm appears 

to contain several large vacuoles (Figure 25) and few active Golgi bodies are seen (Figure 26).  

Throughout the development of the endosperm from coenocytic to cellular, no microtubules were 

observed. The absence of microtubules does not appear to be a result of the chemical fixation 

techniques used as the preservation of other cellular structures appears to be of high quality. The 

mitochondria, including the inner and outer membranes as well as its cristae can clearly be seen 

(Figure 5) as well as Golgi bodies, vesicles, and vacuoles, including the tonoplast, all appear to be 

well preserved and intact in the observed embryo sacs (Figures 7, 11).  Both smooth and rough 

endoplasmic reticultum has also been preserved well as the membranes of both organelles as well 

as the ribosomes on the RER are easily distinguishable (Figure 7).  
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Figure 1: Light micrograph of an embryo sac of H. annuus prior to fertilization. An unfertilized 
egg cell (E) is present and the synergids (SY) are intact, although only a portion of the the right 
synergid is visible. A highly vacuolated central cell (CC) contains a fusion nucleus (FN). X960. 
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Figure 2: Light micrograph of an embryo sac possibly during fertilization. Both the egg cell (E) 
and the primary endosperm nuclei (EN) may be fertilized but have yet to undergo nuclear 
division. The degenerating synergid (DSy) is stained darkly, indicating that the pollen tube has 
grown into the micropyle to release the sperm cells, while the persistent synergid (PSy) remains 
intact. X640. 
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Figure 3: Light micrograph of free nuclear endosperm (FNE) visible at the micropyle end and 
along the embryo sac wall. The embryo proper (EM) has also undergone nuclear division and 
cytokinesis, with the apical cell becoming globular in shape and the basal cell has developed into 
a multi-celled, highly vacuolated suspensor (SU). X580 
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Figure 4: Transmission electron micrograph of wall ingrowths (WI) along the endosperm cell 
membrane (white arrow) at the base of the micropylar end following fertilization. Vesicles (black 
arrows) are seen near these ingrowths in the cytoplasm of the endosperm. X14 000. 
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Figure 5: Transmission electron micrograph of wall ingrowths (WI) along the endosperm cell 
membrane (large black arrow) near the micropyle end. Endosperm cells have yet to become 
cellularized and Golgi bodies (G), mitochondria (M) and strands of endoplasmic reticulum (ER) 
are present. Vesicles (thin black arrows) are seen throughout the cytoplasm of the endosperm cell. 
X49000. 
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Figure 6: Transmission electron micrograph of a growing endosperm (EN) cell wall (black 
arrow) from the surface of globular embryo proper (EM). Amyoplasts (A) and strands of 
endoplasmic reticulum (ER) are seen in the cytoplasm of the cells of the embryo proper.  Note the 
irregular formation of the developing endosperm wall in comparison to the linear cell walls of the 
embryo proper. X10 000. 
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Figure 7: Transmission electron micrograph of the development of an endosperm cell wall (white 
arrow) along the embryo sac membrane near the micropyle end. Both rough (RER) and smooth 
(SER) endoplasmic reticulum as well as vesicles (black arrows) are seen in the cytoplasm near the 
developing wall. X40 000. 
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Figure 8: Light micrograph of an embryo sac containing a young globular embryo (EM) with 
partially cellularized endosperm (CEN) at the micropyle end. Growing endosperm walls (arrows) 
are seen extending away from the embryo sac membrane into the middle of the chamber. X750. 
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Figure 9: Transmission electron micrograph of free nuclear endosperm nuclei (N) separated by a 
growing cell wall (CW). Vesicles (arrows) are seen near the developing wall. X19000. 
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Figure 10: Transmission electron micrograph of a growing cell wall (CW) between two 
endosperm nuclei during the globular stage of embryogenesis. Vesicles (white arrow) are located 
near the developing wall and several vacuoles (V) are seen above.X20 000. 
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Figure 11: Transmission electron micrograph of the growing endosperm cell wall (CW) seen 
above at a higher magnification. Numerous vesicles (white arrows) are seen along the developing 
wall as well as plastids (P), mitochondria (M) and endoplasmic reticulum (ER) is seen in the 
cytoplasm. X38 000.  
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Figure 12: Transmission electron micrograph of the cytoplasm of a coenocytic endosperm cell. 
Golgi bodies (G) with vesicles (white arrows) adjacent as well as plastids (P), mitochondria (M) 
and endoplasmic reticulum (ER) are seen. X35000.  
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Figure 13: Transmission electron micrograph of the cytoplasm of a coenocytic endosperm cell. 
Endoplasmic reticulum (ER) can be seen alongside the embryo sac cell wall (CW) with Golgi 
bodies (G) close by. Vesicles (white arrows) are also seen near the Golgi bodies. A lipid droplet is 
also seen. X44000. 
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Figure 14: Transmission electron micrograph of a free endosperm nucleus (N) in interphase 
located along the endosperm plasma membrane. Cup shaped plastids (P) as well as numerous 
lipid droplets (white arrows) are present in the surrounding cytoplasm. X5000.  
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Figure 15: Transmission electron micrographs of developing cell walls between free 
endosperm nuclei in embryo sacs containing globular embryo. Vesicles (white arrow) are seen 
alongside the developing cell wall (CW). Mitochondria (M), plastids (P), endoplasmic 
reticulum (ER) are also present in the cytoplasm of the cell. X20000.  
 
Figure 16: Transmission electron micrographs of a developing cell wall (CW) near a 
endosperm nuclei (N) in an embryo sac containing a globular embryo. Vesicles (arrow) are 
seen near the nuclei of an endosperm and towards the developing cell wall (CW). X20000. 
 
Figure 17:  Transmission electron micrographs of developing cell walls between free 
endosperm nuclei in embryo sacs containing globular embryo. Vesicles (arrows) are 
perpendicular to the new cell wall (CW) as well as near the endosperm nuclei (N). X27000. 
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Figure 18: Transmission electron micrograph of a developing cell wall in the endosperm of an 
embryo sac containing a globular embryo. The growing tip (white arrow) of the endosperm cell 
wall is extending into the cytoplasm of the cell, which also contains a Golgi body (G), plastids 
(P), mitochondria (M) and endoplasmic reticulum (ER). X 16000.  
 
Figure 19: Transmission electron micrograph of a growing tip of the endosperm cell wall (white 
arrow) into the cytoplasm of a cell that contains few organelles in comparison to A. X19000.  
 
 Figure 20: Transmission electron micrograph of an endosperm cell wall (CW) with vesicles 
(black arrows) surrounding its path. A mitochondria (M) is seen next to the wall. X 35000.        
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Figure 21: Transmission electron micrograph of endosperm cell walls in an embryo sac that 
contains a globular embryo. A forming cell wall is seen alongside the embryo sac cell wall, near 
the degenerating nucellus (Nu). Vesicles (black arrow) are clustered around the growing tip 
(white arrow) and endoplasmic reticulum (ER) is seen in the cytoplasm. X 12000. 
 
 Figure 22: Endosperm wall development (CW) along the endosperm plasma membrane (PM). 
The cytoplasm contains numerous vesicles (black arrow) and endoplasmic reticulum (ER). X 
27000.  
 
Figure 23A: A juncture of endosperm cell wall surrounded by cytoplasm containing plastids (P), 
mitochondria (M), lipid droplets (L) and endoplasmic reticulum (ER). X7500. 
 
 Figure 23B: Higher magnification of A. Note the numerous vesicles (black arrows) located 
along the endosperm cell wall (CW). X48000.      
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Figure 24: Light micrograph of an embryo sac in which the endosperm (CEN) has become 
almost completely cellularized as the embryo proper (EM) reaches the late globular of 
embryogenesis. X230 
 

 

 

                     

Figure 25: Transmission electron micrograph of an embryo sac with partially cellularized 
endosperm. Cells of the globular embryo are in interphase. Note the straight cell wall 
development in comparison to the endosperm cell walls seen in Figure 26. X9600. 
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Figure 26: Transmission electron micrograph of cellular endosperm during the later stages of 
embryogenesis. Note the growing cell wall (white arrow) at the chalazal end. X9000. 
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Inhibitory Study: Control Injection of d-H20 

Observations of Plants 

Control plants that were treated via injection did not appear to differ from normal 

patterns of development following treatment. Anthers continued to emerge and produce 

pollen throughout the course of the injections and the individual florettes were successfully 

pollinated. Puncture marks were seen for control ovules that were injected near the top of the 

ovule at the opposite end of the embryo sac (data not shown). At the injection site, the white 

tissue was tinged pink, but the remainder of the ovular tissue was white. No visible 

mechanical damage to the embryo sac was observed.  

