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THESIS ABSTRACT 
 
 
 

Plant development requires cell differentiation throughout the plant life 

cycle because plants rely upon the initiation and growth of new organs to reach 

reproductive maturity. Developmental programs specifying cell pigmentation, cell 

shape, and specification of cell type have been explored in Arabidopsis. 

Transcription factors are key components of these developmental programs and 

work in Arabidopsis and other plant systems have been essential in defining the 

roles that these factors play during development. A prime example of this in 

Arabidopsis is the trichome patterning program. 

 

The function and structural diversity of trichomes are intimately related, a 

relationship that this is explored in this thesis. What types of regulatory networks 

are involved in defining the form of a trichome is visited as well, setting the stage 

for deeper studies into Arabidopsis trichome development. Use of the glabra 3 

shapeshifter (gl3-sst) allele as a proxy for early stages of trichome development 

in transcriptional profiling reveals the developmental activities of early stage 

trichomes. Candidate genes from these experiments were then used in a reverse 

genetics screen to find other genes with trichome phenotypes. Through this 

method, an R2R3-MYB transcription factor was discovered to play a role in 

determining cell shape. 

 

R2R3-MYB domain transcription factors constitute a major class of 

transcriptional regulators in plants. The Arabidopsis genome encodes an 

estimated 125 functional R2R3-MYB proteins. Additionally, R3-MYBs, R1R2R3-

MYBs, R-R MYBs, and a single four-repeat MYB protein are encoded by the 

Arabidopsis genome. Animal genomes only contain a handful of MYB genes. 

Clearly plants have expanded and utilized this lineage in their evolutionary 
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history, and not surprisingly, many of the regulatory programs these plant genes 

function in are prominent or specific to plants. As a group, the R2R3-MYB family 

has been studied previously and authorities have defined various subgroups to 

which members of this gene class are assigned. 

 

This thesis focuses upon members of subgroup 9, defined by the 

presence of the AQWESA amino acid motif. Seminal work describing the function 

of this group began with the Antirrhinum majus gene MIXTA. This gene is 

required for the proper differentiation of conical cells in the floral epidermis. 

AmMYB MIXTA-like 1, AmMYB MIXTA-like 2, AmMYB MIXTA-like 3, have since 

been described in Antirrhinum and all have been shown to be functionally similar 

to MIXTA by heterologus expression in tobacco in the control of cell shape, albeit 

to varying degrees. Collectively, the available Antirrhinum gene data supports the 

notion that subgroup 9 R2R3-MYBs are determinants of cell shape be it floral 

trichomes or conical cells. 

 

Here the technical capabilities we possess in Arabidopsis are used to 

define the function of the subgroup 9 R2R3-MYB NOECK, (NOK, AT3G01140). 

NOK functions as a negative regulator of trichome branching, leading to trichome 

cells with increased volume in the mutant line. This phenotype is opposite that of 

the reduction in cell volume that might occur in mixta Antirrhinum floral epidermal 

cells that do not become conical by growing out of the epidermal plane. 

Expression profiling of trichome cells of various mutants including nok revealed 

coordinately regulated genes that are extracellular matrix components. These 

findings coupled with the published data indicates that NOK, and perhaps all 

other subgroup 9 R2R3-MYBs, control cell shape by altering properties of the 

extracellular matrix. 
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Preliminary data testing the functional equivalence of selected MIXTA-like 

genes from Antirrhinum majus, Arabidopsis, Dendrobium crumenatum, and 

Medicago truncatula are given. These data support the portability of the NOK 

functional characterization data to other plant species. Furthermore, these 

findings illustrate that subgroup 9 R2R3-MYBs alter cell shape regardless of 

phylogenic origin.  
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CHAPTER 1: Development, distribution, structure, and 

function of trichomes in Angiosperms 

 

 

A broad introduction into trichome function and diversity is given followed by an exploration of the 

epidermal patterning and trichome development programs. Examples from Arabidopsis illustrate 

that more research is required before the assemblage of a complete trichome developmental 

model. Additionally, how the genes and mechanisms known from Arabidopsis may play a role in 

other systems is explored. The ultimate goal of the use of the Arabidopsis model is to apply the 

knowledge gained to alter the types and qualities of trichomes in the economically or scientifically 

important species discussed. 

  

 

Part I: An introduction to trichome diversity and f unction 

 

 

Hairs are present on many biological structures on a variety of organisms. 

On plants, hairs are known as trichomes, or collectively as indumentums (Esau, 

1960; Johnson, 1975). Plant trichomes differ from metazoan hairs in that they are 

not extracellular matrix-derivatives extruded from follicles. Instead, trichomes are 

comprised of a single cell or a small number of cells (Esau, 1960). These cells 

may remain alive or senesce at maturity depending upon their biological function. 

Unicellular trichomes are found on the epidermis of the model plant Arabidopsis 

thaliana (Arabidopsis) (Bowman, 1993). Multi-cellular trichomes are present on 

numerous plant species with specialization of individual cells that make up the 

trichome. It is not uncommon to find examples of plants capable of producing a 

variety of trichomes on the same organ, indicating that pattern development 

programs must exist to specify what type of trichome is produced where 

(Johnson, 1975). Once development has commenced, other developmental 
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programs must be required to coordinate the differentiation of the cells that will in 

turn make up the trichome.  

In the next part of this chapter, the variety of forms and functions that 

trichomes assume throughout the angiosperms is explored. In the remaining 

parts of this chapter developmental features of trichomes are discussed in an 

abstract sense followed by specific examples from Arabidopsis. Epidermal 

patterning is discussed while making light of the limitations that the Arabidopsis 

model may have in terms of applicability outside of the clade that Arabidopsis 

belongs to, the Rosids (Angiosperm Phylogeny Group, 2003; Serna, 2006). 

Genes that control the differentiation of trichomes in Arabidopsis are also 

presented and these suggest mechanisms that may be involved in producing a 

trichome once a cell is chosen to assume the trichome cell fate. Ultimately, the 

focus is placed upon the regulatory mechanisms used to control trichome cell 

shape to set the stage for data presented in the following chapters. 

 

 

Part II: Functions of trichomes 

 

 

Trichome diversity and function are closely linked. Determination of the 

physiological significance that trichomes have in a plant’s natural history is open 

to debate. Data gathered from experiments performed in situ testing trichome 

function mostly yield ambiguous results (Johnson, 1975). If we wished to 

determine the effect of trichomes upon the rate of transpiration or defense in situ, 

then it would seem logical that removal of the trichomes would be a good 

treatment to compare to the control. However, experiments that remove a plant’s 

covering of trichomes often have secondary effects that confound data analysis 

(Johnson, 1975). What is clear by the prevalence of trichomes across lineages is 
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that trichomes are an important means by which a plant interacts with its 

environment (Esau, 1960; Johnson, 1975). 

 

The use of glabrous and wild-type strains planted in a common garden 

would be another method to test the function of trichomes in habitat. The 

requirement for closely related strains of hirsute and glabrous varieties impedes 

this sort of experiment. However, populations of Arabidopsis lyrata that are 

polymorphic for the glabrous trait are known. In these populations situated in 

Sweden and Norway data has been collected supporting the idea that herbivores 

choose to feed upon glabrous plants over trichome-producing plants (Løe et al., 

2007). The gene responsible for the reduced trichome phenotype in these A. 

lyrata populations is orthologous to the GLABROUS 1 gene of Arabidopsis 

(Kivimäki et al., 2007). This, coupled with another study showing an increase in 

trichome density on Arabidopsis plants exposed to herbivory provides the best-

defined system describing trichome function in the ecological and evolutionary 

sense (Mauricio and Rausher, 1997).  

 

Despite the lack of strong direct evidence indicating trichome function in 

many cases, models based on seminal studies and anecdotal evidence suggest 

that trichomes may perform a multitude of functions in the plant kingdom. Some 

of these functions are discussed below. 

 

 

Chemical defense 

 

In some instances trichomes have the ability to produce large amounts of 

secondary metabolites for secretion thereby assuming the function of glands 

(Esau, 1960; Rodriguez, 1984). Perhaps ironically, many of these compounds 

that are thought to be produced as deterrents have proven to be useful to 
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humans. The first two examples discussed, peppermint (Mentha x piperita) and 

scented geranium (Pelargonium sp.), are useful as sources of fragrances and 

flavorings. The third and fourth examples of chemical defense performed by 

trichomes, Cannabis and Salvia, produce pharmacologically active compounds in 

their trichomes. 

 

Peppermint leaf trichomes belong to three categories, multi-cellular non-

glandular hairs, multi-cellular glandular capitate trichomes, and multi-cellular 

glandular peltate trichomes (Turner et al., 2000a). Examples of these are shown 

in Figure 1-1. The peltate peppermint trichomes are made of a flattened group of 

eight cells atop a short hidden stalk and appear on both the adaxial and abaxial 

surface of the leaves. These eight cells secrete relatively large amounts of 

isoprene derivatives into a space between the cell wall and cuticle (Gershenzon 

et al., 1992; Turner et al., 2000a). This causes the apical surface of peltate 

trichomes to become distended. Similar glandular trichomes are found on other 

plants in the Lamiaceae such as basil (Iijima et al., 2004). The less conspicuous 

capitate glandular trichomes that have a short stalk are more common on the 

abaxial leaf surface, but occasionally occur on the adaxial surface as well. 

Differences between the metabolic profiles of capitate and peltate trichomes 

remain unknown but clearly there must be a special purpose for each type 

(Turner et al., 2000b). These glandular trichomes are responsible for producing 

the aromatic compounds associated with these plants.  
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Figure 1-1. SEMs of peppermint (Mentha x piperita) leaf epidermis. Trichomes marked with 1 are 

of the non-glandular type, trichomes marked with 2 are of the capitate glandular type, and 

trichomes marked with 3 are of the peltate glandular type. (Panel A) Abaxial leaf surface, bar = 

1mm. (Panel B) Adaxial leaf surface, bar = 1mm. (Panel C) Abaxial leaf surface showing greater 

detail, bar = 100µm. (Panel D) Abaxial leaf surface SEM highlighting a bubble-like peltate 

trichome, bar = 100µm. 
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The aromatic isoprene-derived compounds are thought to be useful as a 

defense mechanism with individual trichomes acting as miniature chemical 

bombs that release their contents when disturbed (Wagner, 1991). Volatile 

compounds made by Mentha trichomes are pungent as anyone who has nibbled 

on mint leaves may attest to. Menthol is a key component of the volatile oil 

produced (Gershenzon et al., 1992). Menthol is a known activator of the human 

Transient Receptor Potential Melastatin 8 (TRPM8) divalent cation channel 

involved in cold and pain sensing (Bautista et al., 2007; Galeotti et al., 2002). 

Homologs of this ion channel are widespread in metazoan lineages suggesting 

that menthol can affect a broad range of taxa. 

 

Pelargonium, a member of the Geraniaceae, is another aromatic plant 

genus with glandular trichomes that appear similar to the capitate glandular 

trichomes of Mentha (Stevens et al., 2008). A deeper study of Pelargonium 

trichome development is needed to better define the range of trichome types 

produced. In Figure 1-2, fields of Pelargonium crispum ‘French Lace’ trichomes 

on an expanding leaf are illustrated. Interspersed amongst the glandular 

trichomes are non-gladular curved spikes, possibly of two types, that are 

reminiscent of unbranched Arabidopsis trichomes. Both abaxial and adaxial 

surfaces produce glandular and non-glandular trichomes. The difference in 

distribution of trichomes on either surface appears less dramatic in Pelargonium 

than peppermint. Many varieties of scented geraniums are cultivated for the 

various aromas they produce. These aromatic compounds are isoprene 

derivatives like those produced in the Lamiaceae with the monoterpenoid 

geraniol being a commercially important metabolite (Leung et al., 1996). 

Geraniol, named after the common name of the rose scented geranium 

(Pelargonium graveolens), possesses a rose-like odor. Other scented geranium 

varieties produce citrus, woody or spicy scents indicating shifts in the metabolite 

profile between varieties. The perfume industry supports the commercial 
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cultivation and extraction of metabolites from rose geranium for use in products 

(Leung et al., 1996).  
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Figure 1-2.  SEMs of scented geranium (Pelargonium crispum ‘French Lace’) developing leaf 

tissue show a dense covering of trichomes. In both panels, trichomes marked with 1 are large 

non-glandular trichomes, trichomes marked with 2 are smaller non-glandular trichomes and 

trichomes marked with 3 are short-stalked glandular trichomes. (Panel A) Abaxial epidermis, bar 

= 200µm. (Panel B) Adaxial epidermis and leaf edge, bar = 200µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 
 

Cannabis is widely known as a plant capable of inducing neurological 

effects in humans. Tetrahydrocannabinol (THC) is one of several 

pharmacologically active compounds that are present in Cannabis glandular 

trichomes (Di Marzo et al., 2006; Mechoulam and Gaoni, 1967). Cannabinoids 

constitute a class of compounds containing phenyl and terpene moieties based 

upon THC and are not aminated. THC synthase is responsible for producing 

THC and has been shown to be excreted into the storage space between the 

secretory cell plasma membrane and cuticle of glandular trichomes 

(Sirikantaramas et al., 2005). Wild hemp is known to have a low THC content 

suggesting that perhaps much of the potency observed in modern material has 

been induced by selective breeding (Di Marzo et al., 2006). Thus, Cannabis may 

represent a case of a defense mechanism that has been selectively bred for and 

subsequently increased the plant’s distribution. 

 

Glandular trichomes of the mint relative Salvia divinorum produce a 

hallucinogenic dissociative compound known as Salvinorin A (Siebert, 2004). 

Like THC, Salvinorin A is unusual because in the world of hallucinogenic 

compounds amines prevail and this compound in also not aminated. Curiously, 

Salvinorin A is an agonist upon κ-opioid receptors thereby producing the effects it 

does (Roth et al., 2002). Similar to published descriptions of Peppermint 

trichomes, the trichomes of S. divinorum are varied as depicted in Figure 1-3. It 

has been reported that S. divinorum possesses four types of trichomes, spiked 

non-glandular trichomes, short-stalked glandular trichomes, peltate trichomes, 

and long-stalked glandular trichomes (Siebert, 2004). However, the cultivar 

available from the University of Minnesota College of Biological Sciences 

greenhouse appears to produce just three types of trichomes, but this may be 

due to the choice of tissue taken for SEMs analysis. According to a published 

morphological survey of S. divinorum the long-stalked glandular trichomes are 

found on the calyx (Siebert, 2004). Peltate trichomes, smaller glandular 
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trichomes, and multi-cellular non-glandular trichomes are visible on the University 

material. The SEMs of Figure 1-3 are of expanding leaves with some of the 

trichomes imaged are still developing.  

 

In these SEMs of S. divinorum, it is also worth noting the distribution of the 

trichome types, with the non-glandular trichomes emerging from the abaxial 

epidermis covering the midrib and veins of the leaf. The glandular trichomes are 

restricted to the epidermal areas between veins and only rarely are they 

produced on epidermis covering veins. During observations of the abaxial leaf 

surface of fresh material the author noted that it has a silky matte finish and a 

depth of color reminiscent of petal tissue. Figure 1-3, in panels C and D, shows 

an abaxial leaf surface made up of cells with a similar shape to the conical cells 

reported from Antirrhinum and Petunia petal tissue (Noda et al., 1994; van 

Houwelingen et al., 1998). Further discussion of a particular group of genes 

controlling petal epidermal development and trichome development is given in 

the following chapters. 
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Figure 1-3.  SEMs of Salvia divinorum developing leaf epidermal tissue. In all panels trichomes 

marked as 1 are multi-cellular non-glandular trichomes, trichomes marked with 2 are short-

stalked glandular trichomes, and trichomes marked with 3 are peltate glandular trichomes. (Panel 

A) Abaxial leaf surface showing that a majority of the multi-cellular non-glandular trichomes are 

restricted to the epidermis overlaying veins, bar = 1mm. (Panel B) Abaxial leaf surface with 

numerous trichomes, bar = 250µm. (Panel C) Adaxial leaf surface with only multi-cellular non-

glandular and short-stalked glandular trichomes, bar = 250µm. Note the cone-shaped pavement 

cells. (Panel D) Close-up of a short-stalked glandular trichome on the adaxial leaf surface, bar = 

50µm. 
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Mechanical defense 

 

Urtica ferox, or ongaonga, of New Zealand is an arborescent nettle that 

produces noxious stinging hairs. Medical reports indicate that the stinging 

trichomes are capable of inciting injury beyond the mechanical effects of 

thousands of spiked trichomes driven into one’s skin. Heavy exposure to the 

stinging hairs of ongaonga reportedly produces neurotoxic effects in the form of 

loss of motor control in humans that requires weeks to recover from (Hammond-

Tooke et al., 2007). The compound or compounds that cause this effect in 

Ongaonga remains unknown. In U. thunbergiana, oxalic acid, formic acid, 

serotonin, and histamine were found in the stinging trichomes and of these 

compounds oxalic acid elicited the strongest pain responses in rats (Fu et al., 

2006). Thus, nettles represent examples of trichomes capable of mechanical 

defense coupled with a chemical defense strategy. 

 

 

Resource acquisition 

 

Some trichomes are involved in resource acquisition. The bromeliad 

genus Tillandsia contains epiphytes that obtain resources through their 

trichomes. Tillandsia species inhabit arid to humid climes and grow exposed to 

the atmosphere without much substrate. T. usneoides, commonly called Spanish 

Moss of the southern United States is a rootless plant composed of long chains 

of 2-3 leaved individuals that hang from trees as seen in Figure 1-4b (Smith, 

1977). Tillandsia plants are silver colored due to the numerous scale-like 

trichomes that cover their epidermis. Figure 1-4 illustrates how densely covered 

with these scale-like trichomes a typical section of Tillandsia leaf is. It was 

theorized for some time that these scale trichomes nucleate the condensation of 

water from the atmosphere. Subsequently, the plants imbibe the condensed 
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water from the leaf surface. Ohrui et al. conducted feeding experiments with T. 

ionantha demonstrating the uptake of water through trichomes (Ohrui et al., 

2007). Deuterium labeled water was quickly taken up by capillary action onto the 

leaf surface, but this activity was reduced if the trichomes were removed. 

Following this quick action, water was moved into the internal leaf tissue through 

a slower process that implicates aquaporins as evidenced by inhibition of water 

transport through the leaf surface by mercuric chloride (Ohrui et al., 2007). In this 

way Tillandsia trichomes allow the plant’s leaves to assume the resource 

acquisition function traditionally ascribed to roots.  
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Figure 1-4.  Photographs and SEMs of Tillandsia whole plants and leaf epidermis. (Panel A) T. 

sp. growing without soil on a piece of wood. (Panel B) T. usneoides growing on cypress 

branches, this twisted mass is made up of dozens of individuals. (Panel C) Adaxial leaf epidermis 

of T. sp., bar = 200µm. (Panel D) Abaxial leaf epidermis of T. usneoides, bar = 200µm. Note the 

outlines of the cells that make up the central disc. 
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Carnivorous plants have captured the fascination of many since their 

discovery. A large class of carnivorous plant relies upon sticky traps to capture 

prey. Pinguicula of the Lentiburlariaceae family and Drosera of the Droseraceae 

are two genera that employ sticky traps (Slack, 1980; Smith, 1977). These traps 

are formed of leaves covered with stalked glands on their adaxial surface that 

produce droplets of glue and digestive enzymes. Drosera rotundifolia glands 

exposed to gelatin displayed an increase in proteolytic activity and exposure to 

chitin induced chitinase activity (Matusíková et al., 2005). Thus, Drosera 

trichomes are capable of sensing and digesting components of insect prey. 

Drosera spathulata in its habitat is shown in Figure 1-5a and Pinguicula sp. in 

Figure 1-5b. Plants belonging to the genus Pinguicula are known colloquially as 

butterworts, a name that alludes to the greasy feel of the mucilage on the leaves 

(Slack, 1980). Midges, gnats and other small insects become mired in the 

exudates on butterwort leaves. The adaxial side of Pinguicula leaves has 

numerous unicellular and multi-cellular trichomes as shown in Figures 1-5c and 

1-5d. Flattened structures that produce mucilage are present at the distal ends of 

the stalks. Also present are glands that are adpressed to the surface. Exactly 

what the function is of these structures is unknown at present and requires 

further research. It is possible that these adpressed trichomes are the source of 

digestive enzymes or are involved with nutrient uptake. 
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Figure 1-5.  Photographs and SEMs of carnivorous plants that employ trichomes. (Panel A) 

Drosera spathulata in habitat at Bako National Park, Sarawak, Malaysia, each plant is ~15mm 

across. (Panel B) Pinguicula sp. in cultivation at the University of Minnesota College of Biological 

Sciences greenhouse, note the insects adhering to the leaves. (Panel C) SEM of Pinguicula sp. 

adaxial leaf surface with trichomes marked with 1 are large stalked glandular trichomes, 

trichomes marked with 2 are sessile glandular trichomes, bar = 500µm. (Panel D) SEM of 

Pinguicula sp. adaxial leaf surface, bar = 500µm. Note the insect remains resting on the surface. 
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Coping with abiotic stressors  

 

Abiotic stressors of plants include excessive light and extremes of 

temperature. Argyroxiphium sandwicense, ‘Ahinahina or Silversword of the 

Hawaiian volcano Hale’akala, grows only at high elevations above cloud cover. 

Silverswords experience low daytime temperatures, drought, and increased UV 

radiation because of their limited range on the summit of Hale’akala (Carlquist et 

al., 2003). A dense covering of reflective trichomes on the leaves and the 

parabolic rosette architecture of the plant are thought to increase the temperature 

of the apical meristem while increasing the boundary layer (Carlquist et al., 

2003). Some data has been produced to support this idea with temperature 

readings in situ of the apical tissues being 37ºC in a typically cool alpine 

environment (Robichaux et al., 1990).  

 

Atriplex trichomes display a different type of inflated structure than that of 

Mentha, Salvia or Perlargonium. In Atriplex the vacuole is highly expanded and 

the bladder cell is a bulbous outgrowth from the epidermis (Esau, 1960). Within 

this vacuole salts are concentrated to a high degree and with time the trichomes 

eventually senesce to leave behind salt deposits (Lüttge, 1971). Presumably this 

salt-deposition activity may play a role in salt tolerance. 

 

 

Pollination 

 

Trichomes are also found on floral tissues and appear to function as 

guides controlling pollinator behavior in the deposition of pollen (Perez-Rodriguez 

et al., 2005). Hoya pubicalyx is a common houseplant in the United States 

related to Milkweeds (Asclepias sp.) that hails from the Philippines (Merrill, 

1918). The adaxial corolla surface sports clusters of sausage-like hairs as seen 
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in Figures 1-6a through 1-6c. To the unaided eye, these trichome clusters appear 

as reflective scales. Figure1-6d captures the glimmering effect that these 

trichomes impart on the corolla. How these trichomes modify the plant-pollinator 

interaction is unclear but the pervasiveness of similar trichomes on the corollae 

of Hoya indicates that their role must be important (pers. obs.). 
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Figure 1-6.  SEMs of Hoya pubicalyx adaxial corolla surface and a photograph of fresh material. 

(Panel A) Floral trichomes assemble into fin-like structures, bar = 500µm. (Panel B) Outer corolla 

lobe trichomes, bar = 500µm. (Panel C) Floral trichomes develop into longer, thinner trichomes 

under the corona, bar = 250µm. (Panel D) Fresh blossoms of H. pubicalyx showing the 

glimmering effect that trichomes produce on the corolla. 
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Seed dispersal 

 

Seed distribution is also facilitated by trichomes in some cases. cotton, 

Gossypium hirsutum, famously produces seed trichomes that are outgrowths of 

the seed testa. These trichomes make up most of the volume in the cotton boll 

that facilitates wind distribution of the seeds. A late summer breeze in the United 

States often carries milkweed seeds with a crown of long stiff silky hairs, or puffy 

clumps of willow (Salix) seeds, exemplifying the use of trichomes in seed 

dispersal (Smith, 1977).  

 

 

Part III: Trichome developmental events in an abstr act sense 

 

 

The abstract requirements of trichome development in plants may be 

separated into two groups of events. The first group of events, covered in Part 

IIIa, consists of trichome patterning whereby trichomes are produced in an 

ordered fashion during development. Patterning is followed by a second group of 

events controlling trichome differentiation that is explored in Part IIIb. 

 

 

Part IIIa: General aspects of trichome patterning 

 

Within an epidermal region, the distribution of trichomes is non-random 

and it is uncommon to find two trichome cells directly adjacent to one another. 

Exceptions to this are known from cotton seed trichomes and a few of the floral 

trichomes of Hoya as seen in Figure 1-6d (Wu et al., 2006; Pu et al., 2008). 

Despite those exceptions, generally, there must be a mechanism in place to 



21 
 

restrict the development of adjacent trichomes. Two models, one well described 

and the other proposed, explain how this pattern is produced.  

 

The first patterning model is termed the activator-inhibitor model. This 

model is well supported by experimental evidence in Arabidopsis and 

computationally (Marks M. D. et al., 2003; Meinhardt and Gierer, 1974). Figure 1-

7 illustrates how the activator-inhibitor patterning sequence proceeds. At the 

start, the developing epidermis has low levels of both a trichome activator and a 

trichome inhibitor present in all cells (Figure 1-7a). By chance, some cells attain 

higher levels of activator than others. When the concentration of activator 

exceeds a threshold amount the cell becomes locked into the trichome cell fate 

(Figure 1-7b). Once locked into the trichome cell fate, the cell increases 

production of an inhibitor capable of moving to neighboring cells where the 

inhibitor nullifies the ability of neighboring cells to enter the trichome cell fate 

(Figure 1-7c) (Larkin et al., 1996; Digiuni et al., 2008). Beyond the inhibited 

region produced by the early trichome cell, there remains the possibility that cells 

will have enough activator to enter the trichome cell fate. Finally, as the 

epidermis matures the baseline level of activators and inhibitors drops in all cells 

except in trichomes (Figure 1-7d). Thus, in the expanding epidermis the pattern 

of localized inhibition is repeated and cell fate determination and proximity control 

are linked. Mathematical modeling of this scenario indicates that the pattern is 

self initializing and self-sustaining (Meinhardt and Gierer, 1974). 
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Figure 1-7.  Cartoon showing the sequence of events during the activator-inhibitor model of 

epidermal patterning. (Panel A) Both the activator and inhibitor are present at equilibrium. This 

state is indicated by the mid-gray color of the cells. (Panel B) Stochastically areas with more 

activator are produced, driving the production of more activator. Areas with a higher proportion of 

activator to inhibitor are colored dark gray. (Panel C) Foci centered upon individual cells drive the 

production of activator further as a threshold concentration of activator begins the production of a 

mobile inhibitor. Areas with higher inhibitor concentration are shown in white. (Panel D) Young 

trichome cells, shown in black, continue to produce inhibitor raising the proportion of inhibitor to 

activator in favor of the non-trichome cell fate in neighboring cells.  
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At the present time there are no supporting pieces of evidence indicating 

that plants other than those belonging to the Rosid clade employ the activator-

inhibitor model of trichome patterning. The Rosid clade includes Arabidopsis, 

Medicago truncatula (Barrel Medic) and cotton (Angiosperm Phylogeny Group, 

2003). Medicago truncatula draft sequence (www.medicago.org) contains an R3-

MYB sequence (CT033771_17, tentatively dubbed MtR3 within the Marks lab) 

similar to inhibitor-complex R3-MYB sequences from Arabidopsis, namely 

TRIPTYCHON (AT5G53200, TRY) (Hülskamp et al., 1994; Young et al., 2005). 

