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ABSTRACT 

Heat stress can detrimentally affect the reproductive capacity of many 

plants. The effect of a one or two week heat stress (HS) on flowering, seed set, 

pollen viability and germinability of Linum usitatissimum (flax) was monitored. 

Flower formation in flax was not affected by the HS however, boll formation and 

seed set were reduced after two to three days of HS. When the HS was 

removed the stressed plants showed a compensatory response whereby they 

continued to flower and set seed until the total production of both was 

equivalent to that of the control plants. However, HS significantly prolonged the 

duration of flowering. The weight per boll and per seed was reduced by HS and 

the number of malformed, sterile seeds increased with the duration of the it. 

Pollen viability was not affected by HS until the sixth day of high temperature. 

By the tenth day of HS pollen appeared misshapen. Pollen germinability was 

decreased by the sixth day of HS and by the tenth day no pollen was seen to 

germinate. However, these late effects on pollen cannot account for the early 

decrease in boll formation observed in the heat stressed plants. 

To try and improve flower thermotolerance by modifying the HS response 

in the pollen and the ovaries, the expression patterns of two Arabidopsis 

thaliana promoters in flax were examined. The expression of AGAMOUS (AG) 

promoter was expressed primarily in the reproductive structures, notably in 

pollen, but not in the ovules of flax. Thus, the AG promoter may be a good 
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choice to help improve the thermotolerance of male reproductive structures in 

flax. Secondly, the expression of the A. thaliana HSP101B promoter in flax was 

examined through the use of a HSP101B::GUS fusion construct. HSP101B-

directed GUS expression was observed in leaves where expression was 

constitutive, HS induced, wound induced or combinations of the above. These 

data suggest that the regulatory elements of this promoter have been 

conserved between flax and A. thaliana. The expression pattern of HSP101B 

was observed in heat stressed flowers. HS flax pollen was able to strongly 

express HSP101B directed GUS. In seedlings, the HSP101B promoter was 

also found to be active in response to a variety of stresses. HSP101B appears 

to be important in many different stress responses in flax and may be a good 

choice as a promoter to help improve flower thermotolerance. 
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Chapter 1. GENERAL INTRODUCTION 

1.1 General Objectives 

In agricultural areas of the world farmers face difficulties in optimizing the 

yield of their crops. There are many stresses that can decrease a plant's yield 

including drought, cold, heat and disease. It has been shown that most yield 

loss (71%) in crop plants is due to environmental stresses (Boyer 1982). Heat 

stress (HS) is one of the most common stresses that may affect crops. 

Generally, crops appear to be most susceptible to HS during flowering and 

early embryo formation (Prasad et al., 1999; Shonnard and Gepts, 1994; 

Morrison, 1992; Mitchell and Petolino, 1988). HS has been reported to affect 

the flowering and yield in many crop species including flax (Linum usitatissimum 

- Gusta et al. 1996, Kraft et al. 1963), pea (Pisum sativum - Guilioni et al., 

1997), wheat (Triticum aestivum - Ferris et al., 1998), canola (Brassica napus - 

Morrison, 1992; Angadi et al., 2000) and broccoli (Brassica oleracea - Bjorkman 

and Pearson, 1998). 

In B. napus, which exhibited HS sensitivity during flowering, 

temperatures exceeding 25°C during flower formation, resulted in a reduced 
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seed set (Polowick and Sawhney, 1988, 1987; Angadi et al, 2000). In the field 

higher temperatures do not have so much of an effect on irrigated crops but 

when temperatures reach 30°C, or above, even areas with sufficient moisture 

are affected (www.canola-council.org - 2001). Drought, caused by HS, further 

exacerbates the problem in dry non-irrigated growing areas. In years with high 

temperatures e.g. 1988 or 1997, a reduction in expected crop yield of up to 20% 

was reported (www.canola-council.org - 2001). The prairie agricultural regions 

of Canada are semiarid and the average temperature appears to be increasing 

with the extremes of weather becoming more of a regular occurrence (Cutforth 

et al., 1999). To investigate the effects these changes may have on 

Saskatchewan field crops, I have carried out an assessment of the effects of HS 

on flowering, pollen viability, and germinability and seed set in flax. Also, with 

the long term aim of improving thermotolerance I investigated the expression of 

two Arabidopsis thaliana promoters in flax. 