Analysis of Embryo Sacs 

Thirty-eight embryo sacs were observed from ovules injected with the control 

solution. Following fertilization, no irregularities were seen in the arrangement of the embryo 

and the endosperm in control injected embryo sacs (Figure 27). Both the degenerating and 

persistent synergids are still visible at this stage of development (Figure 27).  As 

embryogenesis progresses, the endosperm undergoes nuclear division without cytokinesis and 

free nuclear cells surround the proembryo at the micropyle (Figure 28). Partially cellularized 

nuclear endosperm is observed at the early globular stage of embryogenesis (Figure 29). Cell 

walls are beginning to extend from the endosperm plasma membrane throughout the 

micropyle and endosperm development is progressing towards the chalazal end (Figure 29). 

Numerous vesicles containing material are located near the developing wall (Figures 30, 31).  

The cytoplasm surrounding the developing walls contains amyoplasts, mitochondria as well 

as strands of endoplasmic reticulum (Figures 32, 33). Golgi bodies that appear active since 

they are surrounded by cytoplasm dense with vesicles and endoplasmic reticulum are also 

seen in the cytoplasm of free nuclear endosperm cells (Figure 34). Networks of endoplasmic 

reticulum are seen close to the plasma membrane in coenocytic endosperm and are often 

surrounded by vesicles (Figure 34). Endoplasmic reticulum and vesicles are also seen close to 
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the nucleus in cells that have been partially cellularized at this stage in development (Figure 

35). Vesicles are seen near the cell wall in the free nuclear and completed cells (Figures 34, 

35).  

Large globular and early heart shaped embryos were also observed with nearly fully 

cellularized endosperm throughout the embryo sac (Figure 36). Endosperm cell walls have 

become completely cellularized and the endosperm cells are heavily vacuolated (Figure 37).  
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Figure 27: Light micrograph of a control injected ovule. The degenerating synergid (DSy) 
and the persistent synergid are present at the micropyle end and the embryo proper (EM) and 
the endosperm (EN) have yet to undergo nuclear division. X650. 
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Figure 28: Light micrograph of a control injected ovule with an embryo sac containing a 
young globular embryo (EM). Free nuclear endosperm (FNE) is present throughout the 
micropyle end and has yet to begin cellularization. The darkly staining degenerating synergid 
(DSy) is still present next to the starch filled suspensor (SU). X300. 
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Figure 29: Light micrograph of a control injected ovule with an embryo sac containing a 
globular embryo proper (EM) with partially cellularized endosperm (EN) at the micropyle 
end. A space can be seen between the cellular endosperm and the embryo that is not present 
in the specimen seen below or in embryo sacs that have not been injected with control 
solution (See Figures 7, 30). X600. 
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Figure 30: Light micrograph of a control injected ovule containing a globular embryo proper 
(EM) with partially cellularized endosperm (CEN) extending towards that chalazal region. 
The endosperm cells are seen immediatley adjacent to the embryo with no visible space 
between, similar to those seen in non-injected embryo sacs (Figure 7). X240. 
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Figure 31: Transmission electron micrograph of a control injected ovule at the globular stage 
of embryogenesis. A developing endosperm cell wall (CW) extends from the endosperm 
plasma membrane (PM) into the cytoplasm of the free nuclear endosperm cell. Vesicles 
(white arrows) are located alongside the developing wall. X22000. 
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Figure 32: Transmission electron micrograph of a control injected ovule containing an 
embryo sac with an endosperm wall (CW) forming in micropylar end. Vesicles (black 
arrows) are visible above and below the developing wall and amyoplasts (A) are also seen in 
the cytoplasm of the cell. X23000. 
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Figure 33: Transmission electron micrograph of the cytoplasm of coenocytic endosperm 
located next to the embryo sac plasma membrane in a control injected ovule. Vesicles (black 
arrows) are located near a Golgi body (G) and near the endoplasmic reticulum (ER) along 
side the plasma membrane (PM). The cytoplasm of this specimen contains a large variety of 
organelles in comparison to Figure 34, which contains a large endoplasmic reticulum network 
and numerous vesicles. X29000.  
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Figure 34: Transmission electron micrograph of coenocytic endosperm located alongside the 
endosperm plasma membrane (PM) in a control injected ovule. The area surrounding the 
plasma membrane which may be the nucellus (Nu) appears to be degenerating. An extensive 
endoplasmic reticulum network (ER) is surrounded by vesicles (black arrows). The cytoplasm 
of this endosperm does not appear to contain Golgi bodies, mitochondria or plastids as is seen 
in the previous Figure (33) and therefore may be less synthetically active than other 
endosperm cells.  X26000. 
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Figure 35: Transmission electron micrograph of a partially cellularized endosperm nucleus 
(N) located in the middle region of a control injected ovule at the globular stage of 
embryogenesis. A cell wall (CW) has formed between the endosperm plasma membrane and 
the nuclei. Numerous vesicles (white arrows) and strands of endoplamic reticulum (ER) are 
visible in the cytoplasm of the cell. X10000. 
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Figure 36: Light micrograph of a control injected ovule containing an embryo sac with a late 
globular shaped embryo proper (EM) and completely cellularized endosperm (CEN) 
throughout the micropyle end. X170. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 37: Transmission electron micrograph of endosperm cells that have become 
completely cellularized in a control injected ovule. X7200. 
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Analysis of Colchicine Injected Embryo Sacs 

100 µMol Colchicine Treatment 

Fifty embryo sacs were observed from ovules injected with 100 µM of colchicine. 

Prior to or during fertilization, ovules injected with 100 µMol colchicine, appear to have 

embryo sacs that retain the rigid structure of the embryo sac integument (Figure 38). In 

embryo sacs injected prior to fertilization, both the degenerating and persistent synergids are 

intact at the base of the micropyle but they appear compressed (Figure 38). The egg cell and 

the central cell, which contains the polar nuclei, have accumulated large amounts of starch 

(Figure 38). A large fusion nucleus is present in micropylar end and does not appear to have 

begun undergoing nuclear division as no free endosperm nuclei are seen (Figure 39). A 

change in development is also seen in the movement of the degenerating synergid and the 

primary endosperm nuclei of the central cell towards the left side of the embryo sac (Figure 

40) rather than the normal appearance in the centre of the micropyle end as seen in control 

injection embryo sac (Figure 28). The majority of the central cell tissue, which contains 

mostly vacuoles, has also shifted towards the left hand side of the central cell (Figure 40).  

Although nuclear division and initial cellularization of the endosperm was not seen in 

embryo sacs containing a proembryo, wall ingrowths were observed along the embryo sac 

membrane of the micropyle chamber (Figure 41). The endosperm cytoplasm surrounding the 

wall ingrowths contains mitochondria and Golgi bodies. The Golgi bodies appear active as 

there are several vesicles located in close proximity (Figure 41). Both strands and complex 

networks of endoplasmic reticulum as well as a large volume of vacuoles are observed along 

the embryo sac membrane in the middle section of the embryo sac towards the chalazal 

chamber (Figure 42, 43).  

 Endosperm cell wall growth was observed in embryo sacs that contained a globular 

embryo proper at the micropyle both originating from the endosperm plasma membrane 

(Figure 43) as well as from other previously cellularized endosperm cells (Figure 44). The 
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cytoplasm surrounding the developing wall is very dense with starch and few vesicles are 

seen in close proximity to the cell wall (Figure 44). Fully cellularized endosperm cells are 

also seen in embryo sacs of colchicine injected ovules, both along the embryo sac membrane 

(Figure 45) as well as surrounding the embryo proper in the micropyle chamber (Figure 46). 