MtR3 is capable of partially rescuing the try phenotype (unpublished data, Marks 

lab). BLAST searches of the Arabidopsis activator (GL1) in tomato and other 

Solanaceae sequence databases (SOL Genomic Inititative, 2009; 

www.sgn.cornell.edu) revealed no homologs (Mueller et al., 2005).  

 

The cotton R2R3-MYB Gossypium hirsutum MYB 109 (GhMYB109), a 

gene that shares 51.9% homology with GL1, has been cloned and functionally 

tested (Suo et al., 2003; Pu et al., 2008). Antisense cotton lines with reduced 

levels of GhMYB109 expression produce smaller bolls with shorter fibers and 

growth is retarded during early fiber development (Pu et al., 2008). The next 

steps towards testing the MYB-based patterning model in cotton would be to 

attempt rescue of the Arabidopsis gl1 mutant through the use of GhMYB109, and 

searching for R3-MYBs similar to TRY. 

 

GL1-like dependent trichome patterning programs are known only from 

the Rosid clade. The most similar GL1-like sequences found in non-Rosids 

function as regulators of anthocyanin biosynthesis (Serna and Martin, 2006). The 

pool of data indicates that the trichome patterning program dependent upon GL1-

like factors is hypothesized to be derived from the taxonomically widespread 

anthocyanin biosynthetic regulatory program. Thus, it has been proposed that 
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mechanisms other than the MYB-bHLH activator-inihibitor model of trichome 

patterning may exist in the plant kingdom (Serna and Martin, 2006). 

 

Alternatively, trichome patterning may rely upon a different sort of 

mechanism than the activator-inhibitor model outlined above. This alternative 

model is dependent upon cell lineage in the epidermis and is similar to the 

stomata patterning mechanism (Zhao et al., 1999). In this proposed model, 

trichome spacing is produced by cells that divide a defined number of times, and 

stereotypically in a specific orientation. Protoepidermal cells divide as tissue 

expansion occurs culminating in the production of a final daughter cell that enters 

the trichome cell fate. Figure 1-8 depicts the process of trichome mother cells 

producing daughter trichome cells on the opposite side from older protodermal 

cells. Because each epidermal cell must divide a certain number of times before 

becoming a trichome and must produce a daughter cell on the side away from 

the mother cell’s mother, trichomes would rarely form next to each other.  
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Figure 1-8.  Cartoon showing the procession of cell divisions in developing epidermis producing 

an epidermal pattern. Cells labeled with 1 are protodermal cells that produce trichome mother 

cells that are labeled with 2. Trichome mother cells give rise to daughter cells that become 

trichomes, labeled with 3, on a side away from the protoderm-mother cell division site. Arrows 

indicate the progression of cell generations leading to trichome cells. 
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This second model is an exercise in speculation because at this point in 

time no evidence to support that it has a role as a trichome patterning 

mechanism in any plant species. In species that produce a variety of trichome 

types it is possible that multiple and fundamentally different patterning 

mechanisms controlling the trichome cell fate could operate concurrently. 

Separate and specific mechanisms could control both epidermal patterning and 

determine the specific type of trichome. In this scheme the determinant that 

initializes a trichome is also the specifier of the type of trichome produced and 

there are separate pathways for each trichome type. 

 

An alternative hypothesis addressing how multiple trichome types are 

produced is that a single mechanism is responsible for initiating trichomes while 

a secondary mechanism determines the type of trichome produced. This 

alternative hypothesis is supported by the fact that on surfaces with more than 

one trichome type, trichomes of two different types are not observed immediately 

adjacent to each other. If multiple patterning mechanisms such as the activator-

inhibitor and cell fate models were to run simultaneously without crosstalk, the 

expectation would be that adjacent trichome would occur. Additionally, trichomes 

are distributed across the epidermis with higher orders of patterning. In the 

peppermint and S. divinorum examples, the abaxial surface of the leaf may 

produce more than one type of trichome with different types restricted to different 

epidermal domains (Turner et al., 2000b). In those examples, two types of 

glandular trichome are produced on the epidermis between the venation while 

non-glandular spiked trichomes are produced on the veins. Thus, the data 

support the notion that there is a separate mechanism that determines trichome 

spacing/initiation and another that determines trichome type. 
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Part IIIb: General aspects of trichome differentiat ion 

 

Once a cell is shunted into the trichome cell fate, it must differentiate into a 

trichome. Conceptually patterning and differentiation may be considered 

separately but in nature the patterning mechanisms are enmeshed with later 

development. Several genes identified as patterning factors in Arabidopsis also 

play role in later development and these are discussed further in Part V. The 

focus of Part IIIb is to discuss the abstract factors that play a role in making a 

trichome. 

 

During differentiation the following parameters impinge upon development: 

control of mitosis, cell size control, cell shape control, maturation, secondary 

metabolite production, cell wall fortification and senescence. Some aspects of 

development appear coupled to one another and in Chapter 2 data is presented 

indicating that cell size and shape are linked. Not all trichomes are subject to 

these factors during differentiation. As seen in Part II of this chapter and reported 

by Esau or Johnson, not all trichomes are unicellular, glandular, or undergo 

senescence (Esau, 1960; Johnson, 1975). 

 

 

Control of mitosis 

 

In multicellular trichomes, mitotic competency and the plane of division 

must be tightly controlled because multicellular trichomes have a specific cell 

number and spatial positioning of the cells. Peltate glandular trichomes of 

peppermint produce eight secretory cells arranged in a disc atop a short stalk 

(Turner et al., 2000a). The stalk consists of two cells, with a basal cell in the 

epidermal plane and stalk cell connecting the eight secretory cells to the basal 

cell. To produce a peltate trichome the progenitor cell must be restricted to a 
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finite number of divisions that are made in specific orientations. The scale-like 

trichomes of Tillandsia are another example depicting the complexity required of 

coordinated cell division during development. The disc portion of the trichome 

has four cells at the center and these are surrounded by two concentric rings of 

cells that support the membranous projections as seen in Figure 1-4d. Equally 

important is the repression of mitosis for the differentiation of unicellular 

trichomes (Churchman et al., 2006). A specific example of this in Arabidopsis is 

discussed below in Part V. 

 

 

Cell size control and cell shape control 

 

The control of cell size and cell shape may be linked. Branches are a 

product of polar growth that must be initialized by the assembly of cell skeleton, 

membrane synthesis and cell wall synthesis components. A hypothesis informally 

proposed by Dr. David Marks to explain the relationship between cell size and 

branch number is that branch foci are produced at the surface of the developing 

trichome cell and cannot overlap. In this way a larger cell size early in 

development will have more surface area to support the assembly of branch foci 

that will later grow out of the cell surface. Some evidence to support this is given 

in Chapter 2 where trichomes of extra branched trichomes caused by different 

genes have the same proportions at maturity indicating a single mechanism 

ultimately controls branching. Also, SEMs of developing trichomes on a lesser-

branched genotype show that early stage trichome cells are smaller. Definitive 

tests of this size begets branching hypothesis are required however. 

 

Final cell size may be variable as shown in different regions of the H. 

pubicaylx corolla in Figure 1-6. All of the trichomes appear to be of the same 

type, being unicellular and non-glandular, yet they grow larger and with greater 
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girth along the margins of the corolla. Beneath the corona the floral trichomes are 

longer and thinner (Figure 1-6c). What this observation illustrates again is that 

once a trichome is initiated its final size and shape may be influenced by its 

position. 

 

 

Maturation, secondary metabolite production and cel l wall fortification 

 

As trichomes proceed through differentiation they gradually assume the 

appearance of fully mature trichomes. Trichome maturity is marked by the 

cessation of increases in cell size. Glandular trichomes are arguably an 

exception to this rule because the apparent cell size may continue to increase 

because of secondary metabolites. These secondary metabolites are produced 

and pumped out of the cell as in Drosera or stored in a space between the cuticle 

and the cell wall as in peppermint (Turner et al., 2000a). Non-glandular trichomes 

like those of Arabidopsis, thicken their cell walls upon maturity through secondary 

cell wall development and produce papillae that lend a frosted appearance to the 

trichome (Bowman, 1993).  

 

 

Senesence 

 

In some instances trichomes undergo senescence. Salt stress triggers 

Phillyrea latifolia secretory trichomes to senesce faster than when not under salt 

stress (Gravano et al., 1998). Trichomes of P. latifolia are formed of a collector 

cell in the epidermal plane atop which is a stalk cell with a secretory head of 

cells. These secretory cells accumulate high concentrations of metabolites that 

form crystals in the cell. Upon senescence, callose is deposited between the 

stalk cell and the collector cell as means to seal off the stalk and secretory cells. 
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Thus, these trichomes become the dumping ground for metabolites on the leaf 

surface much like Atriplex trichomes (Lüttge, 1971). 

 

 

Part IV: Stages of trichome development in Arabidop sis   

 

 

The idea that Arabidopsis trichomes undergo a series of six stages during 

development was introduced by Hülskamp et al. in 1994 and later elegantly 

illustrated in Szymanski et al. (Hülskamp et al., 1994; Szymanski et al., 1998). 

The definition of these stages is dependent upon traits specific to the Arabidopsis 

leaf trichome but facilitates discussion of events that occur during development.  

 

Arabidopsis leaf trichome development begins with the anisotropic 

expansion of a cell chosen to enter the trichome developmental pathway. This 

stage is difficult to detect in SEMs because the expansion is subtle but an 

example is given in Figure 1-9. At this stage the cell has stopped mitosis but is 

still competent to perform endoreduplication, or the skipping of the late G2 and M 

phases of the cell cycle.  

 

Stage 2 cells expand out of the surface of the epidermis by polar growth. 

At this point in development the cell is approximately 25 µm in diameter. The end 

of the growing trichome remains rounded and the entire cell grows by diffuse 

growth with slightly more plasticity on the side growing out of the epidermal 

plane. 

 

Branching occurs during stage 3. Blunt mound-like regions on the side of 

the expanding trichome begin to form sequentially. Arabidopsis trichomes often 

produce three branches, so the production of two blunt regions usually occurs 
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during this stage to result in branch tips 2 and 3 at maturity. These branch tips 

remain rounded and continue to grow outward by tip growth. 
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Figure 1-9.  SEM depicting the developmental sequence of Columbia trichomes. Trichome 

labeled with 1 is a stage one trichome expanding anisotropically. Trichome labeled with 2 is a 

stage two trichome exhibiting polar growth out of the epidermal plane. Trichome labeled with 3 is 

likely a stage three trichome initiating a branch. Trichome labeled with 4 is a stage four trichome 

with a normal complement of branches finishing up tip growth. Trichome labeled with 5 is a stage 

five trichome that is in the process of diffuse expansion. Trichome labeled with 6 is a stage six 

trichome with a developed cell wall and papillae. Bar = 250 µm. 
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Increased tip growth of braches is a hallmark of stage 4 trichomes 

resulting in the elongation of the branches and overall increase in size of the 

trichome. Initiation of new branches is rare during stage 4. At the end of stage 4 

the trichome measures approximately 75-100 µm in branch span.  

 

Stage 5 is defined as the stage when diffuse growth increases and tip 

growth slows causing the trichome to increase in size without further changes in 

shape. At the end of stage 5 a typical leaf trichome measures 250 µm in branch 

span and branch tips sharpen. 

 

During stage 6 the cell wall thickens and papillae form on the surface of 

the trichome. The function of these papillae is unknown but mutant lines exist 

that produce less papillae than wild-type or no papillae at all. The cell wall 

reaches about 1 µm in thickness. At this stage no further increase in size occurs 

and the trichome is considered mature. The mechanical resilience of the mature 

Arabidopsis trichome is exceptional with the author noting that entire plants may 

be uprooted when picking them up by the trichome with forceps. 

  

 

Part V: Arabidopsis genes affecting trichome develo pment 

 

 

As introduced in Part III, protodermal Arabidopsis cells that go on to 

become trichomes are chosen to do so by an activator-inhibitor type model 

(Marks et al., 2003; Digiuni et al., 2008). Many genes have been shown to have a 

trichome phenotype when they are mutated or expressed ectopically (Hülskamp 

et al., 1994). Here, selected genes are discussed that function to control some 

aspects of trichome development that were introduced in Part III.  
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Trichome patterning in Arabidopsis 

 

Myeloblastosis-domain transcription factors, aka MYBs, comprise a large 

expanded lineage in plants (Romero et al., 1998; Rabinowicz et al., 1999). The 

first MYBs characterized were the chicken C-MYB and its pathogenic 

counterpart, the viral v-MYB implicated in avian leukemia. The MYB-domain is a 

helix-loop-helix with the canonical MYB protein consisting of three MYB repeats 

labeled R1, R2, and R3. A majority of the MYBs in plants contain MYB repeats 

closest in sequence to the second and third repeats, and thus are called R2R3-

MYBs. The MYB repeats are highly conserved and occur at the N-terminus of the 

peptide. Towards the C-terminus the sequences become quite divergent and 

groups of similar R2R3-MYBs have been defined based upon characteristic 

amino acid motifs in the C-terminal region (Stracke et al., 2003). In Arabidopsis 

two closely related R2R3-MYBs have been shown to act as positive regulators of 

trichome development, GL1 and MYB23 (AT5G40330) (Herman and Marks, 

1989; Kirik et al., 2005). Both of these genes belong to subgroup 15 as defined in 

the classification system of Stracke et al. 

 

Severe gl1 mutants do not produce leaf trichomes (Herman and Marks, 

1989). myb23 plants produce less trichomes, particularly near the edges of 

leaves. Strong homology between GL1 and MYB23 sequences plus the temporal 

and spatial differences of their expression suggest gene duplication followed by 

subfunctionalization has occurred (Kirik et al.,  2005). Trichomes that do develop 

on myb23 plants are less branched compared to wild type trichomes, indicating 

that not only is MYB23 needed to produce a full complement of trichomes on the 

rosette leaves but that MYB23 is required for trichomes to properly differentiate. 

These phenotypes show that MYB23 is an example of a patterning gene that is 

required for normal differentiation.  
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The inhibitor counterparts to the R2R3-MYB activators of the activator-

inihibitor model are R3-MYBs. These proteins consist of a single MYB repeat as 

indicated by their name and also lack transcriptional activator sequences at their 

C-terminus. TRY, CAPRICE (CPC), ENHANCER OF TRIPTYCHON AND 

CAPRICE 1 (ETC1) ENHANCER OF TRIPTYCHON AND CAPRICE 2 (ETC2), 

ENHANCER OF TRIPTYCHON AND CAPRICE 3 (ETC3), and TRICHOMELESS 

1 (TCL1) are members of the trichome development circuitry (Hülskamp et al., 

1994; Wada et al., 1997; Kirik et al., 2004a; Kirik et al., 2004b; Esch et al., 2004; 

Simon et al., 2007; Wang et al., 2007; Schellmann et al., 2007). A feature of the 

inhibitor of the activator-inhibitor model is that the inhibitor is mobile within the 

tissue. CPC, ETC3, and TRY have been shown to be mobile between cells of the 

epidermis (Kurata et al., 2005; Digiuni et al., 2008; Wester et al., 2009).   

 

Type-IIIf bHLH proteins are capable of interacting with these MYB-domain 

proteins as evidenced in yeast two-hybrid and pull-down assays (Heim et al., 

2003; Zimmermann et al., 2004; Morohashi et al., 2007). Such type-IIIf bHLH-

domain factors as GLABRA 3 (GL3), ENHANCER OF GLABRA 3 (EGL3) and to 

a lesser extent, TRANSPARANT TESTA 8 (TT8), are also components of the cell 

fate determination regulatory program but have their function modulated by their 

MYB partners (Payne et al., 2000; Zhang et al., 2003; Maes et al., 2008). 

Mutations in GL3 typically result in a reduction of trichome size and level of 

development to varying degrees and more severe alleles produce very few 

trichomes. EGL3 is thought to be responsible for the initiation of the few 

trichomes that are produced in plants carrying severe gl3 alleles (Zhang et al., 

2003). The gl3-shapeshifter (gl3-sst) allele is a point mutation converting a 

leucine residue at position 78 to a phenylalanine residue to produce trichomes 

that are distended, misshapen and have a glassy appearance (Esch et al., 2003). 

These phenotypic effects indicate that gl3-sst is deficient in proper trichome 

maturation. Some developmental events progress such as expansion and 
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branching while others are stalled such as cell wall maturation. gl3-sst trichomes 

over-expand and are capable of initiating many branches  while only occasionally 

producing the papillae and sharp branch points present in mature wild-type 

trichomes. Thus, the gl3-sst allele is a heterochronic mutation defective in 

coordinating the expression of trichome developmental programs leading to the 

idea that the gl3-sst is a useful tool in studying trichome development. Chapter 2 

examines the gl3-sst transcriptome to investigate what genes or biological 

processes are involved with proper trichome maturation and coordination of 

development. 

 

Recent reports further defining the nature of the trichome patterning 

network have shown that GL3 is capable of activating its own transcription and 

requires an interacting MYB partner to bind DNA in vivo (Morohashi et al., 2007; 

Zhao et al., 2008). Presumably the auto-activation capability that GL3 exhibits is 

dependent upon other unknown DNA binding factors. Yeast three-hybrid 

experiments testing the competitive interactions between GL1 with TRY and 

either GL3 or gl3-sst showed that TRY out competed GL1 for interactions with 

GL3 and that the gl3-sst allele had an even stronger bias towards interactions 

with TRY (Esch et al., 2003). gl3-sst phenotypes may be products of normal GL3 

and GL1 concentrations in the cell but a reduction of GL3-GL1 coupled activity. 

These data hint at the complexity of the developmental programs at work when 

one contemplates the combinatorial nature of the activator or inhibitor 

complexes. Indeed, Wester et al. report on a series of yeast three-hybrid 

experiments useful in mapping the relative strengths of interactions between 

TRY, CPC, ETC1, ETC2, and ETC3 (Wester et al., 2009). The in planta data of 

Wester et al. also supports the idea that these proteins are mobile within the 

tissue, presumably via plasmodesmata, moving into non-trichome cells to disrupt 

GL1-GL3 interactions. 
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Trichome differentiation in Arabidopsis 

 

Mutations in the early-expressed patterning genes such as TRY, MYB23, 

and GL3 are capable of affecting the final form of trichome cells (Hülskamp et al., 

1994; Esch et al., 2003; Kirik et al., 2005). Additionally, other transcriptional 

regulators not a part of the patterning mechanism have trichome shape 

phenotypes. 

 

One of the earliest genes to be up-regulated in cells that have been 

recruited into the trichome cell fate is GLABRA 2 (GL2), a homeodomain protein 

(Rerie et al., 1994; Szymanski et al., 1998; Zhao et al., 2008). Severe gl2 

mutants produce slug-like trichome cells that for the most part remain within the 

epidermal plane while less severe gl2 mutants produce trichomes with a reduced 

number of branches. Other functions have been ascribed to GL2 including 

regulation of seed oil content, trichome spacing and atrichoblast cell fate 

determination in roots (Masucci et al., 1996; Shen et al., 2006). These functions 

imply that GL2 has a more general regulatory function and that trichomes are just 

one cell type of several that requires the regulatory functions performed by GL2. 

Epigenetic control of GL2 and CPC by histone modification has been shown by 

GLABRA2 EXPRESSION MODULATOR (GEM) in roots (Caro et al., 2007). A 

similar mode of regulation may occur in the leaf epidermis and have a function in 

regulating GL2 during trichome development. GL2 is also targeted by the GL3-

GL1 activator complex in planta as shown in the work of (Morohashi et al., 2007; 

Zhao et al., 2008). Both GL1 and GL3 need to be present for activation of a 

reporter gene fused to the GL2 promoter in protoplast assays. These data are in 

agreement to chromatin immuno-precipitation (ChIP) assays showing that GL3 

was not recruited to the GL2 locus in gl1 mutants (Morohashi et al., 2007). 
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An additional gene, NOECK (NOK), is an R2R3-MYB transcription factor 

that acts as a negative regulator of trichome branching in Arabidopsis (Jakoby et 

al., 2008). nok alleles produce extra branched trichomes and was first described 

genetically in the Ler background (Folkers et al., 1997). The molecular nature of 

the NOK gene remained unknown until recently and surprisingly NOK belongs to 

the same subgroup of the R2R3-MYB gene family as the Antirrhinum 

(snapdragon) gene MIXTA (Noda et al., 1994; Jakoby et al., 2008). Defined as 

subgroup 9 by Stracke et al., these peptides share a characteristic AQWESA 

amino acid motif (Stracke et al., 2003). The genes or specific developmental 

events controlled by subgroup 9 MYBs remain unknown. Genes of this class 

become the focus of the remaining chapters. 

 

Data presented in Chapter 2 of this thesis indicates that nok and try 

trichomes possess similar morphology and sizes at all stages of development 

suggesting that the same developmental mechanism is perturbed in both 

mutants. These data do not allow us to distinguish between two possibilities. It 

may be that cell volume at maturity begets branching or that branching begets 

cell volume at maturity. However, there is a positive relationship between 

increased cell volume at maturity and the number of branches produced. It is 

interesting that NOK lacks the defined amino acid signature that allows for 

interactions with type IIIf bHLH proteins and therefore is unlikely to be a direct 

competitor of TRY-GL3 or GL1-GL3 type interactions (Zimmermann et al., 2004). 

 

Arabidopsis trichomes are unicellular but experience endoreduplicative 

cycles beyond that of pavement cells with 2 to 3 fold increases in nuclear DNA 

content (Galbraith et al., 1991; Melaragno et al., 1993). SIAMESE (SIM) is a 

repressor of mitosis but not other aspects of the cell cycle and interacts with 

CyclinD and CyclinA;1 (Churchman et al., 2006). sim alleles produce twinned or 

multi-cellular trichomes that have lower levels of endoreduplication suggesting 
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that the higher levels of DNA content recorded in trichome cells are produced by 

repression of cell division (Walker et al., 2000). Likewise, overexpression of SIM 

results in larger cells with a higher than normal DNA content (Churchman et al., 

2006). It is interesting that SIM-like sequences are present in a diverse range of 

plant lineages but not in fungi or animals suggesting SIM-like genes function in 

plant-specific developmental programs. 

 

As discussed, some trichomes are senescent in other species and there is 

some indication that Arabidopsis contains a pathway for this to occur. INHIBITOR 

OF CYCLIN DEPENDENT KINASES/KIP RELATED PROTEIN (ICK/KRP) type 

cell cycle kinase inhibitors are capable of inducing senescence when expressed 

in a trichome specific fashion (Wang et al., 1998; De Veylder et al., 2001; 

Schnittger et al., 2003; Zhou et al., 2003). ICK/KRP expression in trichomes 

reduces the number of endoreduplicative cycles performed, reduces expansion, 

and eventually culminates with apoptosis. Dying trichome cell nuclei show 

nucleolar degeneration, a characteristic of programmed cell death (Schnittger et 

al., 2003). 

 

The cytoskeleton logically plays a role in determining the final shape of a 

trichome, as it does in any other cell. SPIKE1 (SPK1) is a guanine exchange 

factor involved with the reorganization of actin filaments during polar growth (Qiu 

et al., 2002; Basu et al., 2008). spk1 trichomes are branchless and pavement 

cells are incapable of assuming the normal puzzle-piece cell shape, illustrating 

the generalized nature of SPK1 function (Qiu et al., 2002). SPK1 associates with 

components of the ARP2/3-WAVE type of complex, a complex responsible for 

coordinating actin filament nucleation. ARP2/3-WAVE complexes are also targets 

of SPK1 function and the regulatory relationship of SPK1 upon ARP2/3-WAVE 

complexes is the best defined across eukaryotic taxa (Basu et al., 2008). 
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STICHEL (STI) is a gene that functions as a positive regulator of trichome 

branching as indicated by sti plants that produce unbranched or two-branched 

trichomes (Ilgenfritz et al., 2003). Figure 1-10a displays a typical sti-abbey 

trichome with no branches and a blunt tip. Biochemically, the function of STI is 

somewhat ambiguous as it encodes a peptide with homology to the γ-subunit of 

eubacterial DNA polymerase III (Ilgenfritz et al., 2003). This implies that STI 

plays a role in regulating endoreduplication. However, no differences in nuclear 

DNA content were reported between sti and wild-type trichomes. How the 

removal of STI function affects branching is unclear but the DNA content data 

presented by Ilgenfritz et al. indicates that branching is not necessarily controlled 

by the level of endoreduplication that a cell experiences. 

 

Another gene of unknown biochemical function that was recently 

documented as having a trichome branching phenotype is BRANCHLESS 

TRICHOME (AT1G64690, BLT) (Marks et al., 2009). blt plants produce 

trichomes with no branches as indicated by the name and shown in Figure 1-10b. 

blt trichomes also have blunt tips when compared to wild-type. This blunt-tip 

branchless trichome phenotype matches what is observed in sti mutants and 

double blt/sti mutants do not show deviations from the single mutant phenotypes. 