1.2 Flax as a Field Crop 

Flax, a member of the family Linaceae, is an established crop plant in 

Saskatchewan. It is not closely related to any other family of plants and has 

even been placed by some taxonomists in its own order, Linales. (Watson and 

Dallwitz, 1992). Flax is an annual plant, growing from 40 — 91 cm tall, in three 

stages: 45 to 60 days of vegetative growth, 15 to 25 days of flowering, and 30 to 
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40 days of maturing (Flax Council of Canada, 1996). The flowers of flax have 

five persistent sepals, five blue petals, five stamens that are fused at the base 

to form a short staminal ring, and a gynoecium composed of five fused carpels 

with five unfused stigmas and styles (Figure 1.1A). The fruit is a ten-seeded 

boll that dehisces from the top (Figure 1.1B - Brown, 1938; Moss, 1983). Very 

little is known about the genetic control mechanism of flowering in flax. Our 

current understanding of the process of flowering and flower development 

comes from studies in A. thaliana and Antirrhinum majus. Assuming that flax 

follows a similar pattern of flower development to A. thaliana, a good candidate 

for a flowering or reproductive organ development promoter to drive HSP 

production would be AGAMOUS (AG). AG expression is required for stamen 

and carpel development in A. thaliana (Mandel, 1992b; Meyerowitz, 1994). 

Also, the A. thaliana HSP1018 promoter was used to examine the ability of 

specific flax tissues to mount a HS response. 

Flax was first cultivated in Babylon circa 5,000 B.P., and has been grown 

in a variety of regions either for oil (linseed oil) or for fibre (linen). During the 

two world wars (1914-1918, 1939-1945) linseed oil was in great demand to take 

the place of rationed petroleum oil and could still be used as biodiesel today 

(http://www.flaxcouncil.ca/flaxhis1.htm, 2001). When used instead of solvents 

or petroleum based products, linseed oil allows for an environmentally friendly 

version of many products, e.g. linseed oil can preserve and protect wood and 

concrete (http://www.flaxcouncil.ca/flaxind1.htm, 2001). 
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Figure 1.1 

Linum usitatissimum flower (A) and boll (B). 



... 

Flaxseed, which is high in dietary fibre, lignans and essential omega-3-

polyunsaturated long chain fatty acids, is included in many bakery products. It 

is also used as a feed for hens resulting in a healthy change in the fatty acid 

content of egg yolks (http://www.flaxcouncil.ca/flaxnut11.htm, 2001). While 

linseed oil and flaxseed are the primary consumer products of flax in North 

America, flax fibres can also be used in the making of fine bond paper as well 

as in car door panels, mats and plant pots 

(http://www.flaxcouncil.ca/flaxind1.htm, 2001). 

In 1996/97 Canada was responsible for 40% of the total world flax 

production and Saskatchewan produced 60% of Canada's flax for that season 

(http://www.flaxcouncil.ca/growtab.htm 2001). 

1.3 Heat Stress in Flax 

The sessile nature of plants means that they must be able to withstand 

many different types of stresses. A plant's reaction to excessive heat manifests 

itself in the form of a HS response. Some plants or plant parts are more 

tolerant to HS than others. When a plant is exposed to a HS some proteins 

inside each cell are denatured and become aggregated. If more than a 

threshold number of essential proteins is irreversibly damaged then each cell, 

and eventually the plant, will die (Kampinga et al., 1995). When the HS is a 

sub-lethal stress, the cells respond with a HS response. This response protects 

5 



the plant cells from further damage, allows a reduced level of normal activities 

to continue and affords a higher level of thermotolerance to the plant. The HS 

response involves the synthesis or activation of heat shock proteins (HSPs - 

see section 1.4). 