These fully cellularized endosperm cells appear to contain large amounts of starch and they 

exhibit the irregular formation of cell wall growth in wavy patterns as is common to H. 

annuus (Figures 45, 46). 
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Figure 38: Light micrograph of an ovule injected with 100 µM of colchicine. The central cell 
(CC) contains a nucleus (N) and numerous vacuoles are visible. The egg cell (E) is located 
above the two synergids (Sy) that remain intact at the micropyle end. Although the synergids 
are centrally located they appear compressed in shape (compare with Figure 1 or 21).  X180. 
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Figure 39: Light micrograph of a 100 µM colchicine injected ovule. An endosperm nucleus 
(EN) is present in the embryo sac surrounded with vacuolated cytoplasm tissue. A partial cell 
wall (black arrow) can be seen.  X400. 
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Figure 40:  Light micrograph of a colchicine injected (100 µM) ovule. The cytoplasm of the 
endosperm has shifted to the left side of the embryo sac, which may be seen due to the plane 
of sectioning, with the degenerating synergid (DSy) present at the micropylar end. The right 
side of the embryo sac is nearly devoid of tissue. X250. 
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Figure 41: Transmission electron micrograph of a 100 µM colchicine injected ovule. Wall 
ingrowths (WI) can be seen along the endosperm membrane (PM), while amyoplasts (A), 
mitochondria (M), Golgi bodies (G) and vesicles (white arrows) are located in the endosperm 
cytoplasm that has yet to become cellularized. X16000. 
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Figure 42: A transmission electron micrograph of a 100 µM colchicine treated embryo ovule. 
The coenocytic endosperm (EN) tissue alongside the cell wall is vacuolated (V) with stands 
of endoplasmic reticulum (ER) and lipid droplets (L) present. X5000. 
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Figure 43: Transmission electron micrograph of the endosperm (EN) cytoplasm of a 100 µM 
colchicine injected ovule. Although an endosperm cell wall (black arrow) is growing into the 
cytoplasm from the plasma membrane (PM) and several strands of endoplasmic reticulum 
(ER) are present although the cytoplasm appears to possibly be degenerating and few other 
organelles are seen (Compare with Figure 33). X9000. 
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Figure 44: Transmission electron micrograph of a developing cell wall (CW) in the 
endosperm of a 100 µM colchicine injected ovule with an embryo sac during the 
globular stage of embryogenesis. Numerous vacuoles (V) are seen around the 
developing wall. X21000 
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Figure 45: Transmission electron micrograph of a 100 µM colchicine injected ovule 
containing an embryo sac during the globular stage of embryogenesis with 
cellularized endosperm along the embryo sac wall. X6300. 
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Figure 46: Transmission electron micrograph of a 100 µM colchicine injected ovule 
with an embryo sac at the globular stage of embryogenesis. Cellular endosperm is 
seen throughout the micropylar region of the embryo sac. X 3800. 
 

 

 

 

 

 

 

 60



1 mM Colchicine Treatment 

Thirty-four embryo sacs were observed from ovules injected with 1 mM of 

colchicine. Following fertilization, embryo sacs that have been injected with 1 mM colchicine 

contained numerous vacuoles (Figure 47). The dark staining degenerating synergid is present 

in the centre of the micropyle end with the persistent synergid above it (Figure 47). A fusion 

nucleus is present in the central cell (Figures 48, 49); although the exact position varies 

among individuals. The egg cell, which should have been fertilized to form the proembryo, is 

not visible at the micropyle or in the central cell (Figure 48, 49), despite the presence of both 

the endosperm nuclei and the synergids (Figure 49), indicating that single fertilization of the 

polar nuclei, but not of the egg cell may have occurred (Figure 48, 49). Serial sections were 

made from this material without the visualization of the egg cell or proembryo. Few cellular 

structures were seen in the cytoplasm surrounding the fusion nucleus, although plastids and 

endoplasmic reticulum with associated vesicles (Figures 50, 51) were observed along the 

embryo sac membrane.  

Embryo sacs are also observed with compressed micropylar chambers, in which the 

integumentary tapetum did not retain its rigid structure (Figures 52, 53). When this was 

observed, few cellular structures are identifiable within the embryo sac. Similarly, 

development of the endosperm also appears to be halted in the micropylar chamber at the 

large globular stage in some individuals (Figure 54), although complete cellularization of the 

endosperm was observed at a late globular stage in development of other individuals 

throughout the micropyle region and the chalazal chamber (Figure 55). These endosperm 

cells are highly vacuolated and contain nuclei, plastids, endoplasmic reticulum as well as 

numerous vesicles located in close proximity to the cell walls (Figures 56, 57).  
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Figure 47: Light micrograph of a 1 mM colchicine injected ovule following fertilization. The 
degenerating synergid (DSy) is seen at the micropyle end and the primary endosperm nucleus 
(N) is located among a highly vacuolated endosperm cell (CC). X900. 
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Figure 48: Light micrograph of a 1 mM colchicine injected ovule. The fusion nucleus (FN) is 
present in the central cell (CC). Neither the egg cell nor synergids were seen at the micropyle 
end throughout the serial sections taken. X225. 
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Figure 49: Light micrograph of a 1 mM colchicine injected ovule containing the 
primary endosperm nucleus (EN) and a degenerating synergid (DSy) at the micropyle 
end. X800. 
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Figure 50: Transmission electron micrograph of the endosperm tissue of an ovule that has 
been injected with 1 mM of colchicine. The cytoplasm appears to be degenerating as only a 
few plastids (P) and vacuoles (V) visible. X17500. 
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Figure 51: Transmission electron micrograph of a 1 mM colchicine injected ovule following 
fertilization. The endosperm tissue (EN) next to a cell wall (CW) appears to be degenerating 
as although it contains many strands of endoplasmic reticulum (ER) with vesicles (arrows) 
dispersed around them, the organization of the cytoplasm appears altered from that seen in 
control cells (Compare with Figure 12, 41). X12000. 
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Figure 52: Light micrograph of an ovule that has been injected with 1 mM solution of 
colchicine. The integumentary tapetum (IT) has become compressed at the micropyle end and 
no visible cell structures can be identified. X320. 
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Figure 53: Light micrograph of an ovule that has been injected with 1 mM solution of 
colchicine. The embryo proper (EM) and endosperm (EN) have become collapsed into the 
micropyle end and are separated by three large vacuoles (V) which may be a result of the 
colchicine treatment or possibly due to the injection technique. X400. 
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Figure 54: Light micrograph of an ovule that has been injected with a 1 mM solution 
of colchicine. A large globular embryo (EM) is present at the micropyle end and the 
endosperm (EN) is degenerating throughout the embryo sac. X400 
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Figure 55: Light micrograph of a 1 mM colchicine injected ovule containing a large globular 
embryo proper (EM).  Cellular endosperm (CEN) is seen throughout the micropylar chamber. 
Both the endosperm and the embryo contain many vacuoles and a multi-celled suspensor 
(SU) is also seen at the micropyle end. The endosperm cells closest to the embryo appear 
different from those seen in control embryo sacs (Figure 36) which may be a result of 
microtubule inhibition following the colchicine treatment or it may be possible that they are 
being digested as the embryo develops. X650. 
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Figure 56: Transmission electron micrograph of an endosperm cells in a 1 mM colchicine 
injected ovule. The endosperm nucleus (N) and several vacuoles (V) are present. Vesicles 
(black arrows) are located along the cell wall (CW). X25000. 
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Figure 57:  Transmission electron micrograph of an endosperm cells in a 1 mM colchicine 
injected ovule. The endosperm has become completely cellularized and the cells contain 
numerous vacuoles (V) and lipid droplets (L). X10000. 
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In- vitro Inhibitory Study: Culture Treatment 

 

Observations of Ovules 

No visible difference was observed between control and colchicine treated ovules 

following transfer to culture and throughout the duration of the trial. Ovular tissue retained its 

whitish appearance for all samples and did not appear to be mechanically damaged during the 

experimental procedure. Any culture plates that developed bacterial contamination were 

removed from the study and were not included in the results.  

Analysis of Embryo Sacs on Control Media 

Thirty-one embryo sacs were observed 3 h after being transferred to the culture 

media. Control embryo sacs observed before fertilization appear to retain the rigid structure 

of the integumentary tapetum following the 3 h trial (Figure 58). A fusion nucleus is visible at 

the micropyle end and is surrounded by central cell cytoplasm that contains numerous 

vacuoles (Figure 58B). Control embryo sacs were also seen intact following fertilization 

when a large globular embryo was present at the micropylar end and is surrounded by cellular 

endosperm (Figure 59).  