Rescue of blt with BLT-fluorescent protein fusions shows that BLT localizes to 

trichome tips along with STI suggesting some function in tip growth (Marks et al., 

2009). Supporting this idea is the presence of a predicted coil-coil domain in the 

central portion of the BLT peptide suggesting the presence of a protein-protein 

interaction domain. 
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Figure 1-10. SEMs of sti and blt mutant trichomes showing tip detail. (Panel A) sti-abbey 

trichome. (Panel B) blt-1 trichome. (Panel C) Columbia trichome, all bars = 100 µm. 
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Discussion and concluding remarks  

 

 

Plants produce a variety of trichome types that have been adapted to fulfill 

a variety of functions. Their presence on the epidermis means these specialized 

cells perform key functions related to interactions between the plant and its 

environment. Glandular trichomes are active both in chemical defense and 

resource acquisition. Non-glandular trichomes are present on seeds, floral 

tissues, and vegetative parts as tools useful for plant dispersal, pollination, and 

mechanical defense respectively. Clearly, the usefulness of trichomes makes the 

developmental programs utilized by plants to specify the different functions of 

trichomes of interest to basic biology and applied science. 

 

 Aside from secondary metabolite production, a distinguishing 

characteristic of some of the more interesting trichome types is their shape. The 

phenotypic diversity observed in Arabidopsis trichome mutants demonstrates that 

it is possible to define what sorts of developmental programs are employed to 

control trichome differentiation in a general sense. Evidently, some aspects of 

trichome differentiation rely upon generalized mechanisms important from 

elsewhere in the plant, such as those involved with cytoskeleton dynamics. 

Perhaps uncovering more of the generalized mechanisms involved with cell 

expansion and shape determination in trichomes will make trichomes useful in 

basic research of these mechanisms 

 

Cell shape and perhaps other aspects of trichome development appear 

linked with patterning. This is illustrated by patterning genes that also have 

effects later during trichome differentiation and suggests that these patterning 

genes begin coordinating trichome differentiation mechanisms early in 

development. What biological processes are differentially controlled in trichome 
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mutants to produce the observed phenotype? With this question in mind the 

focus of this thesis is to explore the regulation of trichome cell shape and early 

trichome development. Along the way data is presented that tests hypotheses 

put forth regarding trichome and petal epidermal cell development in other 

species. Finally, a capstone chapter introducing a model for the function of 

subgroup 9 R2R3-MYBs is proposed and based upon microarray and 

complementation data that questions the initial assumptions of subgroup 9 

functions. 

 

 

Methods 

 

 

Plant materials 

 

All non-Arabidopsis plant materials, except Drosera spathulata, were 

obtained from the University of Minnesota College of Biological Sciences 

greenhouse on the St. Paul campus. Cultivation regimes for the various plants 

varied and were optimized by greenhouse staff to mimic the plant’s natural 

habitat. Drosera spathulata was observed in habitat at Bako National Park, 

Sarawak, Malaysia. All Arabidopsis plants were grown under cool white 

fluorescent lights with a 24 hour photoperiod in LP5 mix (Sun Gro Horticulture, 

www.sungro.com).  

 

 

SEM imaging 

 

All SEMs were acquired using the Emitech K1150 cryoscopic 

(www.emitech.co.uk) SEM system and a Hitachi S3500N scanning electron 
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microscope. Samples were affixed to stubs then flash frozen with liquid nitrogen. 

Samples were sputter coated with gold before being transferred to the cryoscopic 

SEM stage inside the scope. Images were acquired using Hitachi scope 

management software and QuartzPCI (www.qrtz.com) image handling software.  

 

 

Photography 

 

All photographs were taken with a Nikon Coolpix S600 digital camera. 
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CHAPTER 2: A reverse genetics screen of genes in the 

gl3-sst transcriptome reveals the important role of the 

MIXTA-like gene, NOECK, in trichome development 

 

 

The gabra3-shapesifter (gl3-sst) allele is a point mutation allele that has be previously 

documented to possess characteristics of the early stage trichome such as glassy cell walls and 

the ability to initiate branches. Most importantly gl3-sst trichomes undergo a prolonged period of 

expansion during development that culminates in misshapen trichomes. The gl3-sst 

transcriptome is analyzed here with the aim to gain some insight into the biological properties of 

the expanding trichome and the discovery of genes for reverse genetic screens. A gene, called 

NOECK (NOK), was found through such an approach to have a role in trichome development. 

Transcriptional analysis of the NOK transcriptome reveals signatures of changes in the cell 

periphery in the mutant and the similar morphology of nok to a patterning gene mutation in 

triptychon. 

 

 

Introduction 

  

 

In the previous chapter the utility of trichomes to plants was surveyed 

along with a discussion of the kinds of developmental processes trichomes are 

subject to. A key determinant of trichome function rests upon their shape. 

Without proper regulation of cell shape the mechanical properties of a trichome 

could conceivably be altered to a point where the trichome is rendered ineffective 

towards its intended purpose. Numerous genes that produce trichome cell shape 

phenotypes when mutated have been identified. A handful of these have been 

characterized further and placed within a model describing how a trichome is 

initiated and differentiates (Hülskamp, 2004). While some progress has been 

made showing that the modulation of cytoskeleton dynamics is important in 
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effecting trichome development, the phenotypes of genes not obviously 

connected with cytoskeleton dynamics demonstrates that our models are grossly 

incomplete. STICHEL (STI) is an example of a gene whose predicted 

biochemical function is not obviously related to cell shape determination, yet sti 

plants exhibit a strong cell shape phenotype (Ilgenfritz et al., 2003). Other 

processes must be at work to regulate trichome expansion, number of branches, 

cell wall maturation et cetera.  

 

Regulatory genes have been shown to coordinately control biosynthetic 

pathways and a prime example is seen in phenylpropanoid metabolism. 

Subgroup 6 R2R3-MYBs share a common function as positive regulators of 

phenylpropanoid biosynthesis, a characteristic observed when genes of this 

class are over-expressed (Borevitz et al., 2000; Stracke et al., 2003; Peel et al., 

2009). When and where these regulatory genes are expressed may dictate the 

level of phenylpropanoid derivatives present in tissues and impacting 

development (Nesi et al., 2001). By extension the author postulated that by 

identifying what genes are coordinately regulated during trichome development, 

biological processes important to trichome development would be revealed.  

 

The bHLH transcription factor GLABRA 3 (AT5G41315, GL3) is a core 

regulator of trichome patterning and glabra 3-shapeshifter (gl3-sst), the 

misshapen trichome allele of GL3, is the result of an EMS-induced point mutation 

(Payne et al., 2000; Esch et al., 2003). gl3-sst trichomes exhibit several 

characteristics that are heterochronic in nature. In wild-type, trichomes typically 

stop producing branches by the end of stage 3 yet in gl3-sst new branches are 

apparent on stage 5 trichomes in published data. Young gl3-sst trichomes are 

more expanded during early growth than wild-type suggesting that the biological 

process of cellular expansion is not reduced to the same degree as time 

progresses in gl3-sst. gl3-sst trichomes on fully expanded leaves only 
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occasionally produce the papillae that are hallmarks of a mature wild-type 

trichome at stage 6 and continue to perform endoreduplication resulting in a 2 to 

3 fold increase in nuclear DNA levels beyond wild-type trichomes. These 

phenotypes are all shifts in the same developmental direction, that is, the 

extension of immature trichome characteristics into the later stages of 

development. To put it another way, gl3-sst trichomes display an inability to 

properly shut down processes that occur during the earlier stages of trichome 

development. Because of these characteristics of increased size but youthful 

trichome traits, gl3-sst is an attractive candidate to study the biological processes 

of early trichome development and the genes underpinning those processes. Cell 

shape is determined early in trichome development as well so the examination of 

the processes at work within the early trichome would prove informative in the 

matter (Hülskamp et al., 1994). 

 

 Seminal reports of the genes expressed early in trichome development 

have shown promise in describing the transcriptional profile of immature 

trichomes but are subject to technical issues that may affect data quality. One 

group targeted immature individual trichome cells by aspiration of cell contents 

successfully (Kryvych et al., 2008). The use of pulled glass capillary tubes and a 

micromanipulator to aspirate cell contents was attempted in our lab several years 

ago, but was not pursued further. The goal of such methods was to synthesize 

labeled RNA for use in microarray analyses. Unfortunately, the aspiration of 

individual trichomes results in the collection of very small amounts of material for 

cDNA synthesis. Therein is the technical problem associated with this method of 

collecting material, small amounts of starting material may result in excessive 

noise within expression profiling data. Some trichomes, particularly mature wild-

type trichomes, proved difficult to pierce due to strong cell walls. In the published 

work it was shown that some genes were expressed early in trichome 

development, such as GIBBERELLIC ACID-STIMULATED ARABIDOPSIS 4 
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(AT1G74640, GASA4), a gene whose specific function is unknown but is up-

regulated in response to exogenous GA (Herzog et al., 1995; Aubert et al., 1998; 

Roxrud et al., 2007; Kryvych et al., 2008). This result is in agreement with 

experiments showing that the application of GA has an effect on trichome density 

and development (Chein and Sussex, 1996; Perazza et al., 1998). 

 

 Another method for trichome isolation is the removal of trichomes from 

ultra frozen leaves. Experimenters shear or snip brittle frozen trichomes from the 

leaf surface with a brush, very fine forceps, or similar implement (Jakoby et al., 

2008). This method is an improvement as it facilitates the collection of more 

material but does not allow for the collection of material from young or incipient 

trichomes and collects metabolically inactive trichomes. Also, use of a brush to 

collect trichomes may result in bits of leaf tissue in the collected material, thus 

contaminating the RNA population. Data from these expression profiling 

experiments showed that trichomes shared the most genes in common with non-

hair root epidermal cells (atrichoblasts) (Jakoby et al., 2008). This result is not 

completely unexpected considering the highly similar GL3-WER (GL3-

WEREWOLF, AT5G14750.1) activator complex produces the atrichoblast cell 

fate and suggests that a similar group of genes are regulated by a GL3-MYB type 

of complex (Lee and Scheifelbein, 1999; Bernhardt et al., 2003). 

 

 A third method to isolate trichomes allows researchers to collect large 

numbers of trichomes that are intact and metabolically active. Briefly, fresh 

material is washed in cold water then vortexed in cold phosphate buffer made 

with potassium phosphate salts and ethylene glycol tetraacetic acid (EGTA). The 

strategy of this method is to slow down but not abolish the biological activity of 

the trichome cells by lowering the temperature, avoid eliciting sodium toxicity 

induced responses, and to weaken the cell wall by chelating structurally 

important divalent cations. Cells are collected by filtration or centrifugation then 
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rinsed clean from debris and the complete procedure has been published (Marks 

et al., 2008). Trichomes isolated this way retain the activity of reporter genes 

expressed by the GLABRA 2 (AT1G79840, GL2) promoter. Generally only 

expanded trichomes are recovered this way. To produce an expression profile of 

the developing trichome our lab decided to use gl3-sst trichomes as proxies for 

immature trichomes. Use of EGTA makes this method similar to the method 

released by Zhang and Oppenheimer except the use of brushes to scrape 

trichomes from the leaf surface and the requirement to fix the cells beforehand 

were eliminated (Zhang and Oppenheimer, 2004). 

 

 In this chapter expression profile data is presented showing that gl3-sst 

trichomes indeed do express genes expected in the immature trichome. This 

work was initiated by the author’s adviser, Dr. M. David Marks. Dr. Marks isolated 

trichome material from gl3-sst and conducted early analyses of trichome data 

and validation. Transport and developmental biological processes are present at 

a higher level in gl3-sst compared to wild-type according to TAIR GO charts. 

Transport is presumably important for the movement of solutes that drive cell 

expansion by increases in osmotic pressure. Genes exhibiting the greatest level 

of differential expression were used as candidates in a reverse genetics screen 

similar to that of the gl3-sst/sim-1 (gl3-sst/siamese-1) trichome transcriptome-

based reverse genetics screen described in Marks et al. 2009 (Marks et al., 

2009). Of particular interest to the author for the reverse genetics screen were 

transcription factors. 

 

AtMYB106 was shown to be synonymous with NOECK (AT3G01140, 

NOK), a gene originally described in the Landsberg erecta (Ler) ecotype as an 

extra branched mutation (Folkers et al., 1997; Jakoby et al., 2008). The 

molecular identity of NOK remained unknown until Jakoby et al. reported on this 

in 2008. Here, data characterizing the phenotype of TDNA insert lines at the 
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NOK locus is presented. Interestingly, nok trichomes resemble the extra 

branched triptychon (AT5G53200, try) trichome mutant (Hülskamp et al., 1994). 

This implies that a similar mechanism causes the extra branched phenotype. 

Over-compensatory rescue of the nok phenotype is illustrated through TRY::NOK 

nok-1 plants. Finally, transcriptome data is shown for nok trichomes versus 

Columbia wild-type trichomes in the first steps towards defining how cell shape is 

controlled.  

 

 

Results  

 

 

Search for youthful trichome signals in the gl3-sst transcriptome 

 

In a related manuscript our group reports on the validation of Columbia 

trichome data sets versus processed Columbia leaf tissue. Details of how the 

data were processed is given in the methods section but in brief, raw data was 

normalized and statistically analyzed with the Genedata Expressionist suite then 

manipulated further in Microsoft Excel. Here, the author focuses on probing the 

gl3-sst data for hallmarks of early trichome development based upon previously 

reported findings. Three categories of genes were examined. One category 

contains genes shown by Kryvych et al. to be preferentially expressed in 

trichome initials. Another category contains patterning genes and trichome 

development genes for which data describing at what stages they are expressed 

was available (Kryvych et al., 2008). A third category contains genes assumed to 

be involved with cuticle/wax synthesis (Raffaele et al., 2008).  

 

Table 2-1c compares expression values of trichome initial specific genes 

per Kyvych et al. between isolated Columbia and gl3-sst trichomes. In two of the 
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three cases the expression is higher in gl3-sst or called as present in a majority 

of the gl3-sst data sets while being called as absent in a majority of the Columbia 

data sets.  

 

Table 2-1b compares the expression of trichome genes handpicked by the 

author, many of which are patterning genes with reported expression pattern 

data, between gl3-sst and Columbia. In two cases, HOMEODOMAIN 

GLABROUS 12 (AT1G17920, HDG12) and ENHANCER OF GLABRA 3 

(AT1G63650, EGL3), expression was called as absent in Columbia mature 

trichomes while called as present in gl3-sst (Zhang et al., 2003; Nakamura et al., 

2006). A characteristic of the patterning mechanism in seen in the data is that 

GL1 is expressed significantly higher (for p < 0.05) in gl3-sst while late and post-

patterning genes TRIPTYCHON (AT5G53200, TRY) and CAPRICE 

(AT2G46410, CPC) are expressed significantly higher in Columbia (Hülskamp et 

al., 1994; Wada et al., 1997). ENHANCER OF TRIPTYCHON AND CAPRICE 1 

(AT1G01380, ETC1) shows the expected increase of expression in gl3-sst in 

agreement with published ETC1::GUS data (Kirik et al., 2004; Esch et al., 2004). 

In the non-significant cases (for p > 0.05), the expressed trends are in the 

expected direction or ambiguous.  

 

Table 2-1a lists the expression values of wax/cuticle genes. The idea that 

trichome growth requires an increase in the amount of cuticle/wax material at the 

cell surface as it expands is logical. These genes were found to be coordinately 

regulated, perhaps directly by AtMYB30 (AT3G28910), and some have wax or 

cuticle synthesis phenotypes (Raffaele et al., 2008). Strikingly, 84.6% of the 

genes called as present are significantly (for p < 0.05) expressed to a higher 

degree in gl3-sst. 
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Table 2-1. Expression profile comparisons between Columbia and gl3-sst trichomes. A/P column 

shows if the gene is called as present or absent in the trichome. Ratio column is the proportion of 

Columbia:gl3-sst expression values and the p-value column contains p-values describing the 

level of significance of the proportionate difference.  (Panel A) Genes identified by Raffaele et al. 

as being important in wax or cuticle biosynthesis. (Panel B) Genes selected based upon their 

importance to trichome development, particularly developing trichomes. (Panel C) Genes 

identified as being preferentially expressed in trichome initials per Kryvych et al. 
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Analysis of the gl3-sst trichome transcriptome  

  

Genes that are specifically expressed in either Columbia or gl3-sst are 

good candidates for genes that are regulated by GL3, and for genes that are 

important to producing or suppressing the immature trichome characteristics of 

gl3-sst. The Venn diagram of figure 2-1 summarizes the relationship between the 

transcriptional profile of Columbia and gl3-sst by displaying genes called as 

present or absent with the MAS5.0 analysis package. While MAS5.0 has been 

the target of criticism for false positives in experiments using spike RNA pools, 

data from un-spiked RNA pools has been shown to be accurately processed by 

MAS5.0 (Pepper et al., 2007). In the data a relatively small number of genes are 

specifically expressed in Columbia or gl3-sst at 10.1% and 5.1% of all present-

calls respectfully. 

 

 From the pools of genes identified as being present only in Columbia or 

gl3-sst, lists of genes were assembled and ranked by mean expression value. 

Table 2-2 displays these lists with table 2-2a listing highest ranking examples 

from gl3-sst and table 2-2b listing the highest ranking examples from Columbia. 
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Figure 2-1. Venn diagram of genes present only in Columbia trichomes (far left, dark gray 

background), only in gl3-sst trichomes (far right, light gray background) or in both (center, mid 

gray background).  
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Table 2-2. Genes called present in a majority of the microarray data sets for a particular genotype 

but absent in the counterpart and ranked by mean expression value. For the determination if a 

gene is “Present” or “Absent” was done using the MAS5 Affymetrix statistical analysis method. 

(Panel A) Genes present in a majority of the gl3-sst data sets but not Columbia. (Panel B) Genes 

present in a majority of the Columbia data sets but not in gl3-sst.   
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Figure 2-2. TAIR GO comparisons of gl3-sst to Columbia using sets of genes specifically present 

in trichomes of either genotype. Heights of bars represent the percent of the present genes, 

specific to the genotype, that belong to that particular GO annotation category. (Panel A) 

Biological process gene annotations. (Panel B) Cellular component gene annotations. (Panel C) 

Molecular function gene annotations. 
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 The TAIR GO analyses presented in figure 2-2 compare the relative 

distribution of genes called as present within broad annotation areas. Particularly 

interesting relationships are seen when comparing Columbia to gl3-sst. In 

figure2-2a and 2-2c with regard to transport and transporter activity categories 

respectively these genes are enriched in gl3-sst relative to Columbia. Another 

noteworthy relationship is the higher percentage of genes in gl3-sst trichomes 

belonging to the developmental process annotation category of figure 2-2a. 

Trichomes do not have chloroplasts and the high number of chloroplast genes 

seen in the Columbia data of figure 2-2b could be the result of chloroplast 

contamination of the Columbia samples, or are products of improperly applied 

GO annotations. Trichomes contain numerous plastids at maturity and the GO 

annotation category for the plastid in figure 2-2b shows a similar relationship 

between Columbia and gl3-sst implying that the chloroplast signature is free from 

genes improperly assigned from the plastid set (Marks et al., 2009). Also 

noteworthy is that genes annotated as extracellular components are present to a 

higher degree in gl3-sst than Columbia. This is congruent with the cuticle 

synthesis data and the idea that immature trichomes are actively building or 

altering their extracellular matrix. 

 

 Given that multiple factors can alter the expression of any particular gene, 

it was important to examine the trichome transcriptome data for genes that might 

be regulated in a non-absolute fashion. Expression value ratios and their 

associated p-values were calculated using Expressionist 4.0 to pick out genes 

that are significantly (for p < 0.05) up- or down-regulated in gl3-sst compared to 

Columbia. Table 2-3 displays the top 40 hits of this analysis ranked by mean 

expression value. The two top hits are LIPID TRANSFER PROTEIN 3 (LTP3) 

and LIPID TRANSFER PROTEIN 4 (LTP4). These genes are related to LIPID 

TRANSFER PROTEIN 2 (LTP2), a gene of importance to wax or cuticle 

synthesis (Arondel et al., 2000; Raffaele et al., 2008). The preferential expression 
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in gl3-sst of LTP genes that are thought to move lipids between membranes 

and/or are involved with cuticle assembly is a result that fits with the over-

expanding phenotype of gl3-sst. It is logical that activity at the cell periphery is 

required for expansion. 
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Table 2-3.  Top 40 significantly (for p < 0.05) up-regulated genes in gl3-sst versus Columbia 

ranked by ratio. For the determination if a gene is “Present” or “Absent” was done using the 

MAS5 Affymetrix statistical analysis method. 
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A complementary table, table 2-4, lists the top 40 hits of genes 

significantly down-regulated (for p = 0.05) in gl3-sst compared to Columbia and 

ranked by mean expression value. Contradictory to finding up-regulated LTP 

genes in gl3-sst trichomes, the top down-regulated hit is a putative LTP. Despite 

this, the high number of experimentally defined LTP genes expressed in gl3-sst 

all but negates this finding. The fourth highest gene encodes Arabidopsis 

thaliana GIBBERELLIC ACID 2-OXIDASE 6 (AT1G02400, AtGA2OX6), a 

member of a gene class identified as part of the GA inactivation pathway 

(Thomas et al., 1999). GA is required for wild-type levels of trichome initiation on 

abaxial leaf surfaces and inflorescence stems (Chein and Sussex, 1996; Gan et 

al., 2006). That a GA catabolic gene is increased in Columbia trichomes and is 

less highly expressed in gl3-sst may indicate a higher level of bioactive GA in 

gl3-sst trichomes. Data presented in table 2-1c for the GA responsive gene 

GASA4 and the requirement of GA for some amount of trichome initiation 

suggests that GA is increased in the immature-like gl3-sst trichome.  

 



83 
 

 



84 
 

 



85 
 

Table 2-4. Top 40 significantly (for p < 0.05) up-regulated genes in Columbia versus gl3-sst 

ranked by ratio. For the determination if a gene is “Present” or “Absent” was done using the 

MAS5 Affymetrix statistical analysis method. 
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Reverse genetics screen for developmentally importa nt genes through the 

gl3-sst transcriptome 

  

As discussed in the introduction, the gl3-sst phenotypes reminiscent of 

immature trichomes implies that biological processes at work in the gl3-sst 

trichome are also important during early trichome development. Exonic TDNA 

insert lines from the Arabidopsis Biological Resource Center were ordered for 

select genes either exclusively expressed in Columbia or gl3-sst and for genes 

significantly down- or up-regulated in gl3-sst. In some instances only TDNA 

inserts in intronic or promoter regions were available and these were obtained as 

well. Several genes were identified as having a trichome phenotype from this 

screen and a majority of these genes were also in a set of genes found to be 

differentially expressed in gl3-sst/sim-1 trichomes (Marks et al., 2009). 

Phenotypes included glassy trichomes, extra-branched trichomes, branchless 

trichomes and slightly distorted trichomes. The author used loci identified from 

the gl3-sst set alone in the screen and one of the genes was selected for in-

depth analysis in the following sections. 

 

  

Initial characterization of nok alleles 

  

Putative homozygous TDNA insertions at the AT3G01140 locus resulted 

in extra branched trichomes (Alonso et al., 2003). Two lines, SALK_110059 and 

SALK_025449 were found with this extra branched phenotype. These lines were 

initially referred to as alleles of a gene the author termed MOOSE but with the 

discovery and report of Jackoby et al. showing synonymy with NOK, these lines 

were named nok-1 and nok-2 respectively (Jakoby et al., 2008). Lines were 

crossed back to Columbia at least once and increased by single seed descent. 

Following that, an alleleism test was conducted by crossing putative homozygous 
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nok-1 and nok-2 lines. The resulting F1 generation was 100% nok indicating that 

the parental lines were indeed homozygous and that the mutations causing the 

phenotype are at the same locus. 

 

Figures 2-3a and 2-3b compares typical wild-type Columbia and nok-1 

trichomes showing that nok produces dramatically extra-branched trichomes. 

Relative locations of the TDNA inserts are given in figure 2-3c where both 

TDNAs are disrupting the 3’ end of the gene. Because this region is outside of 

the conserved MYB repeats, it is assumed that the 3’ region contains 

transcriptional modulation domains or interaction domains (Stracke et al., 2003). 

These TDNAs likely disrupt the proper function of NOK thoroughly. Congruent 

with this idea, other nok alleles with similar effects have been sequenced and 

were shown to have various lesions across the locus (Jakoby et al., 2008). nok-

gb is the result of a point mutation in a highly conserved cystiene of the R2-MYB 

repeat switching that residue to a tyrosine. nok-122 of the Ler genotype is 

caused by a point mutation at a splice acceptor site between exons 2 and 3. 