Flax is considered a cool season crop, and is sensitive to hot weather, 

especially temperatures exceeding 30°C (Gusta et al., 1997). Seed set has 

been shown to be reduced when the temperature climbs above 25°C (Kraft et 

al., 1963). After one day at 31°C Kraft et al. (1963) reported a partial necrosis 

of the ovule, with total necrosis occurring after five days at this temperature. 

Other work has suggested that high temperatures decrease both the seed 

number and seed weight per boll due to an induced rapid early seed maturation 

process (Dybing and Zimmermen, 1965). However, these studies focused on 

the affect of a constant high temperature on flax yield over a set period of time. 

In the field however, the plant is relieved of the day time heat stress once the 

sun sets i.e. HS is cyclical. In flax, a cyclical HS could affect any of the three 

growth stages resulting in a reduced yield. 

1.4 The Role of Heat Shock Proteins in Heat Stress 

Heat shock proteins (HSPs) are ubiquitous in the HS response (Schoffl 

et al., 1998). They are a diverse group of proteins, divided into classes on the 

basis of molecular weight e.g. HSP110, and low molecular weight (sHSP). In 
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general, HSPs are molecular chaperones which bind to inactive and unstable 

proteins, preventing them from aggregating, and helping them to refold back 

into their active form once the HS is removed (Oh etal., 1997). When a plant is 

heat stressed the number of partially denatured proteins greatly increases 

leading to an increased requirement for molecular chaperones. This response 

suggests that the level of denatured proteins acts as a trigger to increase the 

level of HSPs synthesized. It is not surprising therefore, that even though most 

HSPs are heat regulated, there are cognate HSPs that are expressed at normal 

temperatures (Schoffl et al., 1998). Specific HSPs have been found, in the 

absence of stress, in different tissues during different stages of the cell cycle or 

development where they associate with nascent proteins, to enhance their 

folding (Vierling, 1990, 1991; Dhankher et al., 1997). These HSPs are 

important in plant and embryo development (Hong and Vierling, 2001). 

HSP101 as well as sHSPs have been shown to be present in unstressed 

mature seeds (Singla et al., 1998b). HSP101 may even be essential for normal 

cellular translation of certain mRNAs (Hong and Vierling, 2001). HSPs have 

also been found to be expressed under other stress conditions such as cold, 

salt or heavy metal stress (Lesham and Kuipper, 1996). 

The HSP70 family is a very highly conserved family of proteins which 

seems to be one of the most active in eukaryotes. Many HSP70s are 

expressed constitutively at some point during development and are targeted to 

different cellular compartments such as the chloroplast, mitochondria and 
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cytoplasm. By acting as chaperones, HSP70s are involved in many cellular 

functions such as transport, degradation and possibly cell structure (DeRoacher 

and Vierling, 1995; Lee and Schoffl, 1996). Three types of HSP70 have been 

identified in pea; those that are expressed constitutively and not upregulated by 

heat, those that are constitutive and upregulated by heat, and those only 

expressed under heat stress (DeRoacher and Vierling, 1995; Dhankher et aL, 

1997). Under heat stress, HSP70s are transported into the nucleus where they 

prevent the full denaturation and aggregation of proteins (Schoffl et al., 1998). 

HSP110 is more efficient than HSP70 at binding to partially denatured proteins 

and keeping them from further damage. HSPs from these two families of HSPs 

interact and perhaps do not act independently because only a partial 

thermotolerance was observed by over-expressing HSP110 alone in 

Arabidopsis thaliana (Oh et al., 1997). 

Constitutively expressed heat shock transcription factors (HSTFs) 

regulate the HS response. There are many different HSTFs in plants; six 

individual factors have been isolated from soybean (Czarnecka-Verner et al., 

1995). It has been suggested that HSP70 may directly regulate HSTF activity 

(Lee and Schoffl, 1996). At normal temperatures all HSTFs in a cell are thought 

to be bound, in an inactive form, to HSP70. With increased temperatures 

HSP70 is required as chaperone molecules to bind to the increased number of 

denatured proteins. The released HSTF is then able to associate into its 
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trimeric, transcriptionally active form and up regulate the heat stress response 

(Lee and Schoffl, 1996). 