Fourteen embryo sacs treated with 100 µM colchicine were also observed 3 h after 

transfer to a culture medium. The integument of these embryo sacs appears collapsed and the 

endosperm tissues are located closer to the centre of the cell, away from the embryo sac cell 

wall (Figures 60, 61). Globular embryos are observed at the base of the micropyle and the 

endosperm cells surrounding the embryo proper have become compressed (Figure 61B).  

Twelve embryo sacs treated with 300 µM colchicine for 3 h also showed collapsed 

integumentary tapetums at the micropyle end (Figure 62). Prior to cellularization of the 

endosperm, a single nucleus can be seen in the micropyle chamber and the central cell 

cytoplasmic tissue is seen away from the plasma membrane towards the centre of the embryo 

sac (Figures 63A, B). Cellular endosperm is also observed at the micropylar end but it 

 70



appears elongated in the collapsed portion of the embryo sac (Figure 62). Cellular endosperm 

is not observed in the chalazal end of the chamber that remains intact (Figure 62).  

Control embryo sacs transferred to culture media for a period of 6 h appear to be 

affected by the transfer to culture media depending on the stage of development, with young 

embryo sacs showing increased degradation in comparison to those containing globular or 

heart shaped embryos with cellularized endosperm. A globular embryo was observed intact 

surrounded by cellular endosperm (Figure 64). Embryo sacs containing only a few nuclei and 

very little cytoplasmic tissue were also seen frequently following the treatment duration 

(Figure 65). Embryo sacs with collapsed integuments and altered cellular development were 

also seen (Figure 66).  

Few identifiable cellular structures were observed in embryo sacs following treatment 

with 100 µM colchicine in a culture system for 6 h. A few free endosperm nuclei (Figure 67) 

or cellular endosperm (Figure 68) were seen. The majority of the embryo sacs observed 

contained little cytoplasmic tissue at the micropyle (Figure 69).  
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Figure 58: Light micrograph of a control culture embryo sac after 3 h. A) A large nucleus (N) 
is seen at the micropyle end. X250. B) A higher maginification of the micropyle seen in A. 
Note the nucleus (N) as well as the numerous vacuoles surrounding it. X430. 
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Figure 59: Light micrograph of a control embryo sac following 3h in culture. A large 
globular embryo (EM) is surrounded by cellular endosperm (CEN). X220. 
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Figure 60: Light micrograph of an ovule treated in a solid culture containing 100 µM of 
colchicine for 3h. The small globular embryo proper (EM) is present at the micropyle end and 
the endosperm tissue has moved towards the centre of the sac away from the cell wall (CW). 
The integumentary tapetum (IT) has become elongated and narrow. X160. 
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Figure 61: Light micrograph of an ovule treated in a solid culture containing 100 µM of 
colchicine for 3h. A) Embryo sac which contains a globular embryo (EM) and cellular 
endosperm (EN) has become collapsed at the micropyle end. X200. B) Micropylar end of the 
same embryo sac at a higher magnification. X400.  
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Figure 62: Light micrographs of an ovule treated with 300 µM colchicine in solid culture. 
The endosperm (EN) tissue appears to be cellularized at the micropyle end where the embryo 
sac has become collapsed. X300.  
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Figure 63: Light micrographs of embryo sacs treated with 300 µM colchicine in a solid 
culture. A) The endosperm (EN) cytoplasm is again separated from the plasma membrane and 
a nucleus (N) is present at the micropyle. The chalazal end of the embryo sac contains little 
tissue and the entire embryo sac appears unhealthy. X 100. B) Higher magnification of the 
micropylar end. A large nucleus (N) can be seen. X150.  
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Figure 64: Light micrograph of control embryo sac that was placed in solid culture for 6 
h. Part of a globular embryo (EM) is seen at the micropyle surrounded by cellular 
endosperm (CEN). X 600.  
 
Figure 65: Light micrograph of a control embryo sac that was placed in culture for 6 h. A 
single nuclei (N) is seen in the endosperm tissue located next to the plasma membrane. 
The rest of the embryo sac appears devoid of cytoplasm or any other tissue.X300. 
 
Figure 66: Light micrograph of the micropyle of an embryo sac that contains a globular 
embryo proper (EM) that has been in solid culture for 6 h. The embryo sac is collapsed 
between the micropyle and chalazal chambers. X350. 
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Figure 67: Light micrographs of embryo sacs treat
100 µM of colchicine. The micropyle end contai
little cytoplasm is seen around them. X400.  
 
Figure 68: Light micrograph of embryo sac treated w
completely cellularized endosperm (CEN) nucle
although no embryo proper is visible. X 300. 
 
 Figure 69: Light micrograph of embryo sac treated 
chalazal chamber contains many starch droplets,
end. X 280.  
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CHAPTER 4 
DISCUSSION 

 
This present study is this first to attempt to elucidate the action of the cytoskeleton in 

the formation of the embryo proper and the endosperm during embryogenesis of Helianthus 

annuus although the development of the embryo sac both before and after fertilization have been 

previously documented (Newcomb 1973a, 1973b). In this study embryo sacs were observed from 

immediately following fertilization through to the complete cellularization of the endosperm 

tissue using light and electron microscopy. 

Embryo sacs observed both prior to and following the occurrence of meiosis, resulting 

in the development of the globular embryo proper as well as the coenocytic endosperm from the 

egg cell and central cell respectively (Figures 1, 2, 3). However, the individual stages of mitosis 

leading to the development of these tissues were not observed. Interphase cells were the only 

phase of mitosis observed through both light and electron microscopy and microtubules were not 

visualized anywhere in the embryo sac throughout the course of this experiment despite the 

evidence that nuclear division has occurred repeatedly. It has been previously suggested that 

nuclear division may occur rapidly in the dark period rather than during daylight hours 

(Newcomb 1973a) when the plant may be devoting more energy to other cellular functions such 

as photosynthesis. However, in this present study, as an attempt to remove this factor, embryo 

sacs were harvested during the final three hours of the dark period as well as the light period and 

yet nuclear division was not observed. 

Endosperm Development 

In cells not currently undergoing mitotic division, microtubules are generally seen in 

the cortical cytoplasm near the plasma membrane, as well as located below the plasma membrane 

when the cell is in interphase (Lloyd et al. 2004). Again, microtubules were not visualized in any 

of these expected locations in the embryo sac of H. annuus. Despite the lack of microtubules 
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observed, wall development of both the embryo proper as well as the endosperm was frequently 

seen.  

  As rounds of free nuclear division of the endosperm occurs, resulting in a coenocytic 

endosperm which surrounds the proembryo at the micropylar end (Figure 3, Newcomb 1973b), 

microtubules were expected to be visible in the endosperm nuclear tissue as well as in its 

cytoplasm. A microtubule system has been shown to govern the distribution of free nuclei at this 

stage in development in both Arabidopsis and species of the cereal family (Brown and Lemmon 

2001a and b). In these studies free endosperm nuclei were seen equally spaced along the 

endosperm plasma membrane due to overlapping endoplasmic microtubules that radiate from the 

nuclear membranes to mark the spot of future cell division (Brown and Lemmon 2002). In H. 

annuus, the placement of these free endosperm nuclei differs from Arabidopsis in that the free 

endosperm nuclei are not equally spaced along the plasma membrane but are clustered around the 

embryo proper in the micropyle (Figure 3). Cell wall formation is also observed ( Figure 6) prior 

to the completion of free endosperm nuclei located around the periphery of the central vacuole as 

is seen in Arabidopsis (Otegui and Staehelin 2000). This difference in the placement of the free 

endosperm nuclei as well as the lack of radial microtubules seen in this study may indicate that 

the cellularization of H. annuus endosperm is controlled by a different cytoskeletal system than 

documented for A. thaliana.  

Vesicles and Endosperm Wall Formation 

 Although the placement of endosperm nuclei around the micropyle may provide evidence 

that the radial microtubule system evident in Arabidopsis endosperm development is not present 

in H. annuus, microtubules were still expected to be seen as they are generally thought to be 

responsible for the directing of the vesicles containing ibrillar wall material to the developing 

endosperm cell walls (Lloyd et al. 2004, Weingarner et al. 2004). Although in interphase cells 

microtubules were expected to be seen located in bundles parallel to the plasma membrane as 



 79

they have been previously shown to direct the orientation and deposition of cellulose microfibrils 

along the inner layer of the cell wall (Wasteneys 2002, Samaj et al. 2003, Sugimoto et al. 2003, 

Lloyd et al. 2004), no microtubules were observed along the cell walls here (Figures 4, 5).  