 

 The NOK coding sequence is misannotated on TAIR 

(www.arabidopsis.org) as having an exon upstream of what is labelled as exon 1 

in figure 2-3c. This upstream leader shows no homology to other subgroup 9 

R2R3-MYBs. Gong et al. cloned the NOK coding sequence from cDNA libraries 

into the yeast vector pYAT3G01140, which places the start codon at the 3’ end of 

the annotated intron 1 (Gong et al., 2004). Subgroup 9 R2R3-MYBs examined 

from snapdragon and cotton begin with Met-Gly-Arg-Ser. Use of this start codon 

excludes the first 43 amino acids of the predicted peptide sequence and begins 

the NOK peptide with Met-Gly-Arg-Ser, thus bringing the coding sequence in 

accordance with other subgroup 9 MYBs.  
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Figure 2-3. Examples of the nok extra branching trichome phenotype and locus structure. (Panel 

A) Representative Columbia trichome, bar =  500µm. (Panel B) Representative nok-1 trichome, 

bar = 500µm. (Panel C) Structure of the NOK locus with experimentally verified exonic regions in 

dark gray and untranslated or predicted exonic regions in light gray. The light gray arrow is rooted 

at the predicted translation start while the dark gray arrow is rooted at the experimentally 

supported start codon. The location of the SALK inserts relative to the NOK gene structure is 

shown. 
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nok-1 and  nok-2 trichomes possess extra branches 

 

To quantify the difference for a statistical analysis trichome branch tips 

were counted on > 500 trichomes on Columbia, nok-1 and nok-2 plants. These 

data are displayed in the histogram of figure 2-4a where an additional effect is 

seen in that nok-1 and nok-2 trichomes have a wider distribution of trichome 

branch numbers. Mean, standard deviations and p-values of Student’s t-tests are 

given in figure 2-4b showing the significant increase in trichome branch tip 

number in the nok lines. 
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Figure 2-4.  Histogram and statistics describing the extra branched trichome phenotype of nok-1 

and nok-2. (Panel A) Percent of trichomes versus number of branch tips histogram comparing 

Columbia with nok-1 and nok-2 lines. (Panel B) Statistics of the trichome branch tip data. 
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nok-1 trichomes have less papillae than wild-type and qu antifiably 

resemble try-S trichomes  

 

Another phenotype that is noticeable when making light microscopic 

inspections of nok trichomes are their glassy appearance. Glassiness is difficult 

to document. Possible of causes of the glassy phenotype may be cuticle 

differences from wild-type or through a reduction in the number of papillae on 

mature trichomes. SEMs of Columbia and nok-1 trichomes were collected and 

the number of papillae present on trichome branches was quantified per unit of 

surface area. Figure 2-5a and figure 2-5b compare the branches of Columbia 

and nok-1 trichomes respectively and are examples of the SEMs used for this 

analysis. Figure 2-5c shows a summary of the statistics along with the equation 

used to find the mean number of trichomes per 100 µm2. nok-1 trichomes show a 

significant reduction in the number of papillae. 
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Figure 2-5.  Comparisons of Columbia and nok-1 trichome papillae density. (Panel A) Columbia 

trichome branch with a highlighted area in the rectangle that was used to quantify the number of 

papillae per unit of area. (Panel B) nok-1 trichome branch with a highlighted area in the rectangle 

that was used to quantify the number of papillae per unit of area. (Panel C) Equation describing 

how papillae count data was normalized to the same scale in the SEMs. Also, summary of the 

statistics obtained with the data. 
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 The resemblance that nok trichomes have to try trichomes was noted 

early in the mutant characterization process. Figure 2-6 shows examples of try-S 

and nok-1 trichomes in panels A and B respectively. Individual trichomes were 

considered in this analysis and the measurements taken are visually presented in 

the cartoon of figure 2-7. Interestingly try-S and nok-1 trichomes share similar 

proportions as summarized in the morphometric analysis statistics presented in 

table 2-5. Table 2-5a gives the statistics in relative measurements taken from 

SEMs of the same scale of individual trichomes while table2-5b summarizes p-

values in comparisons between measurements. For girth, trunk length, first 

branch length, and proportions of girth to trunk length and first branch to trunk 

length, try-S and nok-1 are not significantly different. In try-S expression profile 

data publically released (www.ebi.ac.uk/microarray-as/ae/) from the Marks lab 

but not published, NOK is not significantly differentially regulated in try-S versus 

Columbia (try-S:Columbia expression ratio = 0.6, p-value = 0.19). Conversely, 

TRY is not significantly differentially regulated in the nok-1 trichome 

transcriptome (Columbia:nok-1 expression ratio = 0.91, p-value = 0.75). 
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Figure 2-6. SEMs comparing try-S and nok-1 trichomes. (Panel A) try-S trichomes, bar = 500µm. 

(Panel B) nok-1 trichome, bar = 500µm. 
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Figure 2-7.  Cartoon of a trichome and measurements taken. A = Girth. B = Trunk length. C = 

First branch length. 
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Table 2-5.  Morphometric statistics describing the similarities between try-S and nok-1 trichomes. 

(Panel A) Mean, standard deviation, and sample size of morphometric data. (Panel B) p-values of 

various comparisons using the morphometric data showing no significant difference between try-

S and nok-1 for the measured parameters. 
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Rescue of nok-1 

  

Rescue of the nok phenotype was attempted in the nok-1 line using the 

CaMV35S constitutive promoter and with the TRY promoter fragment isolated in 

our lab previously (Esch et al., 2004). NOK coding sequence driven by the 

CaMV35S promoter displayed no rescue suggesting suppression of the 

transgene or that the CaMV promoter is insufficiently expressed in trichomes to 

have an effect. These plants were not examined further. TRY::NOK plants 

displayed a phenotype beyond restoration of wild-type branching. Wild-type 

trichomes were rarely observed and instead the transgene induced unbranched 

or two-branched trichomes. Figure 2-8 compares the development of nok-1 and 

nok-1 TRY::NOK trichomes to show that in the nok-1 TRY::NOK developing 

trichomes stop initiating branches early during development, or initiate none at 

all. Recall that in the discussion of trichome stages in chapter 1, trichomes 

typically stop producing branches by stage 4 (Hülskamp et al., 1994). nok-1 

continues to initiate branches as late as stage 5 as seen in figure 2-8a. Thus, 

nok-1 trichomes have an extended period of competency to develop branches 

while nok-1 TRY::NOK trichomes have a reduction in the period when branches 

may form. 

 

 

Measurements of NOK expression in Columbia and transgenic lines 

 

RT-PCR was used to measure the relative expression of NOK in Columbia 

and in two nok-1 TRY::NOK lines. Expression was calculated relative to HEAT 

SHOCK COGNATE 70 (AT5G02500, HSC70) in each sample and to Columbia 

shoots. In figure 2-9, it is seen that NOK is expressed to a higher degree in 

apices than 5 mm leaves in Columbia. This observation is in agreement to 

reported NOK::GUS data showing the general expression of NOK in the apical 
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epidermis before becoming restricted to expanding trichome cells in the leaf 

(Jakoby et al., 2008). Increased expression of TRY::NOK in both apices and 

leaves of both lines is seen in the data indicating that the TRY::NOK transgene is 

more highly expressed than native NOK. 
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Figure 2-8. SEMs of developing and mature trichomes showcasing differences in developmental 

timing of nok-1 and nok-1 TRY::NOK plants. (Panel A) nok-1 developing trichomes, trichome 

labeled with (1) is a stage 2 trichome with bulbous region where branches will form. The 

trichomes labeled with (2) and (3) are stage 3 and 4 trichomes respectively still possessing 

bulbous regions representing nascent branches. The trichome labeled with (4) is a stage 5 

expanding trichome with blunt-tipped newly initiated branch, bar = 100µm. (Panel D) nok-1 

TRY::NOK developing trichomes. The trichome labeled with (1) is a stage 2 trichome with no 

obvious branch points initiated. Trichomes labeled with (2) and (3) are stage 4 trichomes 

expanding from leaf surface with only (3) producing a branch, bar = 50µm. (Panel B) Mature nok-

1 trichomes, bar = 500µm. (Panel E) Mature nok-1 TRY::NOK trichomes, bar = 1mm. (Panel C) 

Columbia stage 3 trichome, bar = 25µm. (Panel F) Columbia stage 4 trichome, bar = 25µm. 
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Figure 2-9. Expression of NOK in Columbia and nok-1 TRY::NOK lines #1 and #2. Levels are 

relative to HSC70 expression and to NOK expression in Columbia apex (Columbia apex value = 

1). Leaf samples are from leaves ~5mm in diameter. 
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nok-1 transcriptome analysis 

 

To further characterize the nok phenotype, transcriptional profiling of  

nok-1 trichomes was conducted as it was done for gl3-sst. Figure 2-10 presents 

a Venn diagram summarizing the number of genes that are called as present in 

Columbia or nok-1, or both.  

 

 Genes that expressed in either Columbia or nok-1 are listed in table 2-6.  
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Figure 2-10.  Venn diagram of genes present only in Columbia trichomes (far left, dark gray 

background), only in nok-1 trichomes (far right, light gray background) or in both (center, mid gray 

background).  
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Table 2-6.  Genes called present in a majority of the microarray data sets for a particular genotype 

but absent in the counterpart and ranked by mean expression value. (Panel A) Genes present in 

a majority of the nok-1 data sets but not Columbia. (Panel B) Genes present in a majority of the 

Columbia data sets but not in nok-1. For the determination if a gene is “Present” or “Absent” was 

done using the MAS5 Affymetrix statistical analysis method. 
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 Using the present or absent calls of the microarray data, lists of genes that 

were present in a majority or nok-1 or Columbia microarray data sets were used 

to poll the TAIR GO database. Figure 2-11 compares the distribution of GO 

annotations amongst three broad categories: biological process, cellular 

component, and molecular function. In the biological process category it is worth 

noting the larger proportion of genes that are involved in transport and signaling 

being expressed in nok-1. Chapter 3 will cover this result in greater detail when 

GO comparisons between more expanded and less expanded trichome 

transcriptomes are presented. Again, in the cellular component comparison, 

Columbia exhibits an enrichment of genes annotated as localizing to the 

chloroplast. This supports the notion that the Columbia RNA used was 

contaminated with some leaf debris. 

 

  Finally, genes that possessed a significant degree of differential 

expression in a non-absolute fashion were identified in the data. Expression 

ratios were calculated in Expressionist Analyzer along with p-values describing 

the amount of similarity between Columbia and nok-1 data for each gene called 

as present in both. Table 2-7 lists the top 40 genes preferentially expressed in 

nok-1. A quick inspection of this list reveals no obvious pattern or relationship 

between the genes and the phenotype. In table 2-8, the top 40 genes 

preferentially expressed in Columbia versus nok-1 are listed. An interesting result 

is that MORPHOGENESIS OF ROOT HAIR 5 (AT4G26690, MRH5 aka 

SHAVEN3, SHV3), a gene encoding a glycerolphosphoryl diester 

phosphodiesterase that is possibly a kinase, is up-regulated in Columbia. mrh5 

mutants have defects in root hair development resulting from cell walls with 

reduced integrity (Jones et al., 2006). Additionally, three other genes are up-

regulated by NOK and are cell wall associated as annotated in the TAIR 

database (www.arabidopsis.org). These genes are an unnamed proline-rich 

family protein (AT4G19200), ARABIDOPSIS THALIANA PROLINE RICH 
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PROTEIN 2 (ATPRP2, AT2G21140), and ARABIDOPSIS THALIANA EXPANSIN 

A3 (ATEXPA3, AT2G37640). This along with the enrichment of cell wall genes in 

the Colmubia TAIR GO set suggests that the nok phenotype is in some way 

associated with properties of the cell wall. 
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Figure 2-11. TAIR GO comparisons of nok-1 to Columbia using sets of genes specifically present 

in trichomes of either genotype. Heights of bars represent the percent of the present genes, 

specific to the genotype, that belong to that particular GO annotation category. (Panel A) 

Biological process gene annotations. (Panel B) Cellular component gene annotations. (Panel C) 

Molecular function gene annotations. 
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Table 2-7. Top 40 significantly (for p < 0.05) up-regulated genes in nok-1 versus Columbia 

ranked by ratio. For the determination if a gene is “Present” or “Absent” was done using the 

MAS5 Affymetrix statistical analysis method. 
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Table 2-8. Top 40 significantly (for p < 0.05) up-regulated genes in Columbia versus nok-1 

ranked by ratio. For the determination if a gene is “Present” or “Absent” was done using the 

MAS5 Affymetrix statistical analysis method. 
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Methods  

 

 

Plant material and growth conditions 

 

gl3-sst mutant line used is an EMS-induced point mutation as previously 

described and was maintained within the Marks laboratory (Esch et al., 2003). 

SALK TDNA lines used in the reverse genetics screen were ordered from the 

Arabidopsis Biological Resource Center (www.arabidopsis.org). try-S is a 

SALK_77439 derived mutant line maintained within the Marks laboratory. Plants 

were grown as consistently as possible in LP5 mix (www.sungro.com) or 

equivalent under cool white fluorescent light banks with a 24 hour photoperiod. 

For trichome isolation plants were grown as described previously by Marks et al. 

in flats equipped with metal mesh covering the soil (Marks et al., 2008). Whole 

flats were harvested and constituted a single technical replication. Biological 

replicates were not grown simultaneously or in the same exact location leading to 

the introduction of environmental effects upon the transcriptome within individual 

RNA pools. 

 

 

Trichome isolation 

 

Trichomes were isolated using the potassium phosphate plus 50mM 

EGTA pH7.0 buffer (KPBS+EGTA buffer) as published (Marks et al., 2008). All 

plant material was processed expediently and on ice once harvested. Plant 

tissue was agitated in tubes containing 15mL of cold KPBS+EGTA buffer with a 

small amount of 60/80 glass beads in three cycles. Each cycle consisted of 30 

seconds on a tabletop vortexer at maximum speed followed by 30 seconds 

resting on ice. Trichomes were released into the buffer and tissue was rinsed 
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three times with 100mL of cold KPBS buffer without EGTA. The decanted liquid 

carrying the trichomes was filtered through four layers of window screen then 

filtered through a wet Falcon 2360 100µm cell strainer (Beckton-Dickinson, 

www.bd.com). Trichome cells that were caught in the cell strainer were rinsed 

with 1-5mL of cold KPBS then transferred to a Petri dish. A pair of fine forceps 

was used to remove green debris and other non-trichome material. Trichomes in 

buffer were centrifuged briefly (< 10 5 seconds) in a tabletop microfuge then the 

supernatant was removed. Finally the cells were brought up in 1mL of RNAlater 

® (Ambion, www.ambion.com) with 0.01% Triton-X. 

 

 

Preparation of labeled RNA 

 

RNA was isolated using the Qiagen RNAsy © kit with Qiashredders © 

(Qiagen, www.qiagen.com) per the kit’s directions. RNA was treated with 

TurboDNAse (Ambion) before cDNA synthesis using Invitrogen’s SuperScript III 

First Strand Synthesis kit (Invitrogen, www.invitrogen.com) as recommended by 

the product insert. The cDNA reaction was then cleaned up and concentrated 

with the MinElute© kit (Qiagen). Finally, biotin labeled probes for microarray 

hybridization were synthesized with MessageAmp (Ambion) as directed in the 

instructions before submitting the samples for hybridization to ATH1arrays 

(Affymetrix, www.affymetrix.com) at the University of Minnesota BioMedical 

Genomics Center (BMGC, www.bmgc.umn.edu). 

 

  

Expression data analysis 

 

Raw microarray data was processed using the Expressionist Pro 4.0 

software Suite (GeneData, www.genedata.com). First, data were quality 
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checked, corrected using the Outlier Masking function (set to >0.2 <0.5) and 

statistically analyzed using the Affymetrix MAS5 function then categorized as 

acceptable or unacceptable in Expressionist Refiner. Only microarray data sets 

that met the recommended quality threshold were included for analysis with 

Expressionist Analyst. Prior to conducting analyses, all data sets were 

normalized to 1000 using the arithmetic method. Genes were grouped by present 

or absence calls and expression ratios were calculated along with p-values for 

the ratios. These data products were then exported to Excel (Microsoft, 

www.microsoft.com) and compiled into a master database file. Tags were added 

to individual records to denote genes that were important in the cell cycle, wax or 

cutin biosynthesis, or trichome development. Finally, raw data was uploaded to 

ArrayExpress (www.ebi.ac.uk/microarray-as/ae/) for public access. 

 

 

TRY::NOK constructs and plant transformation 

 

The Marks lab previously constructed a pEGAD variant with the TRY 

promoter swapped in place of the 35S promoter (Cutler et al., 2000; Esch et. al., 

2003). A digestion of pEGAD TRY with AgeI and XmaI was followed by a fill-in 

reaction using the Klenow fragment (Promega, www.promega.com). Hi-fidelity 

Primestar © polymerase (Takara, www.takara-bio.com) was used to amplify the 

Gateway RFB cassette (Invitrogen) and was blunt-end cloned the digested 

pEGAD TRY to yield pEGAD TRY::RFB with QuickLigase (New England Biolabs, 

www.neb.com). The Topo vector pCR8 (Invitrogen) was used to clone Primestar 

amplified NOK coding sequence from pYAT3G01140 (Gong et al., 2004). An LR-

clonase II (Invitrogen) recombination reaction with pEGAD TRY::RFB and pCR8-

NOK was used to produce pEGAD TRY::NOK. pEGAD TRY::NOK was then 

introduced into Agrobacterium strain GV3101 pMP90 and plants were 
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transformed as described in Weigel and Glazebrook (Weigel and Glazebrook, 

2000). 

 

 

SEMs and morphometric measurements 

 

All SEMs were collected as described in Chapter 1. Morphometric 

measurements of trichome proportions were done with SEM images at the same 

level of magnification, 150x. Measurements were taken using the line 

measurement function of Northern Eclipse 7.0 imaging software (MVIA, 

www.mvia.com). Measurement values were compiled and statistical tests run in 

Excel (Microsoft). For papillae count measurements SEM images taken at 400x 

magnification were analyzed with ImageJ public domain software 

(rsbweb.nih.gov/ij/). Rectangles of a set size were chose on the image and 

papillae counted within them then the mean number of papillae per 100 µm2 for 

each trichome was calculated and used as individual data points in Student’s t-

tests. 

 

 

RT-PCR 

 

Generally, RNA isolation and RT-PCR was performed as described 

previously for GL1 and HSC70 with the following exceptions (Marks et al., 2007). 

Plant tissue types consisting of leaves ~5mm in diameter and shoot apices were 

harvested from simultaneously grown Columbia, and nok-1 TRY::NOK plants. 

HSP70 RT-PCR primers used were: HSC70qPCRfor GAT GAC TCC AAA GCC 

CTT ACT, HSC70qPCRrev CTC TCT GCA TAC TCT GCT TTC T. For NOK RT-

PCR the following primers were used: NOKqPCRv3for GAC TAA ACC AAA CCA 

AGG AAA CGG, NOKqPCRv3rev CCA AGT TGA GAA TGC TAT TCC AG. The 
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LightCycler PCR system (Roche Diagnostics, www.lightcycler-online.com) was 

used to obtain data with these program parameters: 94ºC 30sec, and a cycle of 

94ºC 1sec-60ºC 7sec, 72ºC 25sec-80ºC 1sec-Read repeated 45 times. 

Concentrations were calculated using the 2nd derivative method with LightCycler 

software. Calculated relative concentrations were derived by first dividing the 

calculated concentrations for NOK by the respective HSC70 sample values. 

Then these were set relative to the values in Columbia apices. 

 

 

Discussion 

 

 

The gl3-sst trichome transcriptome displays hallmarks of early trichome 

development 

  

gl3-sst trichomes represent growing, immature-like trichomes based upon 

visual observations. Here, hallmarks of this are reflected in the gene expression 

profile as well. Genes that are a part of the epidermal patterning developmental 

program are also expressed in trichome initials. EGL3 and GL1, genes that are 

normally restricted to early stage trichome cells, are present at a significantly 

increased level in expanded gl3-sst trichomes versus expanded Columbia 

trichomes (Larkin et al., 1993; Zhang et al., 2003; Marks et al., 2007). Other 

examples are seen in the R3-MYBs that function as negative regulators. Among 

these are the genes CPC, TRY, and ETC1 (Hülskamp et al., 1994; Wada et al., 

1997; Szymanski et al., 1998; Kirik et al., 2004; Esch et al., 2004). These genes 

are expressed as expected based upon published results where it was 

documented that CPC and TRY are expressed in late-stage wild-type trichomes. 

ETC1 was shown to be expressed in late stage gl3-sst trichomes (Esch et al., 



123 
 

2004). This pattern is seen in the expression profile data presented in table 2-1. 

Two of the three genes documented by Kryvych et al. to be expressed only in 

trichome initials and not later in trichome development are significantly increased 

in expanded gl3-sst trichomes as well (Kryvych et al., 2008). Very long chain fatty 

acid synthesis genes involved with assembly of the cuticle are also significantly 

up-regulated in gl3-sst trichomes (Raffaele et al., 2008). Collectively these data 

lend credence to the idea that gl3-sst trichomes continue many of the early 

trichome developmental processes long after they have emerged from the 

epidermis. gl3-sst trichomes are therefore useful proxies for the study of early 

trichome morphogenic events, a developmental period during which cell shape is 

determined. Additionally, use of gl3-sst is alleviates the technical limitations 

associated with the study of early trichome development such as the limited 

number and access of such cells on the plant.  

 

 

Early trichome growth likely involves a GA signal a nd the shuttling of lipids 

  

Because gl3-sst trichomes are representative of early stage trichomes, the 

transcriptome may also describe many heretofore unknown activities important 

during early development. The picture that emerges from the data is that GA is 

involved with the early development of trichomes. GA has been documented as a 

positive regulator of abaxial leaf and inflorescence stem trichome formation 

(Chein and Sussex, 1996; Gan et al., 2006). The presence of the GA-responsive 

GASA4 and absence of the GA catabolic gene AtGA2OX6 in gl3-sst trichomes 

along with the GA-induced initiation of trichomes indicates that GA is an 

important hormone in early trichome development. Further experiments to 

measure the quantity of bioactive GA in isolated trichomes from Columbia and 

gl3-sst would help clarify this. 
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 Cuticle assembly and wax biosynthesis is a biological process that is 

evidently underway in gl3-sst trichomes according to in the data. Three LTP 

genes are significantly up-regulated in the gl3-sst trichome. The ascribed function 

of these proteins is to shuttle lipids through hydrophilic domains of the cell 

(Arondel et al., 2000). As described, a fair number of wax/cuticle biosynthetic 

genes are significantly up-regulated in gl3-sst. These complementary findings 

indicate that the movement of raw materials for assembly of the cuticle is a 

process that is occurring in early trichome development. This seems completely 

logical considering early trichomes exhibit dramatic increases in growth. Whether 

this process influences cell shape is indiscernible from the data but it is possible 

that cuticle structure impacts how permissive the cell periphery is to outgrowth. In 

the mature nok-1 trichome transcriptome data, LTP genes do not appear near 

the top of the significantly differentially expressed gene sets. This absence 

further supports the idea that gl3-sst trichomes exhibit immature trichome 

characters at the molecular level. 

 

  

NOK limits the ability of developing trichomes to bran ch  

  

nok may be rescued by expression of the NOK coding sequence and 

rescue of the phenotype appears to be sensitive to the expression level of NOK. 

nok-1 TRY::NOK plants are normal except that the trichomes have less branches 

than wild-type. In nok-1 plants the period during which branches form is longer 

while branching in nok-1 TRY::NOK trichomes occurs early in development. 

These observations illustrate that NOK has some function in coordinating 

developmental events related to branching. Changes in the biology of nok 

trichomes that lead to the extra-branched phenotype may be related to signaling 

and transport activities within the cell as shown in the TAIR GO analyses. The 

findings presented in this chapter suggests components and activities to be 
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included in a hypothetical model describing the control of trichome branching. 

Alterations in cell wall or cuticle structure that lead to changes in flexibility might 

explain the mechanism by which extra branches are allowed to form and the 

transport of cell components and solutes drives directional expansion. 

 

 

 NOK has a function that appears contrary to the functi on of related genes 

 

Interestingly, the negative control of outgrowth is contrary to what has 

been shown for other NOK-related genes from cotton (Gossypium hirsutum) and 

snapdragon (Antirrhinum majus) (Noda et al., 1994; Glover et al., 1998; Payne et 

al., 1999; Martin et al., 2002; Wu et al., 2006; Machado et al., 2009). Snapdragon 

is a model system of zygomorphic flower morphogenesis. Wild-type snapdragon 

flowers have a corolla that consists of five corolla lobes that vary along the dorso-

ventral axis and have vibrant coloration in pigmented lines. mixta snapdragon 

plants produce a flower with slight defects in petal posture resulting from 

alteration in epidermal cell morphology (Noda et al., 1994). The adaxial surface 

typically sports cone-shaped cells on the lobes and ventral bib. These cells 

increase the vibrancy of pigmented petals by allowing light to refract through the 

pigmented cell. With the loss of the conical cell shape the petals are not held in a 

typical fashion, the phenotype that led to the initial discovery of mixta.  

 

In addition to MIXTA, other MIXTA-related genes such as AmMYB MIXTA 

LIKE 1 (AmMYBML1), AmMYB MIXTA LIKE 2 (AmMYBML2), AmMYB MIXTA 

LIKE 3 (AmMYBML3), and Gossypium hirsutum MYB25 (GhMYB25) have been 

tested by heterologous expression in tobacco (Nicotiana tabaccum) (Perez-

Rodriguez et al., 2005; Wu et al., 2006; Jaffe et al., 2007; Baumann et al., 2007). 

These genes generally show a positive effect upon epidermal outgrowth in these 

experiments with ectopic expression phenotypes including conical cells or 
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pimple-like structures forming from epidermal cells and slight increases in leaf 

trichome density. Broadly, these phenotypes point to a function that is opposite 

that to the function of NOK. Together with NOK, these genes share the AQWESA 

amino acid motif that places them within subgroup 9 of R2R3-MYB of the Stracke 

et al. classification scheme (Stracke et al., 2003).  

 

 

Hypotheses of conical and trichome development post ulate different 

origins for outgrowths in Rosids and Asterids 

 

Snapdragon and tobacco belong to the Asterid clade while Arabidopsis 

and cotton belong to the Rosid clade (Angiosperm Phylogeny Group, 2003). Both 

clades are members of the eudicot angiosperm lineage. Because the Asterid 

examples promote trichome and conical cell outgrowth, and the lack of GL1-like 

sequences in Asterids, it has been proposed that Asterid and Rosid trichomes 

are merely analogous structures (Serna and Martin, 2006). To put it another way, 

the hypothesis presented to the scientific community is that trichomes of Asterids 

and Rosids are products of convergent evolution.  Additionally it was proposed 

that MIXTA-class genes control epidermal cell differentiation, assuming the 

patterning function of the GL1-GL3 complex of Arabidopsis (Serna and Martin, 

2006). These hypotheses will be referred to as the Serna-Martin hypotheses from 

here on. 

 

 

Published data challenges the Serna-Martin hypothes es and highlights the 

need to better define the function of subgroup 9 ge nes  

  

There are two issues with the Serna-Martin hypotheses. First, there is 

scant evidence that Asterid subgroup 9 R2R3-MYBs are components of a 
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patterning mechanism. Published tobacco data does not show a large increase in 

the number of leaf trichomes as the transgenic data does not show high 

penetrance in the trichome initiation phenotype when MIXTA or GhMYB25 is 

over-expressed (Noda et al., 1994; Glover et al., 1998; Martin et al., 2002; Wu et 

al., 2006). In Arabidopsis GL1 over-expression lines there is a dramatic reduction 

in the number of trichomes produced on the leaf (Szymanski et al., 1998). This 

effect is thought to be caused by the activation of TRY-class inhibitors by the 

increase in activator complexes. The heterologus expression data suggest that 

there must be other factors that control which cells are competent to respond to 

ectopic expression of subgroup 9 R2R3-MYBs. What the identity is of these 

regulatory factors that stop every epidermal cell in the leaf from assuming one 

cell fate or another remains unknown.  

 

An alternative explanation for the weak trichome initiation effect of 

CaMV35S driven subgroup 9 R2R3-MYBs is that CaMV35S insufficiently drives 

transgene expression at the right time and place for these genes to have an 

effect. It is clear that the hypothesis that GL1 type functions are performed by 

MIXTA-class genes in Asterids requires refinement. 