HSPs are produced in plants in the field as has been shown in soybean 

(Glycine max - Kimpel and Key, 1985) and apple (Malus domesticus - Ferguson 

et al., 1998) however, these are often insufficient to prevent flower abortion. A 

targeted overexpression of HSPs to heat sensitive floral tissues may be a 

means of improving flower thermotolerance and decreasing flower abortion. 

However, before this can be attempted in flax, a thorough study of HS effect on 

floral organs needs to be carried out. 

1.5 Project Objectives 

1. What are the effects of HS on flowering and seed set in flax? 

2. What are the effects of HS on flax pollen viability and germinability? 

3. Are the A. thaliana HSP101E3 and AGAMOUS promoters active in flax? 
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Chapter 2: HEAT STRESS EFFECTS ON REPRODUCTION AND SEED 

SET IN LINUM USITATISSIMUM L. (FLAX) 

2.1 Introduction 

Due to their sessile nature, plants may be exposed to many different 

environmental stresses during their lifetime. They have evolved many different 

strategies for accommodating such stresses. Heat stress (HS) has been shown 

to provoke similar types of responses in many different species of plants. The 

HS response in general is described as having seven steps; 1) a decline in 

regular protein synthesis; 2) a production of HS mRNAs; 3) the formation of 

ribosomes involved in translation of HS mRNAs; 4) an increase in levels of heat 

shock proteins (HSPs); 5) an acquisition of thermotolerance to normally lethal 

temperatures; 6) a localization of HSPs when temperatures are stressful and 7) 

a gradual reduction of HSPs and return of normal protein synthesis after the HS 

is removed (Nagao et al., 1986). Generally this set of responses involves the 

induction of HSPs which help alleviate the problems caused by protein 

denaturation and aggregation (Queitsch et al., 2000). HS has also been 

demonstrated to affect a range of processes such as pollen meiosis, pollen 
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germination, ovule development, ovule viability, development of the embryo 

(Peet et at, 1998) and seedling growth (Hong and Vierling, 2001). 

In Brassica napus (canola) plants, decreased stamen, sepal and petal 

length resulted when plants were grown at 28°C (light) however, the stressed 

flowers remained fertile (Polowick and Sawhney 1986). When plants were 

grown at 32°C all flowers were found to be sterile (Polowick and Sawhney, 

1988). Morrison (1992) reported that the most heat sensitive stage of B. napus 

development was between late bud and early seed development. More 

recently, Angadi et a/. (2000) have shown that seed set was reduced in three 

Brassica species exposed to heat stress during early flowering. B. oleracea 

(cauliflower) is also affected by heat, such that, when plants were exposed to 

temperatures of >30°C bud development and size were retarded when 

compared to control plant buds (Bjorkman and Pearson, 1998). In Pisum 

sativum (pea), temperatures of up to 32°C did not result in sterile flowers 

however, a delayed abortion of reproductive organs was observed (Guilioni et 

aL, 1997). In the pea study, the more proximal flowers were not affected by the 

high temperature. It appears in pea that the sensitivity of a flower to HS was 

influenced by its position on the inflorescence and the absence or presence of 

flowers below it. It was suggested that a moderate heat stress caused a 

change in the carbon metabolism which triggered the abortion of the 

reproductive organs (Guilioni et al., 1997). 
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In general, plants are more susceptible to damage from high 

temperatures during later flower development to early seed development, e.g. 

Phaseolus vulgaris (bean - Shonnard and Gepts, 1994), Zea mays (maize - 

Mitchell and Petolino, 1988) and Arachis hypogaea (groundnut - Prasad et al., 

1999). Maize pollen has been reported to be heat sensitive as seed set was 

affected by high temperature primarily in the few days over which pollination 

occurred (Herrero and Johnson, 1980). Fruit production is reduced in 

Lycopersicum esculentum (tomato - Peet et al., 1988), Persea americana 

(avocado -Lomas, 1988), Triticum aestivum (wheat - Saini et al., 1983) and 

bean (Shonnard and Gepts, 1994) when these species are exposed to a heat 

stress during flowering. 