 Microtubules were also expected to be seen near the developing cell plate in cells that are 

becoming cellularized; however, despite the presence of wall ingrowths observed at the base of 

the micropyle (Figure 4), over which endosperm wall material has been previously shown to be 

deposited over during cellularization (Newcomb 1973b), indicating the location of a future cell 

wall, no microtubules were observed in this area. Vesicles, which may contain wall material to be 

deposited over these ingrowths (Figure 7) to form new cell walls between endosperm nuclei, were 

seen close to these wall ingrowths. These vesicles are thought to originate from the Golgi bodies, 

and be directed towards the site of the new cell wall development (Newcomb 1973b). Vesicles 

are seen throughout the developing endosperm not only near wall ingrowths signaling the 

beginning of a new cell wall, but also at the growing tips of cell walls (Figure 11), alongside 

completed cell walls (Figure 9) and fused with the plasma membrane to become part of the cell 

wall itself (Figure 20). The abundance of vesicles seen throughout the cytoplasm of endosperm 

cells that are both in the process of becoming cellularized and those that have already successfully 

completed cellularization is in contrast to the lack of microtubules seen. Typically in plant cells, 

microtubules are thought to direct vesicles containing wall material from the Golgi bodies where 

they originated to the location where wall deposition occurs. In endosperm and other somatic 

cells following mitosis, this action is completed by the phragmoplast, which arises during 

anaphase, and guides these vesicles to the line of division (Lloyd et al. 2004, Weingarner et al. 

2004). Phragmoplast microtubules lie perpendicular across the newly forming linear cell plate and 

direct the deposition of wall material by guiding the vesicles to the cell plate (Brett and Waldron 

1990).  However, the lack of microtubules seen near the developing endosperm walls in this study 

as well as the crooked appearance of these walls observed may indicate that phragmoplasts do not 
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form in the endosperm cells of H. annuus and therefore phragmoplast microtubules may not be 

controlling the location of vesicles seen.  

Distribution of Organelles 

The distribution of organelles seen throughout the cytoplasm of endosperm cells in this 

study may also support the fact that a phragmoplast is not controlling the development of 

endosperm cell walls. Golgi bodies have been previously shown to be clustered around 

developing cell plates formed by the presence of a phragmoplast in plant cells (Nebenführ et al. 

2000). Golgi bodies, distinct from the phragmoplast, are seen near the developing cell plate, since 

the rapid formation of cell walls is dependent upon Golgi derived vesicles. Mitochondria and 

plastids are generally excluded from the region of new cell wall formation and are distributed 

equally throughout the cytoplasm of the cell to ensure that both daughter cells have correct 

amounts of organelles to remain functional following division (Schopfer and Hepler 1991, 

Nebenführ et al. 2000). Endoplasmic reticulum (ER) has also been associated with the 

phragmoplast and the developing cell plate, which may be a result of the relationship between the 

ER and the Golgi bodies in plant cells (Hepler 1982, Nebenführ et al. 2000). However, in this 

present study, mitochondria, plastids, ER and Golgi bodies are all seen in close proximity to each 

other and to the developing cell wall (Figures 11, 18, 23A). Golgi bodies were at times observed 

further away from the growing tip of the wall or not seen at all, despite the presence of other 

organelles (Figures 15, 18). This distribution of organelles observed near the developing 

endosperm walls of H. annuus may further suggest that a phragmoplast is not in control of the 

deposition of vesicles and that endosperm wall formation is being controlled by another system.  

Possible Alternatives for Endosperm Wall Development 

Although a phragmoplast may not be responsible for the transport of vesicles to the site 

of wall development in the endosperm of H. annuus, a microtubular system may still be in 

control. The appearance of wavy cell wall-like structures, referred to as fenestrated sheets, is seen 
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in a stage in the development of cell walls in tobacco (Samuels 1995). In this type of wall 

development, Golgi derived vesicles gather in the area where the new cell wall will form. They 

eventually fuse together to form a membranous tubular network which divides the cytoplasm of 

the two daughter cells (Samuels 1995). This network consists of tube-like structures that are 

extended and loosely woven together with areas of cytoplasm visible between them. At this stage 

in development this tubular network has a wavy appearance, similar to that seen in the formation 

of endosperm walls of H. annuus. This type of development, which is seen in syncytical type 

development such as that of coenocytic endosperm, is controlled via several mini phragmoplasts 

composed of lower numbers of microtubules. These eventually fuse together the tubular network 

to the plasma membrane and become flattened into a cell plate, now taking on a linear appearance 

that is seen in cells where cytokinesis is governed by conventional phragmoplast microtubules 

(Otegui and Staehelin 2000).  Although the middle stage in this type of wall development, 

resulting in a wavy wall like sheet, appears similar to the patterns seen in endosperm walls of H. 

annuus, this system does appear to be governed by phragmoplast-like microtubules and therefore 

may not be the system governing wall growth and development in this present study.  

A more probable explanation for the crooked appearance of the endosperm cell walls is that 

actin filaments may also play a role in the guidance of vesicles to the site of the newly developing 

walls in H. annuus. Actin has been previously shown to be part of the phragmoplast, by way of 

radial actin filaments connecting the cell plate to the cortical actin network located in the 

cytoplasm in the area previously occupied by the PPB (Otegui and Staehelin 2000). They are also 

thought to function in the alignment and lateral expansion of the cell plate during cellularization; 

however, their role in vesicle transport is still relatively unknown (Otegui and Staehelin 2000).  

Endosperm walls in this study appear to grow freely, originating from the wall ingrowths where 

wall material is deposited, which contrast the development of cell walls in somatic cells via a 

phragmoplast where the cell plate grows towards and eventually fuses with the plasma membrane 



 82

(Jürgens 2005). In endosperm wall development a growing tip is seen, often with vesicles located 

in close proximity. The distribution of these vesicles around the growing cell wall may be 

controlled by bundles of actin filaments which may direct the movement of these vesicles through 

cytoplasmic streaming, in a process that is close to that seen in pollen tube development (Asada 

and Collings 1997). Cytoplasmic streaming in pollen tubes relies on a series of longitudinally 

arranged actin bundles that direct the vesicles to accumulate at the site of the pollen tip, which 

eventually fuse with the plasma membrane, providing elongation of the pollen tube (Asada and 

Collings 1997). Movement of organelles through cytoplasmic streaming via actin filaments has 

been documented in plant cells that are highly vacuolated or elongated and exhibit tip growth, 

such as pollen tubes or root hairs, as well as in somatic cells that are in interphase. This process is 

not thought to function in cells that are undergoing nuclear division, since microtubular systems 

govern the movement of organelles as well as the separation and placement of chromosomes 

throughout nuclear division and cytokinesis (Asada and Collings 1997). However, bundles of 

actin filaments may be responsible for the movement of vesicles in endosperm cell walls of H. 

annuus. Although endosperm cells do undergo nuclear division it occurs in several rounds 

without cytokinesis immediately following fertilization resulting in the coenocytic cells that 

surround the embryo proper (Newcomb 1973b). The process of wall formation occurs separately 

from nuclear division and it is possible that these processes may be under different cytoskeletal 

control (Otegui and Staehelin 2000). As no endosperm nuclei were observed in the process of 

undergoing mitosis in this study, it is difficult to conclude if a microtubular system does govern 

this process. Overwhelming evidence from previous studies indicates that nuclear division is 

controlled by a mitotic spindle composed mainly of microtubules and associated proteins in 

angiosperms (Heese et al. 1998). However actin filaments may be directing the vesicles towards 

the freely growing tips of the endosperm walls in cells that although they are not completely 

cellularized, do contain nuclei that are in interphase at the time of cellularization. Control of cell 
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wall growth via actin filaments is also seen in algae which exhibit tip-growth in their cell walls. 