 

 A second issue is illustrated through published studies of the cotton 

GhMYB25 gene and the nok data presented here (Wu et al., 2006; Jakoby et al., 

2008; Machado et al., 2009). By virtue of NOK and GhMYB25 being members of 

subgroup 9 R2R3-MYB along with the other MIXTA-class genes, the data 

suggests that Rosid and Asterid trichomes are not the result of convergent 

evolution. It would be expected that analogous structures with their development 

rooted separately in evolutionary history would rely upon separate suite of 

developmental mechanisms. A much simpler explanation is that Asterid and 

Rosid trichomes form through the concerted regulation of the same cell 

differentiation processes but Rosid leaf trichome patterning is controlled by GL1-
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GL3-type complexes. In Asterids the patterning components remain unknown 

and have been shown to be decoupled from stoma patterning (Martin et al., 

2002). 

 

Finally, there is precedent of a Rosid requiring the function of a subgroup 

9 R2R3-MYB to positively affect outgrowth. Longer cotton fibers are termed lint 

while shorter fibers are called fuzz (Basra and Malik, 1984). Both are types of 

unicellular trichomes that form on the seed epidermis. In lintless mutants the 

expression of GhMYB25 is depressed early on during seed epidermal cell 

elongation (Wu et al., 2006). RNAi knockdown of GhMYB25 reduces trichome 

elongation resulting in noticeably smaller bolls (Machado et al., 2009). These 

data demonstrate that not only does a Rosid employ subgroup 9 R2R3-MYBs 

during trichome development but that like the Asterid examples, a Rosid MIXTA-

like gene is required for proper epidermal cell outgrowth. These data support the 

proposal of Martin et al. stating that various outgrowth types be they trichomes or 

conical cells, share common developmental mechanisms (Martin et al., 2002).   

 

 

Similarities between try-S trichomes and nok-1 trichomes illustrate that 

there is more than one regulatory pathway to an ext ra branched trichome 

 

 try-S and nok-1 trichomes are significantly similar in proportions and a 

reasonable explanation for this is that both genotypes have trichomes that are 

perturbed similarly in the same developmental programs. The end result is an 

extra branched trichome. Expression profiling data from Columbia and try-S does 

not show a significant difference in NOK expression, thus the faulty regulation of 

trichome shape mechanisms does not happen through NOK in try-S. The extra-

branched phenotype may be produced through an alteration in TRY expression 

in the nok background, a possibility not clearly ruled out in the microarray data, 
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as TRY shows no significant change between nok and Columbia. An expression 

profile similarity analysis between nok-1 and try-S trichomes is a possible 

pathway to address questions of trichome cell shape control. Unlike the 

Arabidopsis R3-MYBs involved in epidermal differentiation, the relation of nok to 

epidermal development genes in other species means it might prove more 

informative than studies of TRY. Because of the potential for applications to a 

wider range of systems, the focus remains upon defining nok function for the 

remainder of this thesis. 

 

 

Developmental context may dictate subgroup 9 R2R3-M YB gene function 

and frames a hypothesis defining their function 

 

In light of published data and the presented nok data, a refined hypothesis 

may be proposed regarding the function of subgroup 9 R2R3-MYBs. One aspect 

that has been largely overlooked while speculating about the function of these 

genes is the context in which they are expressed. Some cell types appear 

competent to respond to subgroup 9 R2R3-MYBs as positive regulators of 

outgrowth, namely cotton lint fibers, snapdragon petal, tobacco leaf, tobacco 

petal and tobacco carpel cells. Meanwhile, Arabidopsis leaf trichomes show an 

increase in outgrowth through excessive branching in the absence of a subgroup 

9 R2R3-MYB. Perhaps the activity of NOK has more to do with modulation of 

some general aspect of cell shape. 

 

The author hypothesizes that subgroup 9 R2R3-MYBs function as 

permissive factors in epidermal cell differentiation. Specifically, these genes 

facilitate the differentiation of cells into trichomes or conical cells by focusing the 

directionality of polar growth. Thus, in the author’s hypothesis nok allows branch 

foci that would normally be suppressed later in development to grow. NOK is 
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required to keep the foci of growth at the typical number of wild-type branch tips. 

In the heterologus ectopic expression of subgroup 9 R2R3-MYBs, the formation 

of cone-shaped cells and other outgrowths is enabled due to the expressed 

transgene that allows polar growth at foci that form on the sides of cells that do 

not abut neighboring cells. The developmental outcome relies upon where and 

when the MIXTA-class gene is expressed (Baumann et al., 2007; Machado et al., 

2009). Hence in all systems subgroup 9 R2R3-MYBs are factors that are 

permissive agents. These are not causative agents directing epidermal 

patterning as proposed in the Serna-Martin hypotheses (Serna and Martin, 

2006). To test this, the author explores the function of NOK in gl3-sst trichomes 

and expresses various MIXTA-class genes in the Arabidopsis system in the 

following chapters.  

 

 

Conclusion 

 

 

 In this chapter the biology of developing trichomes was probed through 

expression profiling of gl3-sst trichomes and reverse genetics. Characterization 

of the gl3-sst expression profile implicates GA and cuticle metabolism in early 

trichome development. How exactly GA and the nature of the cuticle impinge 

upon trichome development remains to be elucidated. It seems logical that a 

growing epidermal cell would have to synthesize and deposit cuticle as it 

expands. GA, a phytohormone implicated in numerous aspects of plant 

development and specifically implicated in stem and abaxial leaf trichome 

formation, might have a wider role as a regulator of growth in all trichome types. 

 

 NOK, a subgroup 9 R2R3-MYB, was found through the gl3-sst reverse 

genetics screen and described here as a negative regulator of trichome 
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branching. This negative regulatory function seems incongruent with functions 

ascribed to other subgroup 9 R3R3-MYBs. All other tested subgroup 9 MYBs 

function as promoters of epidermal cell outgrowth. Others have proposed that 

subgroup 9 R2R3-MYBs are the controllers of epidermal outgrowth in other plant 

systems just as GL1-GL3 complexes are in Arabidopsis. In addition to that 

proposed hypothesis, it has been postulated that trichomes in Arabidopsis, a 

Rosid, versus trichomes of Asterid species are products of convergent evolution. 

The data presented here challenges those hypotheses drafted mostly from data 

produced in Asterid systems. By showing that in Rosids a subgroup 9 R2R3-

MYB gene is also required for normal development the data in this chapter 

reveals a molecular relationship in the trichome developmental programs of both 

clades. Published data also shows incomplete penetrance of the trichome 

initiation phenotype. Together these facts reduce the plausibility of the 

convergent evolution hypothesis.  

 

A hypothesis proposing that subgroup9 R2R3-MYBs function as 

permissive factors in epidermal outgrowth through modulation of polar growth 

foci was presented. To address this hypothesis further the following chapters 

focus upon exploring the specific function of NOK in Arabidopsis and testing the 

functional equivalency of related sequences in the Arabidopsis trichome system.  
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CHAPTER 3: The incongruent phenotype of gl3-sst/nok-1 

provides insight into trichome development and 

subgroup 9 MYB function 

 

 

The glabra 3-shapeshifter (gl3-sst) phenotype is characterized by over-expanded trichomes that 

assume anomalous shapes at the conclusion of development. The transcriptional regulator 

NOECK (NOK) was found to be increased in the gl3-sst trichome and to function as a negative 

regulator of trichome branching or epidermal outgrowth. Here, the gl3-sst/nok-1 mutant trichome 

is characterized phenotypically and transcriptionally. Interestingly, NOK is required for the full 

expansion of trichomes indicating that NOK is a positive regulator of outgrowth. The fact that 

there is an increase of NOK expression in gl3-sst and a loss of NOK expression in the double 

mutant is used with transcriptional anaylsis of the gl3-sst and gl3-sst/nok-1 trichome to explore 

genes regulated by NOK. A key finding is the loss of expression for genes predicted to encode 

arabinogalactan conjugated proteins and proline-rich glycosylated proteins illustrating that 

changes to the extracellular matrix coincide with the expression of NOK. 

 

 

Introduction 

 

 

Development of trichome cells and floral epidermal conical cells has been 

shown to require the function of subgroup 9 R2R3-MYBs  (Noda et al., 1994; 

Glover et al., 1998; van Houwelingen et al., 1998; Perez-Rodriguez et al., 2005; 

Baumann et al., 2007; Jaffe et al., 2007). These MYB-domain transcriptional 

regulators are defined by the presence of the AQWESA amino acid motif that lies 

toward the C-terminal end of the last MYB repeat (Stracke et al., 2003). 

 

Cotton is a fiber crop that is important to textile production and consists of 

harvested seed trichomes. The long fibers of cotton, known as lint, are highly 
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elongated single-celled trichomes (Basra and Malik, 1984). Shorter fibers not 

desirable for use in textiles are called fuzz and are also single-celled trichomes. 

How these elongated cells develop and the biological processes underpinning 

their development is of keen interest to producers (Basra and Malik, 1984). 

Conceivably, fiber properties and the proportion of lint to fuzz are parameters that 

could be altered using biotechnology. One of the genes found to be preferentially 

expressed in elongating lint cells is the subgroup 9 R2R3-MYB Gossypium 

hirsutum MYB 25 (GhMYB25) (Wu et al., 2006). A recent report described 

phenotypes caused by the knockdown of this gene via RNAi and the over-

expression of GhMYB25 in cotton. GhMYB25 was shown to be required for 

proper lint cell elongation as evidenced by the reduction of lint cell growth in 

knockdown lines demonstrating that GhMYB25 is a positive regulator of cell 

outgrowth (Machado et al., 2009). Similarly, snapdragon subgroup 9 R2R3-MYB 

genes are known to promote epidermal cell outgrowth in tobacco (Glover et al., 

1998; Martin et al., 2002; Baumann et al., 2007; Jaffe et al., 2007). The gene 

most homologous to the snapdragon MIXTA gene in Arabidopsis is AtMYB16 

(AT5G15310, AtMIXTA) and this gene has also been reported to have a similar 

positive effect on epidermal cell growth in tobacco (Baumann et al., 2007).  

 

NOK  is structurally related to AtMYB16 and was found to be important to 

trichome development in the Marks lab through a reverse genetics screen of 

genes suspected of being involved with the gl3-sst phenotype. NOK presents an 

ideal candidate gene to explore the nature of cell shape control in trichomes for 

several reasons. First, expression of NOK in gl3-sst trichomes is significantly 

increased 570% above Columbia suggesting that the effect of NOK upon the gl3-

sst phenotype ought to be prominent. Second, nok-1 and nok-2 are both TDNA 

insertion alleles in Columbia and show the extra-branched phenotype first 

discovered through another allele by Folkers et al., thus several nok alleles are in 

hand that are applicable to genetic studies of gl3-sst/nok interactions (Folkers et 
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al., 1997; Jakoby et al., 2008). Finally and intriguingly, NOK is a member of 

subgroup 9 with a contrary epidermal outgrowth phenotype compared to similar 

genes.   

 

By studying the transcriptome and morphological effects of nok and plants 

expressing normal or increased amounts of NOK, one may obtain insight into 

biological processes important to trichome development. Data obtained about 

NOK function may be applicable to other subgroup 9 R2R3-MYB members by 

extension and would be useful in systems without developed tools.  

 

One logical avenue of research is to uncover the genes regulated by NOK. 

There are several examples of transcription factors that coordinately control 

groups of genes that are related in biological function. Two highly relevant 

examples are the transcriptional regulator genes AtMYB30 (AT3G28910) and 

PRODUCTION OF ANTHOCYANIN PIGMENT 1 (AT1G56650, PAP1, AtMYB75) 

that control very long chain fatty acid biosynthesis and anthocyanin biosynthesis 

respectively (Borevitz et al., 2000; Raffaele et al., 2008). For both PAP1 and 

AtMYB30 researchers monitored the expression of candidate genes under 

differing amounts of PAP1 or AtMYB30 expression (Matsui et al., 2004; Raffaele 

et al., 2008). Phenotypes suggesting gene function were evident for these 

transcription factors. In the case of AtMYB30, researchers looked for coordinately 

expressed genes in a pool of AtMYB30 microarray data where AtMYB30 

expression was induced or reduced (Raffaele et al., 2008). It is worth noting that 

these studies do not necessarily show direct regulation of targets by testing for 

the physical presence of the transcriptional regulator upon candidate genes. 

Instead these studies show that the expression of the regulatory gene is 

associated with the coordinate regulation of candidates.  
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As mentioned above, there was reasonable evidence that PAP1 had 

functions related to the candidate genes prior to expression profile studies. An 

activation tagged allele of PAP1 called PAP1-D induces the accumulation of 

anthocyanin pigment leading to purple plants (Borevitz et al., 2000). Furthermore 

in PAP-D plants, coupled transcriptome and metabolome analyses revealed 

coordinated expression of genes involved in the anthocyanin biosynthetic 

pathway (Tohge et al., 2005). However in the case of NOK, a gene with an 

apparent function contrary to other subgroup 9 R2R3-MYBs, has made the 

identification of genes likely to be regulated by NOK difficult. Based upon the 

observation that the nok-1 trichome transcriptome is enriched for cell periphery 

localized genes, one may reasonably suspect that genes of this category would 

play a key role in producing the nok phenotype. 

 

Attempts to produce over-expression lines where NOK was fused behind 

the CaMV35S promoter failed to rescue nok-1 and had no obvious phenotype in 

the hands of the author. RT-PCR results presented in Chapter 2 from transgenic 

nok-1 TRY::NOK plants indicated that NOK was being expressed at a level 

above that of wild-type. nok-1 TRY::NOK plants also showed a dramatic 

reduction in trichome branch formation. In lieu of 35S::NOK plants, the use of 

nok-1 TRY::NOK transgenic lines to represent NOK over-expression was 

planned, but unfortunately all the transgenic material was lost. Although nok-1 

TRY::NOK transgenic lines were eventually remade, other strategies were 

explored in the interim. An alternative approach was to use gl3-sst as a 

representative genotype over-expressing NOK and to produce gl3-sst/nok-1 

plants for comparison. This approach also has the added benefit of facilitating the 

observation of NOK activity in immature trichome-like cells of the gl3-sst 

phenotype. Differential regulation of genes that are targeted to the extracellular 

matrix are expected to be a noticeable signal in the gl3-sst/nok-1 transcriptome. 

 



145 
 

Because nok-1 trichomes produce extra branches and therefore over-

expand, it was hypothesized that gl3-sst/nok-1 trichomes would be even larger 

and produce more branches or bizarre shapes than gl3-sst. Surprisingly, this was 

not the case and data presented in this chapter documents the curious 

phenotype of gl3-sst/nok-1 trichomes.  

 

Use of the gl3-sst/nok-1 combination proved to be highly informative in 

defining NOK, and by extension subgroup 9 R2R3-MYB function. These 

analyses suggest components and processes important to trichome cell 

expansion. Also, a hypothesis describing MIXTA activity is indirectly tested by 

using NOK as a proxy. This hypothesis states that MIXTA is only able to promote 

epidermal cell outgrowth after mitosis has ceased and was based upon 

observations in wild-type and mixta snapdragons and transgenic tobacco (Glover 

et al., 1998). gl3-sst/sim-1 plants produce mounds of dividing trichome cells with 

some cells resembling stage 4 or 5 trichomes to some degree (Marks et al., 

2007). gl3-sst/sim-1/nok-1 data suggests NOK activity is irrespective of mitotic 

competency.  

 

 

Results 

 

 

Phenotypes of gl3-sst/nok-1  

 

 gl3-sst/nok-1 trichomes deviate remarkably from the hypothesis that they 

should be over-expanded and extra-branched. As depicted in figure 3-1, a 

majority of gl3-sst/nok-1 trichomes exhibit a pronounced reduction in shape. 

Black arrows of figure 3-1a show craters that are remnants of burst trichomes. 

These trichomes presumably burst during preparation of the material. The author 
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noted that gl3-sst/nok-1 trichomes were easily burst upon prodding with fine 

forceps, implying that gl3-sst/nok-1 trichomes have fragile cell walls. Inspection 

of gl3-sst/nok-1 cells in SEMs of expanded leaves and isolated trichomes under 

light microscopy revealed smooth rounded cells 50-70 µm across. By 

comparison, typical gl3-sst trichomes like those shown in figure 3-1d, are easily 

several hundred microns across. gl3-sst produces papillae on the cell surface 

less frequently than wild-type but the degree of loss is even greater in gl3-

sst/nok-1 with the complete loss of papillae. Branch tips of gl3-sst/nok-1 

trichomes do not grow out as they do in gl3-sst. As seen in figure 3-1c, gl3-

sst/nok-1 trichomes do not appear to have a well developed vacuole unlike the 

prominent vacuole documented in typical trichome cells. Together these results 

indicate that gl3-sst trichomes are deficient in expansion and cell wall maturation. 
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Figure 3-1.  Comparisons of gl3-sst and gl3-sst/nok-1 trichomes. (Panel A) SEM of expanding 

gl3-sst/nok-1 leaves showing the prevalence of spherical trichomes across the adaxial surface. 

Black arrows highlight areas where there were trichomes before they burst. Note that some 

trichomes are produced that more closely resemble gl3-sst, these frequently occur at the distal tip 

of the leaf. Bar = 500 µm. (Panel B) Typical expanded gl3-sst/nok-1 trichomes. Bar = 50 µm 

(Panel C) Image of an isolated gl3-sst/nok-1 trichome prior to RNA extraction and microarray 

probe synthesis. Note the dense cytoplasm. (Panel D) Typical gl3-sst trichomes. Bar = 200 µm. 
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Comparative analyses of the gl3-sst and gl3-sst/nok-1 trichome 

transcriptome 

 

 The same selected genes used in Chapter 2 to validate and describe the 

gl3-sst expression profiling data were used in comparisons between gl3-sst and 

gl3-sst/nok-1. Recall that these genes belong to three categories:  wax and 

cuticle biosynthetic genes, trichome patterning and developmental genes, and 

genes found in trichome initials by Kryvych et al. (Kryvych et al., 2008; Raffaele 

et al., 2008).  

 

Table 3-1a lists the wax and cutin biosynthetic genes. These genes are 

generally expressed at a higher level in gl3-sst/nok-1 than gl3-sst trichomes but 

not significantly so. Of the 14 genes, 5 show a significant level of differential 

expression. Two of these 5 genes are significantly down-regulated in gl3-sst/nok-

1 suggesting that these genes are subject to other regulatory factors in gl3-

sst/nok-1 than they are in the gl3-sst versus Columbia comparison. A predicted 

lipid transfer protein gene, AT1G27950, is significantly up-regulated in gl3-

sst/nok-1 and continues the up-regulation trend seen in Columbia and gl3-sst 

comparisons of table 2-1a. Interestingly LTP2 has a lower mean expression 

value in gl3-sst/nok-1 than in gl3-sst. Together these data show only weak 

effects on the wax and cuticle biosynthetic genes as a group by NOK. 

 

Expression level comparisons of selected trichome genes in table 3-1b 

show expression values expected from early stage trichome genes. A pair of 

exciting results is seen in the GL1 and AtMYB23 expression data. Published 

evidence shows that AtMYB23 is expressed at a later time developmentally than 

GL1 (Kirik et al., 2005). Being a key positive regulator of the trichome cell fate, 

GL1 is one of the first genes to show increased expression in developing 

trichomes according to Promoter::reporter fusions (Larkin et al., 1993). AtMYB23 
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exhibits a significantly depressed expression level in gl3-sst/nok-1 whereas this 

gene is not differentially regulated in gl3-sst and Columbia comparisons. 

Conversely, GL1 is significantly up-regulated in gl3-sst/nok-1 versus gl3-sst. 

These expression pattern relationships suggest that gl3-sst/nok-1 trichomes are 

stalled at an early developmental stage. 

 

Two of the 3 genes that were found to be preferentially expressed in 

trichome initials by Kryvych et al. are up-regulated in gl3-sst/nok-1 (Kryvych et 

al., 2008). The gene that is not significantly up-regulated in gl3-sst and gl3-

sst/nok-1 comparisons does show increased expression gl3-sst/nok-1 supporting 

the general trend. This gene, AT3G16980, is predicted to encode a DNA-directed 

RNA polymerase that is absent from the Columbia trichome expression profile. 

This makes sense as the isolated Columbia trichome data produced in our lab is 

biased towards expanded trichomes and not trichome initials (Marks et al., 2008). 

AT3G16980 displays a rise from absence in Columbia to increasing values in 

gl3-sst and gl3-sst/nok-1.  

 

These results collectively imply that gl3-sst/nok-1 trichomes are 

representative of trichomes at an even earlier stage of development than gl3-sst 

with regard to a majority of the monitored early-trichome signatures.  
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Table 3-1. Expression profile comparisons between gl3-sst/nok-1 and gl3-sst trichomes. A/P 

column shows if the gene is called as present or absent in the trichome. Ratio column is the 

proportion of gl3-sst/nok-1:gl3-sst expression values and the p-value column contains p-values 

describing the level of significance of the proportionate difference. For the determination if a gene 

is “Present” or “Absent” was done using the MAS5 Affymetrix statistical analysis method.  (Panel 

A) Genes identified by Raffaele et al. as being important in wax or cuticle biosynthesis. (Panel B) 

Genes selected based upon their importance to trichome development, particularly developing 

trichomes. (Panel C) Genes identified as being preferentially expressed in trichome initials per 

Kryvych et al. 
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 Figure 3-2 displays a Venn diagram of genes exclusively expressed in gl3-

sst, gl3-sst/nok-1 or expressed in both genotypes. The number of genes 

exclusively expressed in gl3-sst/nok-1 versus gl3-sst is closer in proportion to 

Columbia versus gl3-sst than Columbia versus nok-1 data in Chapter 2. From 

these data it is evident that the degree of nok-1 effects is greater in the gl3-sst 

background. 
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Figure 3-2.  Venn diagram of genes present only in gl3-sst trichomes (far left, dark gray 

background), only in gl3-sst/nok-1 trichomes (far right, light gray background) or in both (center, 

mid gray background).  
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 Table 3-2a lists genes called as present in a majority of the microarray 

data sets for gl3-sst/nok-1 while being called as absent in a majority of the gl3-sst 

data sets. This list represents genes likely to be negatively regulated by NOK in 

the gl3-sst genotype. Table 3-2b lists the inverse list representative of genes 

likely to be positively regulated by NOK in gl3-sst. When comparing these lists to 

that of table 2-6, PROLINE RICH PROTEIN 4 (PRP4, AT4G38770) was noticed 

to be common to tables 2-6 and 3-2b. PRP4 is a gene predicted to localize to the 

cell wall according to TAIR GO annotations (www.arabidopsis.org). This finding is 

intriguing given that changes in the cell periphery are hypothesized to produce 

morphological phenotypes.  

 

The above observation prompted the author to undertake another analysis 

that asked what genes are common to both sets of genes called as present in 

gl3-sst and Columbia but absent in gl3-sst/nok-1 and nok-1. Genes with these 

attributes are therefore exclusively present in trichomes with a functional NOK 

allele. Table 3-3 lists top hits for genes positively regulated in the presence of 

NOK regardless of over- or under-expansion phenotype of trichome cells. The 

complete set is composed of 199 genes. A theme that is noticeable in the data is 

the relative enrichment of genes annotated to localize in the cell periphery. To 

better visualize this, the TAIR GO cell component characterization for the whole 

genome was compared to the set of genes expressed in trichomes where NOK is 

present. The relative amounts of genes localizing to certain cellular components 

is displayed as a bar graph in figure 3-3 and the idea that genes localizing to the 

cell periphery is supported further by this analysis.  Relative enrichment of the 

plasma membrane, cell wall and extracellular compartments is seen. Additionally, 

enrichment in the endoplasmic reticulum is suggestive of an increase in genes 

involved in moving or priming cargo destined to the cell periphery. Genes 

localizing to the nucleus are enriched when NOK is present as well.   
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Table 3-2. Genes called present in a majority of the microarray data sets for a particular genotype 

but absent in the counterpart and ranked by mean expression value. For the determination if a 

gene is “Present” or “Absent” was done using the MAS5 Affymetrix statistical analysis method. 

(Panel A) Genes present in a majority of the gl3-sst/nok-1 data sets but not gl3-sst. (Panel B) 

Genes present in a majority of the gl3-sst data sets but not in gl3-sst/nok-1.   
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Table 3-3. Genes present in Columbia and gl3-sst but absent from nok-1 and gl3-sst/nok-1. 

These are sorted by mean signal strength for Columbia. For the determination if a gene is 

“Present” or “Absent” was done using the MAS5 Affymetrix statistical analysis method. 
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Figure 3-3.  Bar graph of a TAIR GO cellular component comparison between genes in the whole 

genome versus trichomes with a functional NOK allele. “Present with NOK” denotes genes that 

are present in Columbia and gl3-sst trichomes but absent from nok-1 and gl3-sst/nok-1 

trichomes. 
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Relative TAIR GO annotation comparisons between gl3-sst/nok-1 and gl3-

sst trichomes are presented in figure 3-4. These bar charts complement figure 2-

2 and figure 2-13 as the gl3-sst/nok-1 versus gl3-sst comparison displays 

characteristics common to over-expanded trichomes. Namely, an increase in the 

biological processes of transport and signal transduction is noticed among the 

over-expanded trichome genotypes. Response to stress is also increased in the 

biological process TAIR GO analysis for the over-expanded trichome genotypes.  

 



163 
 

 



164 
 

Figure 3-4.  TAIR GO comparisons of gl3-sst to gl3-sst/nok-1 using sets of genes specifically 

present in trichomes of either genotype. Heights of bars represent the percent of the present 

genes, specific to the genotype, that belong to that particular GO annotation category. (Panel A) 

Biological process gene annotations. (Panel B) Cellular component gene annotations. (Panel C) 

Molecular function gene annotations. 
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In tables 3-4 and 3-5, genes that are significantly (for p < 0.05) 

differentially expressed between gl3-sst versus gl3-sst/nok-1 trichomes are 

ranked by expression ratio. Genes up-regulated in the presence of NOK, given in 

table 3-4, include more examples of genes predicted to localize to the cell 

periphery. FLACICLIN-LIKE ARABINOGALACTIN PROTEIN 16 (AT2G35860, 

FLA16) ranked at number 1, FLACICLIN-LIKE ARABINOGALACTIN PROTEIN 

13 (AT5G44130, FLA13) ranked at number 29, and FLACICLIN-LIKE 

ARABINOGALACTIN PROTEIN 7 (AT2G04780, FLA7) ranked at numer 40 are 

three genes predicted to be extracellular glycoproteins involved with cell 

adhesion and the extracellular matrix (Schultz et al., 2003). The presence of 

genes with annotations indicating some function in pectin metabolism further 

suggests that there are differences in the cell wall properties of gl3-sst and gl3-

sst/nok-1 trichomes. These genes are the predicted pectin acyl transferase 

AT5G45980, pectin esterase AT3G59010, and pectin methyl transferase 

AT3G14310 (www.arabidopsis.org).  