Linum usitatissimum (flax) is a member of the family Linaceae which is 

not closely related to any other family of plants. Although flax is a hardy, 

temperate plant, HS during any of its three growth stages (45 to 60 days of 

vegetative growth, 15 to 25 days of flowering, and 30 to 40 days of maturing) 

will result in a reduced seed set (Flax Council of Canada, 1996). Although few 

temperature or stress studies have been carried out in flax, Kraft et al. (1963) 

showed that after exposure to continuous, 3 - 5 day HS at 31°C, up to 64% of 

resulting seed was malformed. Furthermore, after five days exposure at 31°C a 

complete necrosis of the young seed was observed (Kraft et al., 1963). In a 

second study, exposure to a continuous high temperature (30°C - without 

drought stress) before the third week of flowering, resulted in lower seed weight 
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and fewer seeds/boll however, HS after flowering had no effect (Dybing and 

Zimmerman, 1964). A recent study by Gusta et al. (1997) showed that, in the 

absence of a drought stress, a seven day heat stress (>30°C) reduced viable 

seed production by up to 30%. This early work has all focused on the effect of 

HS on final seed yield without looking at the effects of the HS on the flowering 

process or the subsequent reproductive process, leading to a decreased boll 

formation and seed set. Here we report on some of the effects of HS, in the 

absence of a drought stress, on flowering, pollen viability and germinability and 

subsequent seed set in flax. 

2.2 Results and Discussion 

2.2.1 Effects of Heat Stress on Flowering and Boll Formation 

To look at the effects of HS on reproduction in flax, plants were stressed 

for one or two weeks. Daytime temperatures of close to 40°C are commonly 

found in flax growing regions, with a predicted increase of up 4°C over the next 

few decades (Peet et al., 1997). With this in mind, we thought it prudent to 

investigate the effects of high temperatures on flower development in flax. Flax 

plants showed a qualitative difference in response to a one (1WHS) or two 

week (2WHS) daily cycle of (see materials and methods) HS when compared to 

a control group of plants (Figure 2.1). Initially, no difference in the flowering or 

boll production was observed between the three experimental groups of plant 

13 



Figure 2.1 

Effect of HS on flowering (A) and boll formation (B) of flax plants. HS 

was for 1 (Solid line) or 2 (Dotted line) weeks and plant responses are 

indicated; ♦ - control, ■ - 1 week heat stress, A - 2 week heat stress. a - 

start of heat stress, b - end of second week of heat stress, x - end of control 

group flowering, y and z - end of compensatory flower and boll formation in heat 

stressed plants. 
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(Figure 2.1A a and B a). HS was seen to have little effect on the production of 

flowers (Figure 2.1A a-b), with flowers being produced throughout the one or 

two week periods of HS. However, after the HS (Figure 2.1A b-i), the stressed 

groups of plants continued to flower, up to 37 days for the 1WHS plants (Figure 

2.1A y) and 43 days for 2WHS plants (Figure 2.1A z), whereas the control 

group of plants had completed flowering by day 26 (Figure 2.1A x). The longer 

duration of flowering of the HS plants accounted for the greater cumulative 

number of flowers in these plants. The control group of plants ceased flowering 

26 days after the first day of flowering however, as the plants continued to be 

watered until day 43, a number of control plants re-initiated flowering between 

days 40 - 43 (Figure 2.1A). This is a normal response in some older plants, 

even annuals, under optimal conditions (personal observations). 

Flax showed a similar response to that previously reported for pea 

(Guilioni et al., 1997), tomato (Peet et aL, 1997 & 1998), broccoli (Bjarkman and 

Pearson, 1998) and canola (Polowick and Sawhney, 1988), all of which 

continued to flower under HS conditions. However, the temperature at which 

these plants started to show a HS effect varied e.g. pea 28°C - tomato 32°C. 