In Porphyra yezoensis, microfibrils of tip-growing cell walls are seen in random orientations, not 

parallel as is typically seen in cell wall development that is not tip growing (Tsekos 1999). This 

observation may indicate that actin, rather than microtubules, was directing the deposition of 

cellulose microfibrils in this algae species. Few microtubules were also observed in the cytoplasm 

of these cells in red algae such as P. yezoensis (Tsekos 1999). The occurrence of actin controlled 

wall growth in tip growing cells lend support to the concept that actin may play a role in the 

development of the endosperm cell walls in H. annuus.   

Despite the evidence supporting the idea that actin may play a role in endosperm cell wall 

formation, actin filaments or F-actin was not visualized through light or transmission electron 

microscopy in this study. It is possible that actin may be successfully preserved for electron 

microscopy via high pressure freezing or freeze substitution techniques as was seen in the pollen 

of Ledebouria scoialis roth (Hess 1995). However the preservation of actin filaments of pea 

nodules for transmission electron microscopy through freeze substitution was difficult as the 

presence of actin in the cell could be detected but no further details on its function were clear 

(Davidson and Newcomb 2001b). Therefore, although it may be possible to view F-actin through 

electron microscopy in certain species or cell types, their absence in this present study may be a 

result of the preservation and microscopy methods.  In order to completely elucidate the role of 

actin in the development of endosperm cell wall in H. annuus further investigations are needed to 

determine the exact location and role that actin filaments fulfill.  The lack of microtubules seen in 

the cells of H. annuus as well as the abundance of vesicles, seen near the growing tip of the 

endosperm wall (Figure 11) which are thought to subsequently fuse to the plasma membrane, may 

point to a system of vesicle transport governed by actin filaments as opposed to microtubules.  
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In vivo: Colchicine Injected Embryo Sacs 

To further investigate the function of microtubules in the development of the 

endosperm of H. annuus, inhibitory studies using the microtubular inhibitor colchicine were 

conducted. The technique of injecting a solution into the ovular tissue surrounding the embryo sac 

did not appear to affect the developmental stages of embryogenesis in control embryo sacs 

throughout this experiment. Normal development of the embryo proper and the endosperm from 

immediately following fertilization through to the cellularization of the endosperm tissue was 

observed. Endosperm cytoplasmic tissue was also shown to contain numerous organelles 

including mitochondria, plastids and endoplasmic reticulum as well as numerous vesicles located 

around developing cell walls (Figures 32, 33). These observations suggest that the embryo sacs 

were not affected by the injection of the control solution into the ovular tissue surrounding them. 

Following this it is possible to conclude that any change in appearance of the treated embryo sacs 

may be a result of the application of colchicine, the microtubule inhibiting drug, and not as a 

result of the treatment technique.  

Following treatment with 100 µM colchicine, embryo sacs that were harvested before 

fertilization showed little change in comparison to the controls. Although these cells are highly 

vacuolated (Figures 39, 40), which has been previously shown to occur in cells treated with 

colchicine (Wayne 1967), this level of vacuolation is not uncommon in embryo sacs that have yet 

to undergo fertilization (Newcomb 1973a). The intact synergids do appear slightly compressed in 

shape (Figure 38), which may be a result of the colchicine treatment or could be due to the plane 

that the section was captured in. The appearance of enlarged nuclei in the embryo sac (Figures 39, 

40) may indicate that the microtubule system controlling cell division has been affected by the 

application of colchicine as has been previously documented in the algae, Chlamydomonas 

eugametos (Wayne 1967).  Similarly, Arabidopsis mutants of the PILZ gene group, encompassing 

the four genes PFIFFERLING, HALLIMASCH, CHAMPIGNON, and PORCINO, develop 
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embryos that consist of one or two enlarged nuclei and endosperm that does not exhibit 

cellularization and has only a few large nuclei (Steinborn et al. 2002). The mutation in these 

Arabidopsis genotypes affects the microtubular system that governs embryogenesis, but the cells 

remain functional (Steinborn et al. 2002). The embryo sacs remain alive and continue to exhibit 

growth and the Golgi bodies also remain functional, producing vesicles that accumulate in the 

cytoplasm near the area where cell wall formation should be occurring (Steinborn et al. 2002). As 

cell growth may not be halted by the application of colchicine, the absence of nuclear division 

due to inhibition of microtubules may result in the large nuclei seen.  

Fertilized embryo sacs treated with 100 µM colchicine also showed a change in 

organization as both the endosperm nuclei and the synergids were seen shifted to the left of the 

embryo sac, leaving very little cytoplasmic tissue on the right side (Figure 40). This observation 

may be a result of the presence of colchicine inhibiting the function of the microtubules in the 

maintenance of cell shape and organelle positioning (Canaday et al. 2000, Nebenführ et al. 2000) 

therefore causing a shift in the positioning of the endosperm nuclei to be observed. However, as 

this result was only seen in a single embryo sac it is possibly the result of a sectioning artifact and 

further observations would be needed to discover if this observation is a trend in colchicine 

treated embryo sacs.  

Colchicine treated embryo sacs also contained numerous organelles, such as 

mitochondria, Golgi bodies and plastids, that did not appear at increased numbers or show a 

change in shape or size (Figure 41, 42) as would be expected in colchicine treated cells (Wayne 

1967).  An abundance of endoplasmic reticulum was observed in colchicine treated embryo sacs 

(Figures 42, 43). Previous work in the algae C. eugametos has indicated that an increase in 

endoplasmic reticulum is seen mainly around the nuclei of colchicine treated cells (Wayne 1967) 

and not the plasma membrane as seen in this present study (Figure 43). Control embryo sacs of H. 

annuus in this study also appeared to contain large amounts of endoplasmic reticulum (Figures 
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12, 13) and therefore this trend may not be a response to the colchicine treatment. The normal 

appearance and distribution of these organelles seen throughout the endosperm cytoplasm may 

indicate that the colchicine treatment has not had an affect on the development of the endosperm 

at this concentration.  

Developing cell walls were also observed in embryo sacs that had been treated with 100 

µM of colchicine as well as completely cellularized endosperm cells were also seen later in 

development of treated embryo sacs.  Both the partially (Figure 44) and completely cellularized 

endosperm (Figure 45) appears to have an abundance of vacuoles in comparison to the normally 

cytoplasmic rich endosperm cells typically located along the plasma membrane (Figure 31) and at 

the micropyle end (Figure 14) which may be a result of colchicine treatment (Wayne 1967).  

Despite the increase in vacuoles seen, the presence of these partially and fully cellularized 

endosperm cells, as well as the normal distribution, size and shape of organelles seen throughout 

the cytoplasm of the endosperm may suggest that colchicine has either not penetrated the embryo 

sac successfully, is not at a high enough concentration to affect cellularization or simply does not 

alter the development of the endosperm. If a cytoskeletal system composed mainly of actin 

filaments as suggested above controls the movement of vesicles to the site of the developing cell 

walls, colchicine would have little effect on the development of the endosperm of H. annuus.  

To ensure that the concentration of colchicine administered to the embryo sac was 

sufficient to effect the polymerization of microtubules, a higher concentration of colchicine, 1 

mM, was also applied using the injection method. Embryo sacs treated with this higher dosage of 

colchicine showed varying results following the 48 hour treatment. Some samples appeared not to 

be affected by the increased levels of colchicine and normal developmental processes were 

observed. However, enlarged nuclei were also seen (Figures 48, 49) which again may be a result 

of the colchicine treatment inhibiting nuclear division but not stopping cell growth (Steinborn et 

al. 2002). In addition to enlarged nuclei, a change in shape of the integumentary tapetum was also 
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observed, where the region between the micropyle and chalazal chambers was collapsed (Figure 

52). These samples often contained little cytoplasm with few organelles or with organelles in 

irregular formations not previously observed in this study (Figures 50, 51). These trends may be 

seen due to the inhibition of microtubular system controlling cell division and cell shape, causing 

a change in organelle location. However, the number of organelles is typically increased in cells 

treated with colchicine (Wayne 1967) and therefore this result, with few observed organelles, may 

indicate that the viability of the embryo sac has been compromised (Popielarska and Przywara 

2003). This lack of cytoplasmic tissue seen as well as the movement of the cytoplasm away from 

the plasma membrane (Figure 52) may also be a result of the treatment as colchicine may damage 

the cytoplasmic microtubules therefore causing a change in cell shape and organization (Canaday 

et al. 2000, Nebenführ et al. 2000). If microtubules are responsible for the organization of the 

cytoplasm and its organelles, this trend may indicate that colchicine has penetrated the embryo 

sac and is disrupting embryogenesis.  