 

 To explore the apparent down-regulation of FLAs and PROLINE RICH 

PROTEINs (PRPs) in gl3-sst/nok-1, the expression data for 21 FLA and 4 PRP 

genes was examined. These FLA and PRP gene sets contained all genes 

annotated as FLA and PRP sequences in the TAIR8 release of the Arabidopsis 

genome and in a computational screen (Schultz et al., 2003; 

www.arabidopsis.org). Of these, 61.9% of the FLA genes and 50% of the PRP 

genes are present in trichomes of at least one of the following genotypes: 

Columbia, nok-1, gl3-sst, or gl3-sst/nok-1. Mean expression values for these 

genotypes and the genes with some level of expression in trichomes are shown 

in figure 3-5. Clearly, there is a large drop in the expression of these glycosylated 

cell wall peptides in the gl3-sst/nok-1 genotype. Considering that gl3-sst is a 

proxy for early stage trichomes, this implies that in early stage trichomes NOK 

expression is needed for the expression of these genes.  
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Figure 3-5. Bar graph of mean expression values for FLA and PRP genes across Columbia, nok-

1, gl3-sst, or gl3-sst/nok-1. 
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 Several interesting genes appear in table 3-5 that ranks the top 40 genes 

significantly (for p < 0.05) up-regulated in gl3-sst/nok-1. Here, more genes are 

observed that are involved with pectin metabolism. According to the TAIR 

website these are the predicted pectin esterases AT3G10720 and AT1G02810 

ranked as the 6th and 10th most differentially expressed genes respectively. 

Ranked as the 24th most up-regulated gene in gl3-sst/nok-1 is the hydroxyproline 

rich protein encoded by PROTODERMAL FACTOR 1 (PDF1, AT2G42840) (Abe 

et al., 1999). PDF1 is thought to be secreted into the extracellular matrix and is 

associated with developing epidermal cells. BRANCHLESS TRICHOMES (BLT, 

AT1G64690) is ranked at position 9 and annotated as being similar to other 

unknown proteins from grape and Arabidopsis (Marks et al., 2009). BLT was 

found in our lab through a reverse genetics screen of gl3-sst/sim-1 trichome 

genes and shown to function as a positive regulator of trichome branching.  

 

 It was highlighted in Chapter 2 that AtGA2OX6, a gene involved with 

catabolism of biologically active forms of gibberellins, is up-regulated in the over-

expanded gl3-sst trichome. Evidence provided by the gl3-sst versus Columbia 

comparisons suggests that the down-regulation of AtGA2OX6 and the up-

regulation of the GA-responsive GASA4 gene implied that GA signaling is active 

in expanding trichomes. The expression profiles for AtGA2OX6 and GASA4 do 

not show a significant difference in expression (for p < 0.05) indicating that 

perhaps a GA signal is a hallmark of early stage trichomes and not necessarily a 

causative agent of trichome expansion. 
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Table 3-4.  40 significantly (for p < 0.05) up-regulated genes in gl3-sst versus gl3-sst/nok-1 ranked 

by ratio. For the determination if a gene is “Present” or “Absent” was done using the MAS5 

Affymetrix statistical analysis method. 
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Table 3-5.  40 significantly (for p < 0.05) up-regulated genes in gl3-sst/nok-1 versus gl3-sst 

ranked by ratio. For the determination if a gene is “Present” or “Absent” was done using the 

MAS5 Affymetrix statistical analysis method. 
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nok and try-S trichome differentially expressed gene comparisons 

  

In Chapter 2, it was found that try-S and nok-1 trichomes are significantly 

similar in morphology. To test if developmental programs are perturbed in a 

similar fashion between the two genotypes a transcriptome comparison was 

undertaken. Genes that were expressed in a differential fashion between nok-1 

and Columbia, and try-S and Columbia to a significant degree were identified. 

The cutoff p-value used was 0.05 thus yielding lists of genes that are either up- 

or down-regulated in the mutant trichome versus Columbia with at least 95% 

confidence. The Venn diagram of figure 3-6 shows the distribution of such genes 

and just 61 genes are shared in the sets. This set also gives a Pearson’s r value 

of 0.743 when a correlation analysis is performed to measure the strength of the 

relationship between nok-1:Columbia and try-S:Columbia expression ratios. Such 

a value indicates that nok-1 and try-S exhibits perturbations in these 61 genes in 

a similar fashion from Columbia. 

 

Inspection of the transcriptome data revealed that STI has an expression 

ratio of 1.693 for gl3-sst/nok-1:gl3-sst at a p-value of 0.060. Although the data is 

not significant for the 95% confidence level between the immature-like trichomes, 

it is between gl3-sst/nok-1 or gl3-sst and all other genotypes examined. In nok-1, 

try-S, and Columbia, STI expression is called as absent.  

 

 Table 3-6 lists significantly up-regulated genes in Columbia compared to 

both nok-1 and try-S. Noticeably absent from the table of the significantly up-

regulated genes in the nok-1 and try-S to Columbia comparisons are FLA and 

PRP genes. However, this absence is likely due to the bias against early stage 

trichome in the isolation procedure for the try-S, nok-1, and Columbia genotypes.  
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Figure 3-6.  Venn diagram showing the distribution of differentially expressed genes between 

transcriptome comparisons with genes exhibiting a mutant vs Columbia ratio p-value < 0.05. 
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Table 3-6. Significantly up-regulated genes in Columbia compared to both nok-1 and try-S. 
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NOK function with respect to mitotic competency 

  

The ability of NOK to function as a promoter of epidermal cell outgrowth in 

gl3-sst and apparently as a negative regulator of cellular outgrowth in Columbia 

has utility in defining the specific role of NOK. Triple mutant gl3-sst/sim-1/nok-1 

plants were compared to the previously characterized phenotypes of gl3-sst, gl3-

sst/sim-1, and gl3-sst/nok-1 in figure 3-7. The phenotypic differences between 

gl3-sst/sim-1 and gl3-sst/sim-1/nok-1 were subtle but in accordance with 

observations that NOK is required for cell expansion when gl3-sst is present. 

Mounds of trichome cells are produced on gl3-sst/sim-1 tissue and are the 

products of numerous mitotic events after the designation of a trichome initial at 

the site earlier in development (Marks et al., 2007). A few cells in the gl3-sst/sim-

1 trichome mounds expand into few-branched trichome cells with papillae. In gl3-

sst/sim-1/nok-1 trichome mounds, none of the cells were observed to approach 

the level of expansion and differentiation as seen in gl3-sst/sim-1. Generally, 

these cells continue to divide as gl3-sst/sim-1 cells do and are halted from 

expansion as in gl3-sst/nok-1. 
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Figure 3-7. SEMs comparing trichome phenotypes of gl3-sst, gl3-sst/nok-1, gl3-sst/sim-1, and 

gl3-sst/sim-1/nok-1. (Panel A) gl3-sst trichome, bar = 200 µm. (Panel C) gl3-sst/nok-1 trichome, 

bar = 100 µm. (Panel E) gl3-sst/sim-1 trichome cluster, bar = 250 µm. (Panels B, D, and F) gl3-

sst/sim-1/nok-1 trichome clusters, bars = 250 µm in B and D, and 50 µm in F.  
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TAIR GO analyses of over-expanded and less-expanded  trichomes  

  

In chapter 2, the similarities between try-S and nok-1 trichomes led the 

author to ask if there were any similarities in common with try-S and nok-1 

transcriptomes. These mutant trichomes are both considered over-expanded 

because of the excess branches, thicker trunks, and wild-type span of the cells. 

Thus, these proportions indicate that trichome cell volume is increased in these 

genotypes. gl3-sst trichomes are larger than gl3-sst/nok-1 trichomes and 

therefore represent another pair of over-expanded and less-expanded trichomes. 

In the following analysis the transcriptome of over-expanded trichome genotypes 

were compared to the relatively less-expanded trichomes of Columbia and gl3-

sst/nok-1.  TAIR GO analyses were performed with genes called as present in 

try-S or nok-1 and absent in Columbia or vice versa. A similar comparison was 

done between gl3-sst and gl3-sst/nok-1. Figure 3-6 depicts the relative 

enrichment of genes in selected TAIR GO biological process categories on radar 

graphs. These categories were chosen based upon preliminary GO analyses that 

indicated a common pattern between genotype and enrichment of a particular 

category. Indeed, a relationship is seen between the over-expanded or less-

expanded state of the trichome and the shape of the data on the graph. The 

signaling and transport categories show a consistent relationship across the try-S 

versus Columbia, nok-1 versus Columbia, and gl3-sst versus gl3-sst/nok-1 

comparisons. Signaling and transport are positively associated with over-

expanding trichome genotypes in these TAIR GO analyses. 
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Figure 3-8.  Radar graphs of TAIR GO analyses for selected biological process categories using 

presence or absence calls for try-S, nok-1, gl3-sst, gl3-sst/nok-1 and Columbia trichome 

transcriptome data. (Panel A) Columbia versus nok-1 TAIR GO biological process comparison 

between present and absent genes. (Panel B) Columbia versus try-S TAIR GO biological process 

comparison between present and absent genes. (Panel C) gl3-sst/nok-1 versus gl3-sst TAIR GO 

biological process comparison between present and absent genes. 
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 An additional analysis was conducted with the aim of finding genes that 

are common to all three types of over-expanded trichomes in the signaling and 

transport categories. Genes that were called as present in nok-1, try-S but not 

Columbia and genes called as present in gl3-sst but not gl3-sst/nok-1 would be 

candidate genes having a positive effect upon trichome expansion. Because the 

genotypes involved are varied and the pool limited by GO annotation, these 

genes represent signaling or transport genes associated with a developmental 

condition, and not targets of a particular regulatory gene. Table 3-6 presents 

genes annotated as signaling genes and table 3-7 lists genes annotated as 

transport genes. None of the genes in these tables have been reported to have a 

trichome phenotype. However, the pattern of LTP-type genes and vescicle-

associated genes being expressed in trichomes is evident in table 3-7 further 

supporting that transport of cell components is important to cell expansion. 
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Table 3-7.  TAIR GO annotated signaling genes called as present in over-expanded trichomes of 

the nok-1, try-S, and gl3-sst genotypes. For the determination if a gene is “Present” or “Absent” 

was done using the MAS5 Affymetrix statistical analysis method. 
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Table 3-8.  TAIR GO annotated transport genes called as present in over-expanded trichomes of 

the nok-1, try-S, and gl3-sst genotypes. For the determination if a gene is “Present” or “Absent” 

was done using the MAS5 Affymetrix statistical analysis method. 
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In situ nuclear DNA quantification of nok-1 and gl3-sst/nok-1 

  

Endoreduplication levels for Columbia, nok-1, try-S, gl3-sst, gl3-sst/nok-1 

and gl3-1 trichomes were determined using a whole-mount fluorometric assay. 

Nuclear DNA content for Columbia, try-S, gl3-sst and gl3-1 served as the control 

genotypes representing wild-type, moderate increase, substantial increase, and 

decrease respectively (Folkers et al., 1997; Esch et al., 2003). The conventional 

method to present these data is as C-counts, where 1C is equivalent to a haploid 

nucleus (Galbraith et al., 1991; Melaragno et al., 1993). Unlike previous reports 

of nuclear DNA levels in nok trichomes, data collected by the author in two 

separate rounds of experiments shows that nok-1 trichomes have significantly 

higher C counts than Columbia (Folkers et al., 1997). Figure 3-9 displays this 

outcome and table 3-9 shows the statistical analyses comparing C-values for 

various genotypes. nok-1 trichome nuclei possess C-count values on par with try-

S trichome nuclei. gl3-sst trichomes continue to perform endoreduplication for an 

extended period leading to higher C-values and published reports have shown an 

association between cell size and nuclear DNA content (Esch et al., 2003). The 

gl3-sst/nok-1 combination attains high C-values similar to, but significantly higher 

than, gl3-sst. The gl3-sst/nok-1 data shows that despite a reduction in trichome 

size, gl3-sst/nok-1 trichomes remain unblocked from performing excessive 

endoreduplicative cycles.  
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Figure 3-9. Binned C-values of trichome nuclei across relevant genotypes. y-axis represents 

number of nuclei in a particular bin, points along the x-axis are bins based upon whole-genome 

duplications. 1C = haploid genome unit.  
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Table 3-9.  Student’s t-test results reported as p-values of comparisons between fluorometric data 

measuring nuclear DNA content of trichomes. All pair-wise comparisons are significant except 

nok-1 against try-S. Data used in these tests consisted of C-values for individual trichome cells 

from different genotypes that were calculated as described in the methods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



187 
 

Methods  

 

 

Plant material and growth conditions 

 

The gl3-sst/nok-1 mutant line was obtained be crossing homozygous gl3-

sst and nok-1 plants. F2 plants were selected from wild-type, extra-branched, 

gl3-sst-like, and reduced-size phenotypic classes for seed collection. Seed from 

reduced trichome plants was sowed on 0.5x Murashigae and Skoog basal salts 

with 0.8% agar and 50mg/L kanamycin sulfate (MS +kan, www.sigma-

aldrich.com). Seedlings with reduced trichomes and kanamycin resistance due to 

the TDNA insert were selected and propagated through single seed decent to the 

F4 where no deviation from the reduce trichome phenotype was observed. A line 

picked from the F4, simply called the gl3-sst/nok-1 line, was used in all double 

mutant experiments. A gl3-sst/sim-1/nok-1 was created by crossing gl3-sst/sim-1 

and gl3-sst/nok-1 plants to produce an F1 consisting of plants with the gl3-sst 

phenotype. F2 individuals exhibiting the characteristic gl3-sst/sim-1 mounds of 

trichomes were selected and seed from these grown on 0.5x MS +kan plates. 

Both gl3-sst and sim-1 are chemically-induced point mutations (Esch et al., 2003; 

Churchman et al., 2006; Marks et al., 2007). Of the kanamycin resistant plants, a 

reduced gl3-sst/sim-1 trichome phenotype was selected for and seed from 

selected lines was sowed on 0.5x MS +kan plates. Lines showing high rates of 

kanamycin resistance were identified as gl3-sst/sim-1/nok-1 plants. Plant growth 

conditions were as described in chapter 2. 

 

 

 

 

 



188 
 

Trichome isolation 

 

Trichome isolation was done as described in Chatper 2 with the following 

exceptions for gl3-sst/nok-1 trichomes: After initial screening through window 

screen and a Falcon 2360 100 µm cell strainer (Beckton-Dickinson, 

www.bd.com), filtrate was taken through a series of gentle centrifugations at 500 

rpm for 1 minute in an iEC DPR-6000 centrifuge with a No. 949 swinging bucket 

rotor (Thermo Scientific, www.thermo.com). These cells were washed three 

times with 5mL cold potassium phosphate buffer pH 7.0, and the pellet was 

disturbed during each wash with1 minute at 500 rpm centrifugations between 

washes. 

 

 

Preparation of labeled RNA 

 

RNA isolation and labeling were done as described in Chatper 2. 

 

 

Expression data analysis 

 

Raw microarray data was processed, and uploaded to ArrayExpress 

(www.ebi.ac.uk/microarray-as/ae/) as described in Chapter 2.  

 

 

SEMs  

 

All SEMs were collected as described in Chapter 1. 
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Nuclear DNA quantification 

 

The DAPI (4’, 6-diamidino-2-phenylindole) staining protocol employed and 

image acquisition methods are similar to those detailed by (Szymanski and 

Marks,1998) with the following exception: Images were analyzed with Northern 

Eclipse 7.0 Imaging Analysis software (www.mvia.com) by measuring pixel 

density of background (no nuclei), trichome nuclei, and guard cell nuclei 

(Szymanski and Marks, 1998). The background density values were then 

subtracted from nuclear density values. Nuclear background-corrected values 

were then divided by ½ of the mean background-corrected guard cell values 

under the assumption that guard cells are 2C. Resulting values calculated for 

trichome nuclei represented C-values and these C-values were used in the 

statistical analysis and graphical representation. 

 
 
 
Discussion 

 

 

nok displays an interesting genetic interaction with t he gl3-sst allele 

  

The hypothesis that nok would allow for further expansion or branching of 

trichomes when combined with gl3-sst was rejected based upon the data. The 

unexpected reduction in trichome size at first seems contrary. After all, nok has 

been described as a negative regulator of trichome branching and therefore 

epidermal cell outgrowth. The data supports the idea that with gl3-sst in the mix, 

NOK functions as a positive regulator of epidermal cell outgrowth, placing NOK 

function in agreement with all other subgroup 9 gene functions. Clearly, this 

conditional and dramatic switch in function presents an opportunity to better 
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define subgroup 9 R2R3-MYB functions. These data indicate that the nok 

phenotype may be a product of an activity that is dependent upon the context in 

which the activity is expressed, rather than NOK strictly dictating cell shape 

alone. 

 

 

The gl3-sst/nok-1 trichome resembles trichomes halted at an earlier stage 

of development than gl3-sst trichomes 

  

The data presented in this chapter indicates that gl3-sst/nok-1 trichomes 

are trichomes with very early developmental traits. Some of the earliest genes to 

be up-regulated in trichomes are GL1 and GL2 (Larkin et al., 1993; Szymanski et 

al., 1998). GL1, by its very nature as a component in the activator complex of the 

activator-inihibitor model of epidermal patterning, logically should be present very 

early in development. Reported GL1::GUS data showing increased GUS activity 

in early trichomes supports this idea and illustrates that GL1 is up-regulated at 

the transcriptional level in early trichome development. GL1 is significantly up-

regulated in gl3-sst/nok-1 compared to gl3-sst yet the same effect upon GL1 is 

not seen in nok-1 versus Columbia trichomes. Thus, NOK acts as a negative 

regulator of GL1, and suggests that this effect is contingent upon the gl3-sst 

allele. GL2::GUS fusions show GUS activity in very early on in trichome 

development beginning at stage 1 when trichomes are expanding anisotropically 

(Szymanski et al., 1998). In the gl3-sst/nok-1 transcriptome data of table 3-1b, 

GL2 is expressed to a higher degree but not significantly so. AtMYB23 is a gene 

that belongs to R2R3-MYB subgroup 15 along with GL1 but is reportedly 

expressed later in development and plays a lesser role in epidermal patterning 

(Kirik et al., 2005). It is observed in the data that AtMYB23 is significantly down-

regulated in the gl3-sst/nok-1 data, a relationship expected if gl3-sst/nok-1 is 

representative of very early trichome development. Rounding out the data that 



191 
 

supports the idea of gl3-sst/nok-1 as being representative of very early trichome 

development is seen in the trichome initial genes of Kryvych et al.  Two of the 

three genes in this group are up-regulated in gl3-sst/nok-1 versus gl3-sst and 

continues a trend observed in gl3-sst versus Columbia comparisons.   

 

 Collectively these data support the idea that gl3-sst/nok-1 trichomes are 

representative of an even earlier stage of development than gl3-sst except in 

endoreduplication. gl3-sst alone appears to be incapable of halting some early 

trichome developmental traits while the addition of nok-1 intensifies these traits. 

Another way to conceptualize this relationship is to think of NOK as a factor 

required to partially block early trichome developmental events from occurring 

later in development.   

 

 

Cuticle assembly is a hallmark of developing tricho mes and perhaps is not 

affected by NOK in the early-stage trichome 

  

In Chapter 2, it was shown that gl3-sst exhibited significant and 

coordinated up-regulation of genes involved in cuticle assembly. The trend 

continues in gl3-sst/nok-1 data as seen in table 3-1a where 3 of the 5 genes 

differentially regulated to a significant level are up-regulated. This set of 

coordinately controlled genes was defined through studies of AtMYB30 showing 

that these genes are possible targets of that transcription factor (Raffaele et al., 

2008).  

 

LTPs that are likely to shuttle lipids from one cell domain to another 

constitute a good proportion of the cuticle gene set, while the remaining genes 

are annotated as genes involved in wax biosynthesis. When p-values are ignored 

and just the mean expression values are considered between gl3-sst and gl3-
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sst/nok-1 trichomes, no clear trend emerges with 50% of the genes showing an 

increase in expression. This observation suggests that differences in cuticle 

assembly are not causative factors of the nok-dependent reduction in trichome 

size when in the gl3-sst background. 

 

Interestingly, table 3-4 shows that AtMYB30 is significantly up-regulated 

655% in gl3-sst/nok-1 trichomes compared to gl3-sst but this increased 

expression is decoupled from up-regulation of wax and cuticle genes. Thus, this 

suggests that AtMYB30 does not target wax and cuticle loci directly and that 

perhaps the association reported by Raffaele et al. is due to wax, cuticle and 

AtMYB30 being parallel to each other relative to an upstream regulator.  

 

 

Challenging previous reports: NOK function is irrespective of mitotic 

competency and nok trichomes exhibit increases in genomic DNA content  

  

As discussed in the introduction, an early hypothesis of MIXTA function 

proposed that MIXTA required the cessation of cell division to have any effect 

upon epidermal outgrowth (Glover et al., 1998). Although NOK and MIXTA are 

from different plant species and it is likely that there are differences in the 

developmental programs in which they function, NOK activity may be assessed 

natively and provides a relevant test of this hypothesis. SIM encodes an inhibitor 

of CyclinD and possibly CyclinB (Churchman et al., 2006). sim trichomes are 

competent to perform complete mitotic cycles and consist of about two cells, a 

trait that is the source of the gene epithet (Walker et al., 2000). gl3-sst/sim-1 

plants produce trichomes that perform numerous mitotic cycles after assuming 

the trichome cell fate (Marks et al., 2007). These trichomes resemble clusters of 

potatoes with some trichomes forming one to few extended branches (see figure 

3-5e). If NOK, used here as a proxy for MIXTA, required the cessation of mitosis 



193 
 

to function then there should be no difference in the trichome phenotypes of gl3-

sst/sim-1/nok-1 and gl3-sst/sim-1. A difference is seen and the phenotypes of 

gl3-sst/sim-1 and nok-1 are additive resulting in clustered trichomes that very 

infrequently produce elongate branches. Similarly, if NOK requires the cessation 

of cell division to function then little difference would be observed between sim 

and sim/nok mutants. The phenotype of the sim/nok mutant has been previously 

reported and has an additive phenotype with extra-branched multicellular 

trichomes (Folkers et al., 1997). Thus, NOK function is irrespective of mitotic 

competency. 

 

Folkers et al. reported no increase in genomic DNA content when first 

describing the nok phenotype in Ler (Folkers et al., 1997). However, no 

quantitative data was presented leaving open to debate the validity of the 

conclusion that nok trichomes do not show an increase in nuclear DNA content 

through excessive rounds of endoreduplication. try has been shown to perform 

extra rounds of endoreduplication leading to increases in nuclear size (Hülskamp 

et al., 1994). Here, the author presents data that shows nok-1 nuclear DNA 

content in higher than wild-type and similar to that of try-S. This result is 

consistent between two separate rounds of the same experiment. Also of interest 

is the significant increase of endoreduplicative cycles in gl3-sst/nok-1 above that 

of the gl3-sst allele by itself. gl3-sst has been documented to possess increased 

levels of endoreduplication upwards of 256C (Esch et al., 2003; Marks et al., 

2007). The increase in gl3-sst/nok-1 to 512C may have more to do with cell 

shape and the difficulty in capturing the fluorescent signal of gl3-sst. The 

interesting lobed nuclear structure of gl3-sst has been postulated to result in 

conservative estimates of endoreduplication levels in gl3-sst and the rounded 

shape of gl3-sst/nok-1 cells may increase the efficiency of signal capture (Esch 

et al., 2003). A conservative conclusion on the matter is that gl3-sst/nok-1 and 
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gl3-sst trichomes perform excessive rounds of endoreduplication upwards of 

256C and that this is unaffected by the presence of the nok-1 allele. 

 

 

NOK expression is associated with changes in cell wall  structural gene 

expression 

 

 Perhaps the most important finding to emerge from the results presented 

here and in Chapter 2 is that changes in extracellular matrix gene expression are 

associated with NOK. Glycosylated extracellular matrix proteins are known to 

facilitate cell adhesion in animal cells as fibronectins. Although their role in plant 

extracellular matrix is not well defined it is conceivable that they modulate 

properties of the cell wall and possibly mediate similar cell adhesion activities. In 

both nok-1 and gl3-sst/nok-1 data sets, a gene encoding a glycoprotein predicted 

to be localized to the extracellular matrix known as PRP4 is absent when nok-1 is 

present. Further comparisons of the gl3-sst/nok-1 trichome transcriptome against 

that of gl3-sst trichomes showed a similar negative regulatory relationship with 

PDF1. PDF1 is also predicted an extracellular matrix glycosylated protein (Abe et 

al., 1999). What the reduction or loss of PRP4 and PDF1 expression might have 

upon trichome cell shape is the subject of future experiments. 

  

Some loci predicted to encode extracellular matrix glycoproteins are up-

regulated in gl3-sst when compared to gl3-sst/nok-1. FLA7, FLA13, FLA16 are 

three such genes. FLA-related peptides appear not to covalently crosslink with 

plant cell wall components and instead might do so through ionic interactions 

(Gaspar et al., 2001). Gaspar et al. report that no phenotype for insertional 

mutants in arabinoglacatan-protein genes, a group that includes PRPs and FLAs, 

has been reported to date and this may be due to redundancy. Three other 

genes encoding pectin acyl transferase, pectin methyl transferase, and pectin 
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esterase enzymes are up-regulated in the gl3-sst trichome but not gl3-sst/nok-1. 

The exact function of these genes and how properties of the cell wall are altered 

in their presence remains to be discovered. Interestingly, these six genes are not 

significantly differentially regulated in comparisons between the more mature-like 

nok-1 and Columbia trichomes. This relationship might indicate that these genes 

are required more during the early stages of trichome branch development as 

gl3-sst/nok-1 trichomes are noticeably deficient in that respect. What role that 

these genes may have in defining trichome development would be interesting to 

pursue. Finally, the localization and biochemical function of these genes help to 

describe by what mechanism the nok phenotype is produced. 