This variation is clearly demonstrated in the three brassica species; B. napus, 

B. juncea and B. rapa all of which have different optimal growth temperatures 

and show different tolerances to HS conditions (Angadi et al. 2000). 

Despite flowering throughout the stress periods, when under stress, the 

flowers failed to convert into bolls (Figure 2.1B, a - b). At 26 days (end of 

16 



2WHS) all groups of plants had accumulated approximately 1500 flowers 

(Figure 2.1A). While the control group converted those flowers into 1200 bolls, 

an 80% conversion, the 1WHS and 2WHS groups were only able to produce 

approximately 650 bolls, a 43% conversion. The HS reduced the flower to boll 

conversion by approximately 50% over the normal flowering period for flax. 

After the HS was removed the rate of boll production by the heat stressed 

groups increased (Figure 2.1B y,z) until the total number of bolls was equivalent 

to or greater than the control group. Only then did the stressed plants stop 

flowering. The plants were well watered throughout the experiment, especially 

during the HS periods, therefore, the observed effects were the sole result of 

the HS in the absence of any drought stress. Watering did not alleviate the 

detrimental effects of the HS, therefore, irrigation in the field would not be a 

practical solution to this problem in flax growing regions. 

The stressed groups of flax plants compensated for the decreased seed 

set during the HS by producing late flowers which were subsequently converted 

into bolls. Interestingly, the two stressed groups showed different recovery 

times after the termination of HS, with the 1WHS group not starting to set seed 

until one week after the end of the HS, while the 2WHS group appeared to 

recover immediately after the stress was removed (Figure 2.1B b). By 43 days 

after initial flower production, the 1WHS and 2WHS plants, due to 

compensatory flowering, had produced more flowers, bolls and seed than the 

control group (Table 2.1). If, as suggested by Peet et al. (1997), flower or 
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inflorescence determinacy is regulated by photosynthate partitioning we would 

expect to see control plants direct photosynthate into developing seeds. HS 

plants however, with a stress induced decrease in boll formation and seed set 

could, as a compensatory mechanism, store the photosynthate to allow 

continued flowering and subsequent seed production after removal of the HS. 

The amount of stored photosynthate may be the regulator by which the stressed 

plants determine the length of the recovery phase to compensatory boll 

formation. 

Boll and seed weight, and the number of seeds per boll were found to 

have decreased with increased length of the HS (Table 2.1). Furthermore, the 

longer the HS the higher the percentage of malformed, non-viable seed 

produced. In the 1WHS group 6% of seed was sterile compared to 4% in the 

control group, whereas, the 2WHS group, at 12%, produced a significantly 

higher percentage of non-viable seed (Table 2.1). A large proportion of the 

malformed seed produced in the control group arose from the late initiated 

flowers. 

Although the HS flax plants compensated for the period of HS, there was 

a substantial increase in flowering time; the HS plants took 43 days to complete 

flowering and boll formation compared to 26 days for the control group. The 

average flax plant would normally take 15 to 25 days to complete flowering 

under field conditions (Flax Council of Canada, 1996). Analysis of the 

differences in number of bolls, boll weight, or seed weight/plant, seeds/boll and 
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Table 2.1 Summarized results from the heat stress experiment on Flax cv. 

Normandy 

Control 1 Week H.S. 2 Weeks H.S. 

Flowering Days 26 37 43 

Flowers/Plant 14.68 (n=111) 21.23 (n=110) 23.69 (n=106) 

Bolls/Plant 11.07 (n=111) 14.00 (n=110) 13.61 (n=106) 

Boll Weight/Plant * 0.879 g 0.902 g 0.831 g 

Weight/Boll * 51.03 mg 47.87 mg 41.85 mg 

Seeds/Boll * 8.51 8.66 7.44 

Seeds/Plant * 142.20 163.20 147.85 

Seed Weight/Plant * 0.585 g 0.592 g 0.493 g 

Weight/Seed * 4.0 mg 3.6 mg 3.3 mg 

% Aborted Flowers 24.56% (n=111) 34.05% (n=110) 42.50% (n=106) 