It is also possible that colchicine may have affected the ovular tissues which surround 

the embryo sac, as colchicine has been shown to affect all tissues it encounters and not just the 

cells that are being targeted for analysis (Wasterneys 2004). By damaging the ovular tissue, the 

nutrition of the embryo sac may have been affected as the maternal tissue is thought to provide 

some form of nutrition for the embryo proper, as is indicated by the presence of a multi celled 

suspensor in the embryo sac (Newcomb 1973b). The lack of organelles seen in the endosperm 

tissue indicate that they are less synthetically active than typically seen and this coupled with the 

damage to the ovular tissue may produce a nutritional deficit leading to deterioration of the cells 

in the embryo sac.  

Embryo sacs were also observed that had been treated with 1 mM colchicine via 

injection that had reached the later stages of embryogenesis. Large globular embryos were 

observed surrounded by both cellular (Figure 55) and degenerating endosperm (Figure 54). The 
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presence of a large globular embryo surrounded by damaged endosperm may be indicative of a 

loss of viability of the cell (Popielarska and Przywara 2003), or it may be that the embryo proper 

has already begun to digest the endosperm (Newcomb 1973b). If colchicine had penetrated the 

embryo sac, the cells of the embryo proper would be expected to be altered as well.  

     In endosperm that had been completely cellularized a normal distribution of organelles 

was seen as well as vesicles fusing with plasma membrane to form cell walls (Figures 56, 57). 

However, this completely cellularized endosperm did appear to have an increased number of 

vacuoles (Figure 57) in comparison to control cellularized endosperm (Figure 37) and this result 

may be seen due to the colchicine treatment (Wayne 1967). Despite the increase in vacuoles, the 

presence of cellular endosperm may indicate that colchicine is not having an affect on the wall 

formation of the endosperm at this stage in development. This trend may be because colchicine is 

not penetrating the cell walls of the embryo sac or that a microtubular system is not solely 

responsible for cell wall formation in H. annuus. 

In-vitro: Colchicine Treatment via Solid Culture 

An in-vitro study was also completed as an attempt to ensure the uptake of colchicine 

into the embryo sacs of H. annuus. Following three hours in culture media, control embryo sacs 

maintained normal cell structure and various stages of development were observed. Previous 

studies suggest that embryo sacs of H. annuus that have been mechanically dissected, as in this 

present study, and placed on solid agarose media have a viability of nearly 80% following three 

hours in culture (Popielarska and Przywara 2003). However, in this present study, a number of 

control embryo sacs (data not shown) did not appear viable following the treatment time. 

Similarly, when embryo sacs were incubated on agar solidified MS media for 6 h treatment 

length, nearly all of the control embryo sacs appeared to be affected by the transfer. Several 

embryo sacs appeared to have a “figure 8” shape, in which the integument collapses and creates a 

visual division between the micropyle and chalazal chambers (Popielarska and Przywara 2003) 
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which may indicate that the viability of the embryo sac has been compromised. Control embryo 

sacs were also observed with irregular endosperm with a distinct change in shape from that seen 

in embryo sacs that have not been transferred to culture. Embryo sacs treated with colchicine 

obtained a variety of appearances which may have been dependent on the initial stage of 

development that they were in when transferred to culture in (Popielarska and Przywara 2003). 

Embryo sacs that contain a globular embryo surrounded by some endosperm cells maintain the 

shape of the embryo despite the collapse of the integument (Figure 59), although some of the cells 

appeared to have an increased number of vacuoles which may signal a loss of viability due to 

transfer to culture media (Popielarska and Przywara 2003) and not as a result of the treatment 

with colchicine. However, cells treated with colchicine via injection also showed an increase 

number of vacuoles in the endosperm cells (Figure 42) located at the micropyle which are 

typically rich in cytoplasm (Newcomb 1973b). An increase in vacuoles has been previously 

documented as a cellular response to colchicine treatment in the green algae species 

Chlamydomonas eugametos (Wayne 1967).  This increase may indicate that colchicine has 

penetrated the embryo sac and that the changes seen are a result of the treatment and not the 

experimental technique.  

Generally an increase in colchicine, from 100 µM to 300 µM resulted in little change in 

the response of treated embryo sacs. Both of these concentrations cause the integument to 

collapse as well as the movement of the cytoplasm away from the endosperm plasma membrane 

and into the centre of the embryo sac (Figures 60, 61, 62), similar to that seen in embryo sacs 

injected with 1 mM of colchicine. This observation was generally seen in embryo sacs at or prior 

to the proembryo stage of development, where the cytoplasm is mainly coenocytic and has yet to 

become cellularized. Again, colchicine may be affecting microtubules that control the orientation 

of organelles (Nebenführ et al. 2000) in the cytoplasm and by inhibiting they may cause this 

change to be seen.  
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 Despite the similarity of trends seen in embryo sacs treated via injection or via culture, 

the effects seen in the control embryo sacs that have been dissected and transferred to a solid 

culture makes it difficult to determine if the changes seen in treated embryo sacs are a result of 

the colchicine treatment or simply due to the experimental procedure. Embryo sacs that were 

treated for longer than 6 h generally contained little or no cellular material indicating a severe loss 

of viability and therefore they were not considered in the results of this study. 

Conclusions and Future Directions 

The results of this study suggest that microtubules alone may not be responsible for the 

control of endosperm wall formation in H. annuus due to the lack of microtubules seen as well as 

the minor effect colchicine appeared to have on development. However the absence of 

microtubules seen in this study may be a result of the preservation techniques used. Chemical 

fixation at low temperatures is often used to prepare cells for microscopy as it stabilizes the 

ultrastructure as it appears in-vivo (Hippe-Sandwald 1993). However, chemical fixation does not 

always maintain the integrity of the cell, when the outer tissues of a sample are fixed; they release 

water, which can dilute the fixative, altering its action on the inner tissues, resulting in the 

specimen not being accurately preserved (O’Brien and McCully 1981). Also, a tissue can become 

more resistant to the fixative the longer it is exposed. By the time it penetrates the innermost 

tissues of a sample, the tissue may not be responsive to its effects again compromising the 

integrity of the preserved sample (O’Brien and McCully 1981). Although the fixation of 

microtubules may have been affected by fixation techniques the remainder of cell structures, such 

as Golgi bodies, mitochondria and endoplasmic reticulum appear well intact which suggests that 

accurate preservation of the cells of the embryo sac occurred.      

Microtubules have been shown to be successfully preserved using chemical fixation in 

certain cell types such as root tips in Azolla (Hardham and Gunning 1978), somatic embryo of 

white spruce (Fowke et al. 1999) and nodal cells of the green algae Chara zeylanica (Cook et al. 
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1998). It is possible that microtubules are not easily preserved in H. annuus, as they have not 

been previously documented in other works on this species (Newcomb 1973a, 1973b, Popielarska 

and Przywara 2003). Alternate preservation techniques such as high pressure freezing have been 

shown to successfully preserve microtubules for visualization with an electron microscope, 

although artifacts due to the preservation techniques may appear (Davidson 2000). However, the 

size of the embryo sac including the layers of ovular tissues that surround it, may make this 

technique difficult to perform with success in H. annuus as generally only smaller tissues such as 

root hairs, chloroplasts, pollen grains, stamens and anthers have been shown to be accurately 

preserved (Hippe-Sandwald 1993). The amount of water found in plant tissues is also a concern 

when using a high pressure freezing technique as the removal of water to preserve the cells for 

electron microscopy may alter the distribution of organelles, membranes and the cytoskeleton in a 

cell (Hippe-Sandwalk 1993). The presence of cellular water may be particularly crucial when 

preserving embryo sacs as the coenocytic endosperm of H. annuus is aqueous and therefore the 

accurate preservation of its cellular structure may be difficult to ensure.  

In addition to the use of new preservation techniques, immunofluorescence analysis 

may also provide information on the location and function of the cytoskeleton in embryo sac 

development of H. annuus. This type of imaging was attempted in this present study (data not 

shown) with inconclusive results. A method of successfully dissecting out the embryo sac without 

damaging the structures is necessary for this type of analysis. However future studies on both the 

role of microtubules and actin in the embryo sacs of H. annuus via confocal microscopy could 

determine the cytoskeletal control on the cellularization of the endosperm.  