 

 

Gene expression in  nok and try trichomes is similarly perturbed for a set of 

genes yet differs for the cell shape genes BLT and STI 

 

 The hypothesis proposed in Chapter 2 that nok and try phenotypic 

trichomes resemble each other because developmental programs are perturbed 

in a similar fashion is tested by the significantly differentially expressed gene 

comparison. Both nok-1 and try-S trichomes exhibit similar changes in gene 

expression for 61 genes from Columbia trichomes. This finding supports the 

hypothesis that perhaps similar perturbations to developmental programs, as 

encapsulated in the similar changes of gene expression in these 61 genes, 

cause the extra-branched trichomes of nok-1 and try-S. 

  

The discovery that BLT is down-regulated in the gl3-sst/nok-1 trichome 

suggests that BLT is negatively regulated by NOK. The BLT phenotype shown in 

figure 1-10 and the phenotype is curiously similar to nok-1 TRY::NOK trichomes. 

Perhaps BLT is directly regulated by NOK. Currently BLT is annotated as being 

similar to unknown proteins in Arabidopsis and grape. Work in the Marks lab 
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showed that eGFP-BLT is localized to the trichome branch tip providing another 

suggestive link between the role of NOK and cell shape (Marks et al., 2009). 

These data form a provocative picture perhaps linking transcriptional regulation 

to cell biology and morphology. 

 

Plants over-expressing STICHEL (STI, AT2G02480) produce extra-

branched trichomes while plants carrying sti alleles produce branchless or less-

branched trichomes. In nok-1, try-S and Columbia STI is called as absent. gl3-sst 

and gl3-sst/nok-1 trichomes on the other hand express STI, with gl3-sst/nok-1 

trichomes expressing STI at a higher level. STI may therefore be negatively 

regulated by NOK. Expression of both BLT and STI is required for trichome 

branching and both behave similarly with respect to nok. All of these results 

support the idea that there is at least some commonality between the behavior of 

developmental regulators in nok-1 and try-S trichomes. To test this further 

analysis of a gl3-sst/try-S double mutant line is in order. 

 

 

Over-expanded trichomes of nok-1, try-S, and gl3-sst share sets of 

transport and signaling genes 

 

 An idea first introduced in Chapter 2, that the extra-branched trichomes of 

nok-1 and try-S caused by similar perturbations to the developmental program, is 

further supported by transcriptome data here. The addition of gl3-sst and gl3-

sst/nok-1 comparisons to the mix allows for the identification of genes associated 

with trichome over-expansion regardless of the NOK allele state. Surprisingly, 

genes called as present in over-expanded trichomes show a similar pattern of 

enrichment for genes with signaling and transport TAIR GO annotations. The fact 

that it is possible to identify signaling and transport genes that are common to all 
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three over-expanded genotypes indicates that these genes may play a role in 

expansion and should be pursued in a reverse genetics approach. 

 

 Of the signaling genes that are common to the expanded trichome set, the 

presence of HAESA (HAE) is intriguing. HAE encodes a Receptor Like Kinase 

(RLK) that is required for floral organ abscission (Jinn et al., 2000). Together with 

the small, secreted peptide ligand encoded by INFLORESCENCE DEFICIENT IN 

ABSCISSON (IDA), HAE induces a signaling cascade that results floral organ 

abscission (Butenko et al., 2003; Cho et al., 2008). Presumably, the mode of 

action of IDA-HAE signaling is through softening of the extracellular matrix (Cho 

et al., 2008; Stenvik et al., 2008). Alterations to the extracellular domain is 

evidenced by the increased expression of ARABINOGALACTAN PROTEIN 24 

(AT5G40730, AGP24) in the abscission zones of plants over-expressing IDA and 

the accumulation of glycan residues (Butenko et al., 2003). However, the 

possible role of HAE in trichome expansion is not clearly supported by the data. 

In plants harboring HAE::GUS fusions, GUS activity is absent from the trichomes 

(Jinn et al., 2000). There is no significant support that AGP24 is up-regulated in 

expanded trichome genotypes in the microarray data. It is of interest to note that 

AGP24 is up-regulated in the gl3-sst genotype compared to Columbia (gl3-

sst:Columbia ratio = 0.487, p-value = 0.002). Perhaps the HAE promoter fusion is 

incomplete and requires additional sequence to produce complete picture of 

where HAE is expressed. Perhaps the HAE signal seen in the trichome data is a 

false positive. More experiments in this area, such as RNA in situ hybridization 

for HAE and AGP24, are required to determine the role, if any, that HAE may 

have in expansion. 
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Conclusion 

 

  

The unexpected genetic interaction between gl3-sst and nok-1 has aided 

in defining NOK function beyond that of published reports to date. Reported data 

pertaining to NOK has been mostly genetic in nature. In this thesis, it is reported 

that gl3-sst is shown to be a proxy for early-stage trichomes and that NOK 

displays intriguing regulatory roles as a possible controller of cell wall properties 

in the gl3-sst trichome. Because NOK is expressed early in development as seen 

in Chapter 2 and in the data of Jackoby et al., the gl3-sst and gl3-sst/nok-1 

transcriptome data is particularly relevant in defining NOK function (Jakoby et al., 

2008). Additional analyses looking at the holistic nature of trichome over-

expansion revealed that signaling and transport genes are associated with 

expanded trichomes. This suggests common developmental pathways for control 

trichome expansion. Both signaling and transport biological functions are 

plausible as aspects in cell expansion. Expanding cells need to coordinate cell 

responses through signaling and transport is needed to move raw materials or 

redistribute osmoticum that could drive expansion. try and nok alleles share a 

small set of similarly differentially regulated genes, among which are the positive 

regulators of trichome branching BLT and STI. When examined alone, the 

function of NOK appears related to alterations of the extracellular matrix as 

indicated by the loss of PRPs and FLAs from the gl3-sst/nok-1 transcriptome. In 

the following chapter a model for NOK function is presented and the functional 

equivalence of subgroup 9 R2R3-MYBs to NOK from various plants is tested. 
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CHAPTER 4: Functional equivalence of various subgroup 

9 R2R3-MYB genes to NOECK in epidermal development 

supports a general model describing subgroup 9 R2R3-

MYB function 

 

 

The Arabidopsis gene NOECK (NOK) encodes a transcriptional regulator belonging to the same 

class as the snapdragon gene MIXTA. As a group, the MIXTA-like genes have been shown to 

function as positive regulators of outgrowth. NOK functions in an opposite manner in wild-type 

Arabidopsis where it limits trichome branching and therefore is a negative regulator of outgrowth. 

The MIXTA-like gene group is widely distributed among plants. A hypothesis currently under 

consideration within the community states that trichomes found in various angiosperm clades are 

products of convergent evolution. Here, the functional equivalency of various MIXTA-like genes 

from other systems to function in a facultative manner in nok-1 and gl3-sst/nok-1 lines is tested. 

The primary finding is that regardless of the origin of the MIXTA-like sequence, the gene tested 

will function as both a positive and negative regulator of outgrowth in the appropriate genetic 

background. Finally, a tentative model for NOK function is presented based upon the 

transcriptome and transgenic data. 

 

   

Introduction 

 

 

 NOECK (NOK) belongs to the subgroup 9 R2R3-MYB transcriptional 

regulators that generally have been shown to act positively on epidermal cell 

outgrowth in other species (Folkers et al., 1997; Jakoby et al., 2008; Marks et al., 

2009). However, NOK apparently acts as a negative regulator of outgrowth as 

suggested by its negative regulatory effect on trichome branching. Unexpected 

results seen in the glabra 3-shapeshifter/nok-1 (gl3-sst/nok-1) phenotypic data 

indicate that NOK may act as both a negative or positive regulator of epidermal 
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cell outgrowth (Esch et al., 2003). This dual and contrary activity raises questions 

about the specific function of NOK and other subgroup 9 MYBs. Does NOK 

represent a special case among the subgroup 9 MYBs? The author hypothesizes 

that NOK is not a special case and that subgroup 9 R2R3-MYBs are permissive, 

and not causative, factors of cellular outgrowth. Showing that NOK is not a 

special case amongst subgroup 9 R2R3-MYBs would boost the relevancy of 

NOK functional studies to other subgroup 9 R2R3-MYBs. 

 

Data presented in this thesis has tested hypotheses describing NOK 

function and the origins of trichomes between Rosids and Asterids through NOK. 

The fact that NOK and Gossypium hirsutum MYB 25 (GhMYB25) are required for 

normal trichome development in the Rosids Arabidopsis and Cotton respectively, 

casts doubt upon the Serna-Martin hypothesis that proposes trichomes in both 

clades are products of convergent evolution (Folkers et al., 1997; Serna et al., 

2006; Wu et al., 2006; Jakoby et al., 2008; Machado et al., 2009). Resolution of 

this issue will come only after definitive proof of what factors pattern the 

epidermis of Asterids is produced. Most desirable would be knockout or 

knockdown lines in a variety of plant species for multiple subgroup 9 R2R3-

MYBs. However, the tools are now in hand to test if various subgroup 9 MYBs 

possess different and special qualities within the Arabidopsis system. If these 

other non-Arabidopsis sequences exhibit a similar facultative function when 

expressed in normal or immature-like gl3-sst trichomes then the context in which 

these sequences are expressed determines their activity as either negative or 

positive regulators. Future research may then be aimed at determining what 

qualities developmental programs possess that dictate the observed function of 

subgroup 9 R2R3-MYBs.  

 

A preliminary model describing the mechanism by which subgroup 9 

MYBs function is presented in this chapter. The proposed model addresses how 
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trichome expansion and polar growth interact to determine cell shape. These are 

key aspects of trichome development related to trichome function as discussed in 

Chapter 1. Together these preliminary results and model contribute to the 

formulation of future work in the area of trichome cell shape.  

 

 

Results 

 

 

Identification and procurement of genes to be teste d 

  

As previously introduced, NOK is related to four genes described from the 

Asterid Snapdragon. These genes are MIXTA, Antirrhinum majus MYB MIXTA-

LIKE 1 (AmMYBML1), Antirrhinum majus MYB MIXTA-LIKE 2 (AmMYBML2), 

and Antirrhinum majus MYB MIXTA-LIKE 3 (AmMYBML3) (Perez-Rodriguez et 

al., 2005). From this set AmMYBML1 was chosen for the functional equivalency 

tests. Expression of AmMYBML1 was shown to induce both conical cells and 

trichomes in Tobacco suggesting that this gene might have additional properties 

(Perez-Rodriguez et al., 2005). 

 

A gene was indentified through degenerate PCR in the orchid Dendrobium 

crumenatum by the author. The details of how this gene, named Dendrobium 

crumentatum MYB 1 (DcMYB1), was found and cloned are given in Appendix 1.  

  

Finally another Rosid gene was sought out from a plant other than 

Arabidopsis through BLAST searches of the developing Medigaco truncatula 

genome sequence. Figure 4-1 illustrates the process by which subgroup 9 R2R3-

MYB sequences in Medicago truncatula were found. Three of the top hits were 

chosen for initial characterization but only Medicago truncatula MIXTA 3 (MtMX3) 
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was finally expressed in Arabidopsis. Failures in cloning led to the other two 

genes, Medicago truncatula MIXTA 1 (MtMX1) and Medicago truncatula MIXTA 2 

(MtMX2), being left behind for future work.  

  

A dendritic diagram displaying the sequence relationships between the 

peptide sequences of chosen genes and others of interest is shown in figure 4-2. 

AmMYBML1 is most like MIXTA of those tested, GhMYB25 of Cotton and 

DcMYB1 form a group and the Rosid sequences do as well. 
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Figure 4-1.  A flowchart detailing the process employed to indentify subgroup 9 R2R3-MYBs in 

Medicago truncatula. 
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Figure 4-2.  Dendritic diagram produced from chosen subgroup 9 R2R3-MYB amino acid 

sequences with GL1 included as the outgroup. AtNOECK, translated from the previously cloned 

cDNA by Gong et al. 2004; MIXTA, CAA55725; AmMYBML1, CAB43399; DwMYB1, AAO49410; 

GhMYB25, AAK19616; MtMIXTA-like3, translated from AC140544_6; AtGLABROUS1, 

AAL01215. (Gong et al., 2004). 
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Expression of subgroup 9 R2R3-MYBs in the rdr6-11 background 

 

To address the suspected issue of transgene silencing when NOK is over-

expressed in otherwise wild-type plants, the rdr6-11mutant was used in lieu of 

Columbia. rna dependent rna polymerase 6 (rdr6, silencing defective 1, 

suppressor of gene silencing 2, AT3G49500) has been documented as deficient 

in transgene silencing (Elmayan et al., 1998; Dalmay et al. 2000). Sequences 

were driven by the TRIPTYCHON (TRY, AT5G53200) promoter. rdr6-11 mutants 

have near typical numbers of branch tips and branch tip counts are planned in 

the future as transgenic lines are scored. AmMYBML1, DcMYB1, NOK and 

MtMX3 are capable of reducing the number of trichome branch tips produced 

when fused to eGFP compared to nok-1 controls. Figure 4-3 displays 

representative trichomes from transformed lines and untransformed control rdr6-

11 and the effect of the transgenes. It is evident that the effect of subgroup 9 

R2R3-MYB expression in trichomes is similar regardless of the phylogenic origin 

of the sequence. These plants were scored as positive for eGFP when selected.  

 

Examples of extreme transgene effects were observed in populations of 

primary transformants for TRY::eGFP-DcMYB1 and TRY::eGFP-NOK. 

Presumably TDNA positional effects affect the expression level of the transgene 

in these lines. Extreme effects of AmMYBML1 and MtMX3 are expected in future 

work because of positional effects whereby the transgenes carrying AmMYBML1 

or MtMX3 is spliced into a genomic environment conducive to transcription. In 

these cases trichomes ranged from being much reduced in size and in the plane 

of the epidermis resembling slugs to spiked trichomes as seen in figures 4-4a 

and 4-4b. Occasionally multicellular trichomes were observed either end-on-end 

or adjacent to each other in the plane of the epidermis as shown in figure 4-4c. 
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Figure 4-3.  SEMs of representative rdr6-11 plants expressing subgroup 9 R2R3-MYBs except for 

the rdr6-11 untransformed control in the top image. Labels are included in the figure and all bars 

are 100 µm. 
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Figure 4-4.  SEMs of rdr6-11 plants expressing subgroup 9 R2R3-MYB genes driven by the TRY 

promoter and fused to eGFP showing more extreme phenotypes. (Panel A) rdr6-11 TRY::eGFP-

DcMYB1 adaxial leaf surface showing slug-like trichome cells. Note the malformed pavement 

cells. (Panel B) rdr6-11 TRY::eGFP-NOK adaxial leaf surface showing multicellular trichomes that 

are reduced in size. (Panel C) rdr6-11 TRY::eGFP-NOK trichomes of a transformant with 

predominantly spiked trichomes. The white arrow highlights where a plane of cell division is 

evident. All bars = 200 µm.  
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Rescue of the nok-1 phenotype 

 

The TRY promoter provided a reasonable level and timing of expression 

to rescue the nok-1 phenotype as shown in Chapter 2. AmMYBML1, DcMYB1, 

NOK and MtMX3 are capable of reducing the number of trichome branch tips 

produced when fused to eGFP compared to nok-1 controls. Transformants 

selected were all positive for the eGFP signal. Figure 4-5 displays representative 

trichomes from transformed lines. Again, as in the rdr6-11 background, the effect 

of subgroup 9 R2R3-MYB expression in trichomes is similar regardless of the 

phylogenic origin of the sequence. However, unlike the rdr6-11 transformants, 

plants displaying an extreme reduction in trichome size, slug-like trichomes, or 

multicellular trichomes were not observed. Together this suggests that subgroup 

9 R2R3-MYB dosage is an important factor in determining the phenotype. 
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Figure 4-5.  SEMs of representative nok-1 plants expressing subgroup 9 R2R3-MYBs except for 

the nok-1 untransformed control in the top image. Labels are included in the figure and all bars 

are 100 µm. 
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Rescue of the gl3-sst/nok-1 phenotype back to the gl3-sst-like phenotype 

 

To assess the ability of subgroup 9 sequences to act as positive 

regulators of outgrowth in the gl3-sst background the TRY::eGFP-subgroup 9 

R2R3-MYB constructs were introduced into the gl3-sst/nok-1 double mutant. 

AmMYBML1, DcMYB1, NOK and MtMX3 expression is was associated with 

increases in expansion and branching. Transformants selected were all positive 

for the eGFP signal. Figure 4-6 displays representative trichomes from 

transformed lines. The occurrence of highly branched and expanded trichomes 

beyond typical gl3-sst/nok-1 morphology was observed in a handful of lines. 

Again, positional effects may play a role in determining the intensity of the 

rescue.   
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Figure 4-6.  SEMs of representative gl3-sst/nok-1 plants expressing subgroup 9 R2R3-MYBs 

except for the gl3-sst/nok-1 and gl3-sst untransformed controls in the top row. Labels are 

included in the figure and all bars are 100 µm. AmML1 = AmMYBML1. 
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Over-expression of subgroup 9 R2R3-MYBs 

 

Transformed plants of the gl3-sst/nok-1, nok-1, and rdr6-11 genotypes 

presumably harboring 35S::HA-subgroup 9 R2R3-MYB constructs showed no 

dramatic phenotypes when young. With age however, gl3-sst/nok-1 plants 

developed leaves that appeared to have an increase in color depth. To a lesser 

degree rdr6-11 plants attained a similar appearance. SEMs of adaxial leaf 

surfaces on leaves 8-10 often revealed malformed pavement cells. Figure 4-7 

compares epidermal tissues from Arabidopsis leaves and petals, Dendrobium 

crumenatum petals, and gl3-sst/nok-1 35S::HA-DcMYB1 leaves. Transgenic 

leaves produced malformed pavement cells, some of which resemble petal cells 

of either Arabidopsis or Dendrobium crumenatum.  

 

gl3-sst/nok-1 trichomes did not exhibit outgrowth beyond the typical 

reduced trichomes of the control plants. Similarly, nok-1 and rdr6-11 plants did 

not produce phenotypes atypical from the control. These results are unexpected 

considering the constitutive nature of 35S promoter driven expression. RT-PCR 

is planned to test for transgene expression. 
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Figure 4-7.  SEMs comparing epidermal cells of petals and rosette leaves. (Panel A) Adaxial petal 

epidermal cells of Arabidopsis, bar = 50 µm. (Panel B) Adaxial lateral petal epidermis of 

Dendrobium crumenatum, bar = 50 µm. (Panel C) Adaxial leaf epidermis showing typical 

pavement cells of gl3-sst/nok-1 plants, bar = 50 µm. (Panel D) Adaxial leaf epidermis showing 

rotund petal like cells of a putative 35S::HA-DcMYB1 plant. 
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Methods 

 

 

Medicago truncatula sequence identification and gene cloning 

 

 Sequences for analysis were discovered through a BLAST search as 

detailed in the results section and figure 4-1 using the NOK amino acid sequence 

as the query (Altschul et al., 1997). 

 

Coding sequences were targeted for amplification from cDNA prepared 

from a mixture of Medicago truncatula A17 shoot tip and flower tissue. RNA was 

isolated with the Qiagen RNAsy kit with Qiashredders (Qiagen www.qiagen.com) 

per kit directions followed by cDNA synthesis with Superscript III first strand 

cDNA synthesis kit (Invitrogen, www.invitrogen.com). Primers used contained 

attB Gateway © cloning sequences. The primer sequences used were: MtMX1-

attB1For  GGG GAC AAG TTT GTA CAA AAA AGC AGG CTC CAT GGG ACG 

TTC ACC ATG TTG TGA C, and MtMX1-attB2Rev GGG GAC CAC TTT GTA 

CAA GAA AGC TGG GTC AAA CAT TGG AGA ATC TGA GGG AGA AG. These 

were then cloned into pDONR221 using BP Clonase © (Invitrogen) using the 

recommended protocol and the resulting reaction used to transform Bioline Gold 

chemically competent E. coli (Bioline, www.bioline.com). Putative clones were 

sequences to verify sequence integrity and directionality. 

 

 

Antirrhinum majus sequence cloning 

  

The coding sequence of AmMYBML1 was cloned from flower buds of 

approximately 5 mm in diameter using the RNA isolation and cDNA synthesis 

detailed above. The primers used also contained the attB1 and attB2 sites to 
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facilitate BP-cloning. The primer sequences are: AmMYBML1-attB1For GGG 

GAC AAG TTT GTA CAA AAA AGC AGG CTG GAT GGG CCG ATC CCC ATG 

C, AmMYBML1-attB2Rev GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC 

GAA CAC CGG CGA ACC CAT TGG. These amplicons were cloned as detailed 

above. 

  

 

TRY::eGFP-MIXTA-like gene and 35S::HA-MIXTA-like ge ne constructs 

 

Similar to the pEGAD TRY::RFB construct described in Chapter 2 and 

based on the work of Cutler et al., a construct with the TRY promoter driving 

eGFP fused to the reading frame A cassette (RFA) was created (Cutler et al.,  

2000). pEGAD TRY::eGFP was digested with XmaI and filled-in with the Klenow 

fragment (Promega, www.promega.com) then RFA was blunt-end cloned into the 

pEGAD TRY::eGFP backbone. LR Clonase (Invitrogen) was used to clone gene 

sequences into the RFA of pEGAD to result in TRY::eGFP-MIXTA-type gene 

fusions. See figure 4-8a for a map of this type of construct. 

 

35S::HA fusions were constructed using pEarleyGate201 (pEG201) by 

using LR Clonase to introduce the MIXTA-like sequence behind the 

hemagglutinin (HA) tag (Earley et al., 2006). Figure 4-8b presents a map of this 

type of construct. 

 

Constructs were introduced into Agrobacterium strain GV3101::pMP90 

and plants were transformed as previously described (Weigel and Glazebrook, 

2002). 
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Figure 4-8.  TDNA constructs used in expression studies of this chapter. (A) pEGAD TRY::eGFP 

gene fusion construct. (B) 35S::HA gene fusion construct of pEarleyGate201. 
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Plant material 

 

nok-1 and gl3-sst/nok-1 lines obtained as described in Chapter 2 and 

Chapter 3 respectively. rdr6-11 was a gift from the laboratory of Dr. John Ward at 

the University of Minnesota, Plant Biology Department. rdr6-11 stock 

(#CS24285) is also maintained by Arabidopsis Biological Resource Center 

(ABRC, www.arabidopsis.org).  Plants were grown as described in Chapter 2. 

 

 

SEMs 

 

SEMs were gathered as outlined in Chapter 1 except for Dendrobium 

crumenatum images. Fresh material consisting of leaf 1 or 2 was imaged for all 

TRY::eGFP transgenics. Fresh material consisting of expanded leaves 8-10 were 

used for imaging 35S::HA-DcMYB1 effects. Dendrobium crumenatum material 

was imaged as outlined in Appendix I. 

 

 

Light microscopy for eGFP scoring 

 

eGFP fluorescence was scored with a Nikon SMZ1500 dissecting 

microscope equipped for fluorescence microscopy. Plants were scored as 

positive or negative for eGFP signal when selected by observations through the 

scope.  
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Discussion 

 

 

NOK functions early in development to alter cell sh ape 

 

As shown in literature and RT-PCR data of Chapter 2, NOK is expressed 

early in development, indicating that it must function early in development. This 

expression pattern is defined further by promoter-reporter fusion data presented 

by Jakoby et al. (Jakoby et al., 2008). Data presented in Chapter 3 showed that 

NOK is a key component in producing the gl3-sst phenotype by the reduced gl3-

sst/nok-1 trichome phenotype. gl3-sst is a proxy of early stage trichomes in 

several respects and the double mutant phenotype further supports the notion 

that NOK function is particularly important early in development. This idea 

complements the phenotype of nok-1 TRY::NOK and nok-1 trichomes well. When 

NOK is absent, the cell wall retains competency for branch initiation and 

expansion for a longer period during development as seen in the nok trichome 

developmental series of SEMs. With NOK expression is increased slightly, as 

evidenced in nok-1 TRY::NOK, less branch foci are able to initiate. 

 

The gl3-sst phenotypic data, although supporting the idea that NOK 

functions early in development, is contradictory in terms of defining what sort of 

activity NOK possesses. There must be a switch in how the developmental 

program(s) respond to NOK activity as time progresses. Because gl3-sst 

trichomes move forward with expansion and endoreduplication beyond wild-type 

trichome limits, perhaps the switch in NOK function is tied to these aspects. 

Preliminary gl3-sst/nok-1 TRY::eGFP-subgroup 9 R2R3-MYB data presented 

here indicates that the ability to affect outgrowth is irrespective of phylogenic 

origin of the sequence. 
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Trichome cell shape is sensitive to extra-cellular matrix composition and NOK 

may be involved with regulation of cell wall components  

 

gl3-sst trichomes, when compared to wild-type, are glassy in appearance and 

gl3-sst/nok-1 produces glassy fragile trichomes (Esch et al., 2003). These 

observations indicate that gl3-sst is abnormal in terms of extra-cellular matrix 

development and gl3-sst/nok-1 is crippled to an even greater degree than gl3-sst.  

 

CONSTITUITIVE EXPRESSION OF PATHOGEN-RESPONSE GENES 5 

(AT5G64930, CPR5) is a gene associated with premature senescence and less-

branched glassy trichomes (Bowling et al., 1997). What is interesting is that like 

the gl3-sst/nok-1 double mutant, gl3-sst/cpr5 double mutants have a similar 

reduced trichome phenotype (Marks et al., 2007).  Paracrystalline cellulose is 

reduced in cpr5 trichomes as indicated by a reduction in bifringence compared to 

wild-type when trichomes were examined under polarized light (Brininstool et al., 

2008). The cpr5 data illustrates that changes to the extra-cellular matrix may 

cause major disruptions to normal trichome development. 