% Malformed Seed * 4.04% 6.00% 12.01% 

* n = 20 plants 
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percentage malformed seed between the control,1WHS and 2WHS groups, for 

up to 26 or 43 days of flowering showed that over the 43 day period only the 

number of malformed seed per plant was significantly different between control 

and HS groups (Table 2.2). The lack of significant difference between the 

control and HS groups over the longer flowering period was probably due to the 

late compensatory flowering and subsequent conversion to bolls observed in 

the HS plants. Sato et al. (2000) have reported that tomato, under HS 

conditions, also demonstrated a compensatory flowering mechanism to 

increase seed set after a HS. Over the 26 day flowering period all categories 

except bolls/plant showed significant differences between the control group and 

both the 1WHS and 2WHS groups (Table 2.2). The number of bolls per plant 

was not significantly different between the control and the 2WHS group due to a 

large variance in the 2WHS group. 

2.2.2 Effect of Petal Removal on Seed Set 

HS did not reduce total boll formation but did decrease the number of 

seeds/boll and the quality of that seed (Table 2.1). Flax flowers are self 

pollinating, with petals dropping one day to two days after opening. However, 

during the HS, petals of the HS flowers were found to be more persistent. It 

appeared that the HS caused the petals to stick together, turn a deeper purple 

colour and curl over the anthers (data not shown) which may have disrupted 
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Table 2.2 Two tailed non-pooled t-tests showing difference between Control 

(C), 1WHS, 2WHS flax plants over 26 or 43 days of flowering. (n = 

20 plants) 

1- 26 Days of Flowering 1 - 43 Days of Flowering 

C 1WHS 2WHS C 1WHS 2WHS 

Boll Weight /Plant (g) 0.820 0.495a 0.449a 0.879 0.902 0.831 

Bolls/Plant 15.00 10.008 10.60 16.70 18.85 19.85 

Seed Weight/Plant (g) 0.562 0.328b 0.279b 0.585 0.592 0.493 

Seeds/Plant 132.00 85.55a 79.00a 142.20 163.20 147.85 

Normal Seed/Plant 129.20 81.708 74.008 135.85 153.40 129.40 

Malformed Seed/Plant 2.20 3.85 4.55 5.75 9.80 17.75a 

a - significant at p≤ 0.05 

b - significant at p≤ 0.01 
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pollen dispersal. Furthermore, the HS appeared to promote premature opening 

of the flowers such that the anthers dehisced slightly later in the accelerated HS 

flower development than in control flowers. Removal of petals had no effect on 

fertilization in HS plants as neither the intact flowers nor the petalless flowers 

were converted to bolls (data not shown). 

2.2.3 Pollen Viability during Heat Stress 

It has been reported in some plant species that, due to its ability to 

synthesize only a few HSPs (Dupuis and Dumas, 1990; Mascarenhas and 

Crone, 1996), pollen can only mount a limited heat stress response, if any at all. 

No difference in viability (96%) was observed between control and HS flax 

pollen for up to five days of HS (data not shown). Pollen, collected up to and on 

the sixth day of HS, had a rounded, slightly triangular appearance, with the 

cytoplasm completely filling the exine (Figure 2.2A) in a manner similar to that 

of control pollen (Figure 2.2B). However, pollen taken from flowers after 10 

days of HS had a less well defined shape (Figure 2.2C). The pollen grains 

were folded and misshapen. All flowers collected from day 10 of HS contained 

pollen (approximately 100%) with this abnormal appearance. After 10 days of 

heat stress the pollen would have reduced viability however, decreased boll 

formation was observed after only 2 - 3 days of HS, therefore, the observed 

decrease in boll formation could not be attributed to abnormal pollen alone. 
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Figure 2.2 

HS effects on pollen in Linum usitatissimum. (A) Pollen collected after 

six days of HS, (B) Control pollen, (C) Pollen collected after 10 days of heat 

stress, (D) HS pollen showing HSP1018 directed expression of GUS. Scale 

bars, 50 pm. 
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In many other plant species, pollen viability and germinability are 

severely reduced by HS, e.g. maize (Dupuis and Dumas, 1990) and bean 

(Halterlein et al., 1980). This effect may be the result of heat dessication of the 

pollen during development, resulting in pollen death (Lin and Dickinson, 1984). 