Inhibition of microtubules via colchicine was attempted in this present study with 

mixed results. The treatment techniques used in this study show promise, although would need to 

be adapted to have more conclusive results. Previous studies have shown success at treating plant 

cells with colchicine via a culture system (Zhao et al. 1996). Embryogenesis has been shown to 
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be induced, by inhibiting microtubule function of microspores via application of 25 µM and 50 

µm colchicine in a culture system (Zhao et al. 1996), similar to the one used in this present study. 

The concentrations of colchicine used in this present study, varying from 100 µM to 1 mM, 

should theoretically have been high enough to affect the function microtubules in the embryo sac 

of H. annuus based on concentrations used in previous inhibitory studies (Zhao et al. 1996, Thao 

et al. 2003, Mockler 2005). However, in this present study it is difficult to determine if colchicine 

is penetrating the embryo sacs. Radioactive tagging could remedy this problem. The embryo sacs 

of H. annuus have been previously shown to uptake 3H tagged sucrose through liquid culture 

(Newcomb unpublished), which lends support to this technique as a viable option. It is also 

possible that the embryo sac may exclude foreign substances in general as a method of protecting 

its developing seed. This study attempted to force the uptake of colchicine through injection of 

the ovule and through the use of a culture system without causing a loss of viability to the embryo 

sacs as a result of experimental procedure. The sucrose content of the agar media could be raised 

to increase the viability of the control embryo sacs in the culture treatment method. In addition, 

alternate concentrations of colchicine could be used to investigate the effects. Although a variety 

of concentrations of colchicine were used in this present study little difference was seen in the 

results. If colchicine had successfully penetrated the embryo sacs, a difference was expected to be 

seen.  

Finally if a successful method of inhibitor application could be determined, use of an 

actin inhibitor such as Cytochalasin D or Latrunculin B could be used as an attempt to determine 

the exact location and role of actin filaments in the cellularization of the endosperm of H. annuus 

if the inhibitors could successfully penetrate the embryo sacs. The unique wall formations seen in 

the endosperm of this species as well as the absence of microtubules suggest that actin may play a 

more important role in the transport of vesicles to the developing cell walls than originally 
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thought. Further investigation of the role of actin may help to elucidate the function of the 

cytoskeleton in the endosperm of Helianthus annuus. 
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Summary 
 
• Embryogenesis was observed in H. annuus from immediately following fertilization through 

to the complete cellularization of the endosperm tissue using light and electron microscopy to 

elucidate the role of the cytoskeleton.  

- No microtubules were observed throughout embryogenesis despite the occurrence of 

nuclear division evident through the development of the embryo proper and the 

endosperm.  

- Organelles were seen in close proximity to developing endosperm cell walls, 

indicating a phragmoplast is not responsible for cell plate formation.  

- Actin filaments may possibly play a role in the guidance of vesicles to the developing 

endosperm cell walls. 

 

• Colchicine treatments via injection may have caused a change in endosperm cytoplasm 

organization: 

- Increase in number of vacuoles seen in traditionally cytoplasmic rich endosperm cells. 

- Separation of cytoplasm and embryo sac cell wall. 

- Enlarged nuclei may indicate inhibition of nuclear development while cell growth is 

maintained.  

- Little change seen in 1 mM versus 100 µM colchicine.  

 

•  Colchicine treatments via culture may have caused a change in endosperm development: 

- Enlarged nuclei and increased vacuolation of endosperm cells seen.  

- Separation of plasma membrane and endosperm cytoplasm.  

- Loss of organelles in endosperm cytoplasm observed. 

- Integrity of control embryo sacs compromised by treatment technique.  
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Appendix 1 
Stages of Embryogenesis in Helianthus Annuus After Fertilization. 

 

 
Literature C
Helianthus annuus after fertilization. Canadian Journal of Botany. 51: 879-890.  

102 

1) During Fertilization 
2) Early globular embryo with coenocytic 
3) Globular Embryo with partially cellulari
4) Globular embryo with fully cellularized 
5) Early heart shaped embryo. 
6) Late heart shaped embryo, nearing torpe

ited: Newcomb, W. 1973b. The development 

endosperm. 
zed endosperm. 
endosperm 

do stage. 

of the embryo sac of the sunflower 

 

 

 
                 2 
  
 1                                               B 
 
 
 
 
 
 
 
     4                                                                    3 
 
 
 
 
 
 
 
 6                                       5 



Appendix 2 
Colchicine Structure 
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Appendix 3 

 
Hoagland’s Nutrient Solution 

         
         
Stock Sol'n 
# Chemical 

Mol. 
Weight 

Stock 
(g/L) 

Stock 
(mM) 

Add 
(x)mL/50L NOTES 

1 KH2PO4 136.09 70 0.5 25   
  K2HPO4 174.18 20 0.5     

2 K2SO4 174.3 87.5 1 50   
3 MgSO4*7H2O 246.48 120 0.5 25   

  MgCl2*2H2O 203.22 100 0.5     
4 CaCl2*2H2O 147 220 0.5 25   

5 Fe Sequestrine   1 50 
heat/filte
r 

  FeSO4*7H2O  2.785     
  EDTA   3.725       

6 
Micronutrient
s       25   

  MnSO4*H2O 169 3.87 0.5    
  CuSO4*5H2O 249.68 0.5 0.5    
  ZnSO4*7H2O 287.54 0.58 0.5    
  H3BO3 61.83 3.83 0.5    
  Na2Mo42H2O 241.95 0.242 0.5    
  CoSO4*6.5H20 272 0.109 0.5    
  *7H20 281 0.118     
NO- Modifications           

Chemical [Final Sol'n] g/50L g/60L g/L     
KNO3

- 0mM 0 0 0    
KNO3

- 0.5mM 2.5275 3.033 0.05055 Final pH 
should be 5.5 
to 6.0 

  

KNO3
- 1.0mM 5.055 6.066 0.1011   

KNO3
- 5.0mM 25.2775 30.333 0.50555    

KNO3- 20.0mM 101.11      
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Appendix 4 
Agar Media 

For 500 mL of agar medium: 
  
ddH20  485 mL 
Sucrose  15 g  (3% w/v) 
200 X Pi  2.5 mL  (see below for stock solution prep) (final concentration will be 1.75 
mM) 
200 X Mg 2.5 mL  (see below for stock solution prep) (final concentration will be 1.5 
mM) 
200 X Ca.K.N  2.5 mL (see below for stock solution prep) (final concentration will be 2 
mM for Ca and 3 mM for KNO3) 
200 X micronutrients 2.5 mL (see below for stock solution prep) 
Agar 4 g 
  
Autoclave, then pour into petri dishes in sterile flow hood before solidifying.  Once 
cooled, place seeds and seal with parafilm (only necessary if you want the inside sterile).  
Label and place in growth chamber. 
  
Stock solutions  (1 L for each) 
  
200X Pi 
NaH2PO4.2 H2O  47.2 g 
Na2HPO4.12 H20  18.4 g 
  
change to pH 5.8 
  
200X Mg 
MgSO4.7H2O   74 g 
200X Ca.K.N 
Ca(NO.)2.4H2O   94.4 g 
KNO3                 60.7 g 
200X micronutrients 
Na2.EDTA           5 g 
FeSO4.7H2O       0.48 g 
MnSO4.4H2O      0.46 g 
H3BO3                0.37 g 
ZnSO4.7H2O       0.058 g 
CuSO4.5H2O       0.048 g 
(NH4)6Mo7O24.4H2O  0.006 g 
CoCl2.6H2O  0.006 g 
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Appendix 5 

 Buffer, Fixative and Resin recipes 

 
0.025M potassium phosphate buffer pH 6.8 
4.35g K2HPO4  
3.85g KH2PO4 
1000 mL distilled H2O. 
*Adjust pH with 1.0M HCL 
 
2.5% Glutaraldehyde in 0.025 M potassium phosphate buffer, pH 6.8 

5mL of 50% glutaraldehyde 
95mL of 0.025M potassium phosphate buffer. 
 
 
Epon-Araldite Resin 

Araldite 6.04g 
Epon 8.17g 
DDSA 15.6g 
DMP-30 0.63g 
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