 

In chapter 3, it was shown that FLASCICLIN-LIKE (FLA) and PROLINE-

RICH PROTEIN (PRP) genes are present in expanded Columbia and nok-1 

trichomes. FLA and PRP gene expression is reduced slightly in gl3-sst and 

nearly abolished in gl3-sst/nok-1 trichomes as seen in figure 3-5. These proteins 

are annotated to be glycosylated and incorporated into the extra-cellular matrix 

(The Arabidopsis Information Resource, TAIR, www.arabidopsis.org; Schultz et 

al., 2003). It is unclear if NOK regulates these FLAs and PRPs directly or 

indirectly, but the data suggests that during early stages of development NOK 

plays a role in cell shape determination through alterations of the extra-cellular 

matrix. 
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Subgroup 9 R2R3-MYBs function in a similar fashion to NOK when 

expressed in Arabidopsis indicating a conserved reg ulatory function 

 

The heterologus expression studies in Arabidopsis provided a test of 

subgroup 9 R2R3-MYBs in a single Rosid species. These preliminary data 

complement the published heterologous expression studies in the Asterid 

Tobacco by showing that in the gl3-sst/nok-1 background subgroup 9 R2R3-

MYBs are required for outgrowth. However, in the nok-1 or rdr6-11 backgrounds 

subgroup 9 sequences caused a reduction in branch tips and phenocopied 

BRANCHLESS TRICHOMES (BLT, AT1G64690) and STICHEL (STI, 

AT2G02480) trichomes (Ilgenfritz et al., 2003; Marks et al., 2009). Not all cells 

enter the same cell fate as would be predicted if these subgroup 9 R2R3-MYBs 

were determinants of cells fate. Together these data indicate that the function of 

these genes has more to do with the competency of the epidermal cells to 

expand in a polar fashion than it does with any sort of trichome patterning. Thus, 

the available data does not support the hypothesis that these genes are 

patterning factors. Regardless of the origin of the subgroup 9 R2R3-MYB, the 

results of their expression in different Arabidopsis genotypes is consistent.   

 

 

Proposed model of NOK function with respect to trichome developmental 

programs 

  

Figure 4-9 depicts the relationship between the NOK transcriptional 

regulator, proposed downstream genes, and developmental processes. This 

model is based upon the data presented in literature and this thesis. Because 

NOK is up-regulated in gl3-sst trichomes and gl3-sst interactions with 

GLABROUS 1 (GL1, AT3G27920) are particularly sensitive to TRY, NOK may be 

positively regulated by GL3 without GL1 in trichome initials (Esch et al., 2003). 
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 NOK expression in gl3-sst trichomes is associated with a slightly altered 

and reduced expression profile of FLAs and PRPs. Thus, NOK may directly or 

indirectly regulate the expression of these extracellular matrix components. 

Changes in the expression profile of FLAs and PRPs could also explain the 

glassy phenotype seen in nok-1 and the fragile cell wall phenotype of gl3-sst/nok-

1. These FLAs and PRPs may be required for stable tip growth as shown in the 

proposed model. Conceivably, they may also be integral to maintaining cell wall 

strength and squelch branching early in development.  

 

 A second mode of action may be through BLT and STI. blt and sti 

trichomes resemble TRY::NOK and TRY::eGFP-NOK plants (Hülskamp et al., 

1994; Marks et al., 2009). Additionally, STI over-expression lines are extra-

branched (Ilgenfritz et al., 2003). Expanded gl3-sst/nok-1 trichomes express BLT 

to a higher degree than gl3-sst trichomes as shown in the previous chapters. 

Similarly, STI is expressed at a higher level in gl3-sst/nok-1 than gl3-sst 

trichomes. These relationships suggest that both STI and BLT are expressed in 

the early trichome and negatively regulated by NOK. How exactly do these two 

genes function in trichome development remains unknown but published data 

indicates that BLT is localized to the growing branch tip (Marks, 2009). The true 

biochemical nature of STI in vivo remains to be determined but it shares 

homology with eubacterial DNA-polymerase III sequences (Ilgenfritz et al., 2003). 
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Figure 4-9.  Proposed model of the NOK function with respect to trichome development. Direct 

regulation of downstream genes by NOK is not known and is subject to further study. 
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Future work in the area should focus upon defining the genes regulated by 

NOK and related MYBs and test the scope of subgroup  9 R2R3-MYB 

functions 

  

As stated above, the functional equivalency tests presented in this chapter 

are preliminary. RT-PCR experiments are underway to test the expression levels 

of transgenes in transformants. Trichome branch tip counts are also planned as 

stable transgenic lines are generated with the goal of comparing transcript 

concentration with phenotypic data. In this way, a complete picture of dosage 

and activity may be produced to discern if there are any subtle differences in 

activity between different sequences. 

 

 The 35S::HA and TRY::eGFP driven constructs also facilitate the use of 

chromatin immuno-precipitation (ChIP) as antibodies against the HA tag and 

eGFP moiety are available commercially. ChIP-based methods allow for the 

identification of genomic regions where a peptide is recruited (Johnson et al., 

2001; Thibaud-Nissen et al., 2006). In these methods fresh tissue is fixed to 

introduce covalent crosslinks between cell components and genomic DNA-

peptide complexes isolated. The isolate is sheared then treated with antibodies 

specific for the tag. These antibodies are then used to pull out DNA-peptide 

molecules carrying the epitope after which the crosslinks are reversed. The 

resulting DNA population is enriched for sequences that were physically 

associated with the transgene in vivo. With these methods researchers may test 

if a transcription factor is recruited to candidate genes through ChIP-PCR or 

throughout the entire genome using ChIP-chip (Johnson et al., 2001; Thibaud-

Nissen et al.,  2006). Such methods would be useful in determining what genes 

are directly regulated by NOK, thereby defining NOK function further.  
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Conclusion 

 

 

 In this thesis the author began with an exploration of trichome function and 

morphology and how these intersect with trichome molecular biology. The case is 

made that gl3-sst trichomes are representative of early-stage trichomes, thus 

making them useful for research of early trichome development. During the early 

stages of trichome development, much is determined regarding the nature of the 

mature trichome. A reverse genetics screen and double mutant analyses 

revealed that NOK plays an important role in the gl3-sst phenotype and wild-type 

trichome development. Additionally, NOK is a part of the subgroup 9 of R2R3-

MYBs that are currently known best as regulators of floral epidermis 

development. Conducting experiments to test the function of NOK is not only of 

interest because these further our understanding of trichome morphogenesis, but 

also cell shape determination in a variety of systems. 

 

 Here in Chapter 4, preliminary results are presented of functional 

equivalency tests. These tests suggest that peptide sequences from Rosids, 

Asterids, and Monocots share similar properties that allow them to function within 

the Arabidopsis epidermal cell developmental program. This indicates that the 

function of these subgroup 9 R2R3-MYB genes is similar across diverse taxa. 

 

 Also presented is a proposed model of the developmental program in 

which NOK functions. By extension, this model may be representative of 

subgroup 9 R2R3-MYB functions in other species. Thus, providing ideas for 

future experiments in Arabidopsis and other species.  
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APPENDIX 1: A search for MIXTA-like genes of the Pigeon 

Orichid, Dendrobium crumentaum, as a means to explain 

floral organ shape diversity in orchids 

 

 
MIXTA-like MYBs expressed in the zygomorphic snapdragon flower are thought control the 

production of conical cells and trichomes within different domains of the flower. The reported data 

support that MIXTA-like genes play a role in floral patterning and are partly responsible for the 

derived structure of snapdragon flowers. Along these lines, a search for multiple MIXTA-like 

genes from an orchid is presented. Interestingly, just a single MIXTA-like gene appears to be 

expressed in Dendrobium crumenatum flowers suggesting that other mechanisms account for 

floral organ shape in orchids. The work presented is preliminary but a product of this research 

was useful in exploring MIXTA-like gene function through the functional equivalency tests of 

chapter 4. 

 

 

Introduction 

 

  

Examples of subgroup 9 MYBs are known from numerous plants and play 

a role in determining cell shape. The snapdragon MIXTA gene plays an important 

role in conical cell formation in the petal epidermis. Three other subgroup 9 

R2R3-MYBs are expressed in addition to MIXTA during floral development. 

These genes are Antirrhinum majus MYB MIXTA LIKE 1 (AmMYBML1), 

Antirrhinum majus MYB MIXTA LIKE 2 (AmMYBML2), and Antirrhinum majus 

MYB MIXTA LIKE 3 (AmMYBML3) (Noda, et al., 1994; Perez-Rodriguez, et al., 

2005; Baumann, et al., 2007; Jaffe, et al., 2007). Members of this quartet are 

expressed in slightly different patterns and have been shown to play a role in 

determining petal morphology. mixta mutants produce flowers deficient in conical 

epidermal cell development and also exhibit alterations in petal color and 
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posture. Similarly, an active transposon-tagged allele of the Petunia hybirda MYB 

1 (PhMYB1) gene, also of subgroup 9, causes revertant corolla sectors (van 

Houwelingen, et al., 1998; Baumann, et al., 2007). These sectors produce 

conical epidermal cells when the transposon splices itself out of the gene. There 

is a discernable change in corolla posture and color between the sector types 

thus demonstrating that subgroup 9 MYBs have a role in petal posture or shape 

control in a more than just snapdragon. 

 

Snapdragon flowers are zygomorphic, with obvious dorsal and ventral 

differences. The inflated yellow bib of the ventral region consists of specialized 

conical epidermal cells and expanded mesophyll cells. AmMYBML1 is expressed 

in this region and is restricted to the epidermis and some of the mesophyll cells 

(Perez-Rodriguez, et al., 2005). Thus, it is suspected that AmMYBML1 is a 

patterning gene responsible for differentiation of this structure. MIXTA is 

expressed mostly in the dorsal area, while AmMYBML1 is expressed in the tube 

and trichomes found in the tube (Noda, et al., 1994; Glover et al., 1998; Perez-

Rodriguez, et al., 2005). Snapdragon is bee-pollinated and the specialized floral 

form and pigment vibrancy must be important in enticing pollinators (Baumann, et 

al., 2007). It has been proposed that subgroup 9 R2R3-MYBs have diversified in 

snapdragon and individual members of this group have assumed slightly different 

functions related to the development of specific floral structures.  

 

Because genetic tools are not as well developed in snapdragon, direct 

testing of AmMYBML function in snapdragon has not been done. Only mixta and 

nok mutants are available and all other functional studies of subgroup 9 R2R3-

MYBs have been done through heterologus expression studies and expression 

pattern assays (Noda, et al., 1994; Martin, et al., 2002). It is clear that more data 

directly testing their function is required before these factors may be solidly 

defined as determinant factors of floral epidermal patterning. The use of a system 
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with diversified subgroup 9 MYBs and facile tools for gene knockdown would be 

useful to test the native functions of the subgroup. 

 

How prevalent might subgroup 9 R2R3-MYBs be in complex flowers of 

other taxa? Answering this question tests the limits of the hypothesis that 

subgroup 9 R2R3-MYBs have diversified to fulfill specific roles in patterning 

conical, mesophyll, and trichome cells in flowers. Their roles as patterning agents 

may be specific to snapdragon, or perhaps subgroup 9 R2R3-MYBs are 

responsible for such floral patterning in a range of taxa. If similar schemes of 

floral patterning exist across the angiosperms, then we should observe similar 

patterns of subgroup 9 R2R3-MYB diversification elsewhere. If not, then the 

question becomes why snapdragon and related plants are a special case? 

Because they are distantly related to snapdragon and have derived floral 

structures, an attractive angiosperm system for subgroup 9 R2R3-MYB research 

rests in orchids.  

 

The Orchidaceae is a large family of pollinator specialists as reflected by 

their much derived and adapted floral organs. This specialization is part and 

parcel with their intriguing natural history. An exact figure of the number of 

species within Orchidaceae is difficult to tabulate but numbers about 20000 

(Huxley, et al., 1995). Within this family, the floral organs are notoriously showy 

with a great diversity of form, pattern, texture and color. Orchids possess 

zygomorphic flowers that consist of a dosal sepal, lateral sepals, lateral petals, 

ventral petal or labellum, and column (Huxley, et al., 1995). In most cases the 

labellum is the most highly differentiated tepal and in some cases hosts inflated 

or bulging areas of tissue (see the black arrows of figure A1-1, and the structures 

highlighted with “h” and “r” in figure A1-2a). Because orchid pollen is not granular 

and is held together in masses called pollinia, orchids rely heavily upon 

fertilization via third party as pollinia are not easily distributed abiotically. 
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Therefore, their reproductive success is contingent upon attracting a pollinator to 

visit the flowers and coercing or forcing the pollinator to pick up pollinia (Dodson 

and Frymire, 1961). A clever mechanism involving the production of sex 

pheromones by Stanhopea nigro-violacea, figure A1-2b, attracts male Euglossine 

bees (Dodson and Frymire, 1961). In this system the bees collect the odoriferous 

compounds and in the process, slip and fall past the column tip where the pollina 

and receptive surface are housed. 
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Figure A1-1.  Floral detail of the pigeon orchid, Dendrobium crumenatum. The organs labeled 

with LS are lateral sepals, the organ labeled with DS is the dorsal sepal, the organs labeled with 

LP are the lateral petals, and the organ labeled with LB is the labellum or ventral petal. Black 

arrows highlight the ridges on the labellum. 
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Figure A1-2.  Examples of orchid floral organ diversity. (Panel A) Zygopetalum mackayi 

possesses ridges (r) and horns (h) on the labellum that has a matte texture indicating cone-

shaped epidermal cells. (Panel B) Stanhopea nigro-violacea exemplifies the highly specialized 

structures produced in the Orchidaceae. Pollinia (p, white arrow) are at the exit of a slippery waxy 

funnel-like structure through which pollinators slip and fall, effecting pollination in the process. 

Black arrow highlights a fold and texture change on the labellum.  
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Unlike snapdragon, tools are available that facilitate direct testing of gene 

function through gene knockdown. First, various Dendrobium and Phalaenopsis 

transformation protocols have been described (Chai, et al., 2007; Chen, et al., 

2007). Thus, anti-sense constructs may be moved into an orchid to test gene 

function. Second, a Viral Induced Gene Silencing (VIGS) system based upon the 

virulent Cymbidium Mosaic Virus has been produced and tested (Chen, et al., 

2007). While the VIGS approach is still in development, with only partial 

knockdown possible, it represents a rapid way to test gene function in a group of 

plants notorious for slow growth. 

 

In the summer of 2008, the author received funding from the National 

Science Foundation to search for subgroup 9 R2R3-MYBs in Dendrobium 

crumentatum (pigeon orchid). Much of this work was done in Singapore at the 

National University of Singapore (NUS) over a period of 8 weeks in the lab of Dr. 

Yu Hao. The pigeon orchid, shown in figure A1-1, is a native of the region and 

has proven adaptable, colonizing street trees. An additional trait that makes the 

pigeon orchid ideal for orchid floral development research is that flowering is 

inducible through drops in the ambient temperature (Corner, 1988). Floral 

development proceeds rapidly following a few days of cooling rain or artificial 

induction from dormant floral buds. Finally, orchid cultivars are often hybrids 

whereas the pigeon orchid is a species. This fact reduces confounding factors 

such as inflated numbers of subgroup 9 R2R3-MYB genes due to aneuploidity, 

an event that has been documented in numerous orchid cultivars (Chen, et al., 

2007). 

 

The aims of this project were to identify as many subgroup 9 R2R3-MYBs 

as possible from developing floral tissue and to clone these sequences for 

expression in Arabidopsis. Ultimately, the results produced did little to solidly 

address the number of subgroup 9 MYBs acting in the floral organ shape control 
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of orchid. However, subsequent expression studies done in Arabidopsis proved 

quite informative in helping to define a model of subgroup 9 R2R3-MYB gene 

function. 

 

 

Results 

 

 

Degenerate PCR  

 

Degenerate PCR using primers anchored in the coding regions of the 

conserved R2-MYB domain and AQWESA motif recovered only a single 

subgroup 9 R2R3-MYB gene in pigeon orchid. A large number (15 of 21) of the 

degenerate PCR, 3’ RACE, and 5’ RACE sequences were Internally Transcribed 

Spacer (ITS) and MITE/Gypsy transposon sequences. All other sequences were 

R2-MYB to AQWESA-region sequences and 75% of these encoded AQWESA-

containing MYBs. The consensus of the sequences encoding the AQWESA tag 

shared 96% identity with Dendrobium ‘Woo Leng’ MYB1 (DwMYB1) at the 

nucleotide level (Wu, et al., 2003). Primers based upon the DwMYB1 full coding 

sequence were used to amplify the complete coding sequence from a pigeon 

orchid floral cDNA library. The coding sequence, termed Dendrobium 

crumenatum MYB 1 (DcMYB1), had 94.5% identity to DwMYB1, while the 

peptide sequences shared 94.6% identity. These results indicate that DwMYB1 

and DcMYB1 are highly homologous and the limited RACE results suggest a 

single subgroup 9 R2R3-MYB is expressed in floral tissue. 
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SEMs of pigeon orchid floral tissue 

 

Figure A1-3 displays SEMs of adaxial floral epidermal surfaces. In Figure 

A1-3a it is shown that the labellum ridges consist of cells that appear stacked in 

the proximal-distal axis. These cells are bunched into bulges and ridges. No 

distinct conical cells were observed, however individual cells were notably rotund 

in shape on the adaxial petal surface as seen in figure A1-3b. 
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Figure A1-3.  SEMs of mature pigeon orchid floral tissue. (Panel A) Ridge region of labellum 

showing the proximal-distal axis aligned left to right, bar = 500 µm. (Panel B) Adaxial lateral petal 

epidermis showing a lack of distinctly cone-shaped cells, bar = 200 µm. 
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Southern blots 

 

Genomic DNA from Dendrobium ‘Chao Praya Gem’, pigeon orchid, and 

Phalaenopsis amabilis were digested with EcoRI, HindIII, and XhoI. Southern 

blots were made with these digests along with PCR-amplified DcMYB1. These 

blots were used in an experiment attempting to determine the copy number of 

subgroup 9 R2R3-MYB genes these orchid genomes. P32-labeled probes made 

with a 99-bp sequence spanning the region encoding the AQWESA motif failed 

to produce meaningful results when hybridized to the blots. The non-specific 

binding of areas with DNA by the probe suggested that optimization of the wash 

protocol was required. This optimization was not done due to time constraints. 
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Figure A1-4.  Southern blot of genomic DNA form three orchid accessions. Den c = Dendrobium 

crumenatum (pigeon orchid), Den CPG = Dendrobium ‘Chayo Praya Gem’, and Phal a = 

Phalaenopsis amabilis. DcMYB1 control is ~5ng PCR amplified DcMYB1 coding sequence 1.1kb 

in size. The XhoI digests failed and no clear result was obtained from the EcoRI and HindIII 

digests. 
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Methods 

 

 

Degenerate PCR and RACE 

  

 Degenerate PCR primers were obtained through the use of the 

CODEHOP algorithm (Rose, et al., 2003). The CODEHOP algorithm anchors the 

5’ end of the primers in highly conserved amino acid regions with low degeneracy 

but allows for some degeneracy at the 3’ end. The 3’ primer, S9D1R, was 

anchored in the core subgroup 9 signature of AQWESA while the 5’ primer, 

S9A1F, was anchored within the conserved R2 MYB domain, thus these PCRs 

should preferentially amplify only subgroup 9 MYBs. S9A1F: TGG GCC GGT 

CCC CNT KYT GYG AYA. S9D1R: GCC CGC CTG AGG GTR CAN CG. 

Standard mixed based nomenclature was used when specifying the sequence 

where N = A/T/G/C, K = G/T, Y= C/T, and R = A/G. PCR was done using 

Invitrogen Platinum Taq (www.invitrogen.com) and cDNA derived from floral total 

mRNA primed with oligo dT in a fashion similar to that of RNA isolation and 

cDNA synthesis given in Chapter 2. Sequencing was done using the Applied 

Biosystems Big Dye Terminator v3.1 kit (www.appliedbiosystems.com) followed 

by the recommended clean up protocol. Sequences were obtained through the 

central Department of Biological Sciences sequencing facility at the National 

University of Singapore (www.nus.edu.sg). RACE reagents and protocols used 

were from the SMART RACE kit by Clontech (www.clontech.com). Sequence 

analysis was done using DNAStar Lasergene 7.0 software suite 

(www.dnastar.com).  
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SEMs 

 

SEMs were obtained through the imaging facility Temasek LifeScience 

Laboratories (Kent Ridge, Singapore) on a JEOL JS6360 scanning electron 

microscope. Samples were prepared using a cryoSEM-based technique similar 

to that described in Chapter 1 except without gold sputtering. 

 

 

Southern blots 

 

 Genomic DNA from Dendrobium crumentatum, Dendrobium ‘Chao Praya 

Gem’, and Phalaenopsis amabilis was extracted using a CTAB-based protocol 

(http://www.le.ac.uk/bl/phh4/dnaiso.htm). Exceptions to the protocol were made 

by reductions in the amount of tissue used to 0.5-1.0 grams per 5mL of CTAB 

buffer, and by dissolving precipitated DNA pellets in Tris-HCl EDTA buffer pH 7.0 

at 37 ºC. 7.1-13.2 µg of genomic DNA was digested in 50 µL reactions with 

Promega EcoRI, HindIII, and XhoI restriction endonucleases 

(www.promega.com). 4.6-7.9 µg of DNA was run on an 0.8% agarose gel before 

being transferred to HyBond-N+ nylon membrane (www.gelifesciences.com) 

followed by thorough drying. An 85 bp region encoding the AQWESA motif and 

surrounding conserved sequence was identified and used to amplify a sequence 

tailed with CCCCCCA tags from cloned DcMYB1. The primers used were DMX-

Probe-FOR GGG GGG TGG TCA TTC GAA GTG TGC and DMX-Probe-REV 

GGG GGG TCA CGT ACG AGG CGA GCC. The finished probe template was 99 

bp in length.  Probe synthesis was done with the DecaPrime kit 

(www.ambion.com) but with a CCC CCC A 7-mer primer, named DMX-HotSynth, 

to yield dCP32 labeled probe. Finally, blots were hybridized at and washed at 42 

ºC as outlined by Sambrook and Russel (Sambrook and Russel, 2001).  
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Discussion 

 

 

A subgroup 9 R2R3-MYB gene, DcMYB1, shares is highly homologous to 

DwMYB1 

 

Degenerate PCR recovers only a single subgroup 9 R2R3-MYB from floral 

tissue, DcMYB1. The predicted DcMYB1 is highly homologous with the predicted 

DwMYB1 peptide suggesting that these two genes are orthologs, however 

functional test is required to make that determination. The possibility exists that 

the Dendrobium ‘Woo Leng’ pedigree includes the pigeon orchid. However, the 

pigeon orchid is not a desirable parent for hybrid orchids because flowers remain 

open for only a few hours before beginning to fade. This trait makes it unlikely 

that the pigeon orchid would be used in orchid breeding programs. The high 

homology observed between hybrid orchid and pigeon orchid subgroup 9 R2R3-

MYB sequences may also be attributable to the close relationship amongst 

members of Dendrobium.  

 

 

A single subgroup 9 R2R3-MYB gene may be the only m ember of the MYB 

type that is necessary during Dendrobium floral development 

 

Petal epidermal cells of the pigeon orchid are not distinctly cone-shaped 

and surveys of the epidermal regions of the labellum failed to reveal much variety 

in cell shape. It remains possible that DcMYB1 and another unidentified 

subgroup 9 R2R3-MYB have roles in specifying the production of the ridge on the 

labellum and the rotund cells of the epidermis. However, the preliminary data 

presented here does not show more than one subgroup 9 R2R3-MYB is present 

in the pigeon orchid. Published data surveying the MYBs of Dendrobium ‘Woo 
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Leng’ does not report any other subgroup 9 MYB sequence (Wu, et al., 2003). 

The development of the labellum ridges may instead rest with other factors while 

DcMYB1 is required to produce the rotund cells. Further experiments employing 

Southern blots of digested genomic DNA are in order to clear up the matter. 

Additionally, an approach employed by Perez-Rodriguez et al. whereby a 

snapdragon floral cDNA library was probed with MIXTA to find related genes, 

could be used in orchids to find related sequences (Perez-Rodriguez, et al., 

2005). 

 

 

KNOTTED-like factors or other leaf-shape genes may play a role in organ 

shape control 

 

What might the identity of these labellum-patterning factors be? Perhaps 

genes that may be important in ridge region development are related to 

KNOTTED 1 (KN1) type genes.  KN1 was described in Zea mays (Maize) and 

kn1 plants produce crumpled leaves that have protrusions that run parallel to the 

proximal-distal axis of the leaf (Hake et al., 1989). Given the developmental 

homology between leaves and petals it is reasonable to hypothesize that in 

orchids, ridges and similar proximal-distal aligned structures are products of 

developmental programs incorporating KN1-like genes. Perhaps snapdragon and 

pigeon orchid floral organ patterning relies upon different sets of developmental 

programs. More data needs to be obtained to address these ideas. Most 

importantly, VIGS or RNAi based studies in orchid and complementary 

knockdown of AmMYBML1 in snapdragon would illustrate the role that 

AmMYBML1, DcMYB1 and perhaps KN1-type genes have in their respective 

systems.  
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DcMYB1 is functionally equivalent to NOK 

 

In an attempt to define the function of DcMYB1, the author produced 

transgenic Arabidopsis expressing DcMYB1. Data from those transgenic lines 

are presented in Chapter 4. In brief, the preliminary transgenic data Arabidopsis 

data indicate that DcMYB1 is functionally equivalent to NOK in trichome 

development and that DcMYB1 is capable of inducing petal epidermal cell 

development on gl3-sst/nok-1 Arabidopsis leaves. Together, this indicates that in 

orchids, petal epidermal cells require subgroup 9 R2R3-MYB activity and that the 

specific activity of these genes is determined by the context in which they are 

expressed. 

 

 

Conclusion 

 

 

 Orchids possess remarkable pollination strategies that rely upon 

derivation of useful structures or traits from basic monocot morphology. The 

author performed experiments with the pigeon orchid in an attempt to explore the 

kinds of genes and developmental programs at work in orchid flowers using the 

snapdragon system as a template. Interestingly, only a single subgroup 9 R2R3-

MYB gene was recovered from the pigeon orchid. This finding coupled with the 

lack of data describing the knockdown of the various snapdragon MYBs places 

doubt upon the importance of subgroup 9 MYBs in specifying complex epidermal 

structures. The possibility remains that monocot and Asterid development relies 

upon different programs. However, functional equivalency data to NOK 

presented in this thesis suggests that DcMYB1, AmMYBML1, and AmMYBML3 

have similar roles in development as factors controlling the foci of polar growth. 
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