The immature pollen grains of maize can show a limited HS response up to the 

trinucleate stage of development, with the response becoming weaker as the 

pollen matures (Mascarenhas and Crone, 1996). In this study we found flax 

pollen to be quite resistant to HS, with 96% remaining viable over 5 days of HS. 

Mature pollen from Sorghum and possibly lily (Mascarenhas and Crone, 

1996), can produce a subset of HSPs when exposed to HS. In general, though, 

pollen tubes in angiosperms are unable to synthesis many HSPs in response to 

heat nor do they contain many previously paternally synthesized HSPs. 

However, mature pollen grains from Tradescantia (Xiao and Mascarenhas, 

1985) are able to withstand a HS despite the lack of HSPs. While a cognate 

HSP70 has been identified in unstressed tomato pollen its level remains 

unchanged with HS (Duck and Folk, 1994). However, some transgenic HSP 

promoters have been show to be active in pollen. In HSP18.2::GUS transgenic 

Arabidopsis the HSP18.2 promoter was found to be active at low levels in pollen 

tubes (Mascarenhas and Crone, 1996). Similarly, flax pollen was found to be 

able to mount some form of a HS response, as demonstrated by strong GUS 

activity under the direction of the A. thaliana HSP101B promoter in HS pollen 

(Figure 2.2D - see section 4.2.1 p. 61). HSP101 is the only HSP to date that 
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has been identified as being required for the acquisition of thermotolerance 

(Hong and Vierling, 2000). The activity of the A. thaliana HSP101B promoter in 

flax demonstrates the conserved nature of high temperature response elements 

across wide species boundaries. Unlike angiosperms, the germinating pollen of 

the gymnosperm Pinus taeda (loblolly pine) responds normally to heat stress by 

producing a full complement of HSPs (Mascarenhas and Crone, 1996). 

In flax, while HS did not affect the flowering process, it did adversely 

affect boll formation and seed set. HS plants were able to recover from the 

effects of HS and showed a compensatory flowering mechanism that resulted in 

an equivalent cumulative seed set to that of control plants, albeit the 

compensatory flowering mechanism took place over a much longer period. The 

effect of HS on pollen alone, seen only after 10 days of HS, did not explain the 

resulting decrease in boll formation first observed on the third day of HS, in the 

stressed plants. In flax these data suggest that the ovule may be more 

adversely affected by HS than the pollen. 

2.2.4 Pollen Tube Germination 

Pollen germinability and pollen tube growth were examined after aniline 

blue staining of control and HS selfed flowers. The majority of control pollen 

present on the stigmas and styles of control flowers germinated (Figure 2.3A). 

In control flowers, pollen tubes were often observed entering the micropyle or 
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Figure 2.3 

HS effects on pollen tube germination in Linum usitatissimum. (A) 

Germinated pollen and pollen tubes (pt) on a control stigma, (B) Control ovule 

(ov) where pollen tube has entered the micropyle, (C) Pollen and pollen tubes 

after three days of HS, (D) Pollen grains (pg) from day four of HS have 

germinated on the stigmas, (E) After three days of HS, pollen tubes were 

observed in ovules and (F) pollen tubes had reached the ovules after day four 

of heat stress, (G) Germinated pollen after six days of HS, (H) Absence of 

pollen tubes near the ovule after six days of HS. Scale bars, 100 µm. 
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growing inside the ovule (Figure 2.3B). Pollen, on the stigmas of flowers 

collected on days 3 and 4 of HS germinated, and produced normal pollen tubes 

(Figure 2.3C,D). Ovules with internal pollen tubes were also observed within 

this set of flowers (Figure 2.3E,F). Pollen, on the stigmas of flowers collected 

on day 6 of HS, germinated and the pollen tubes appeared to be normal (Figure 

2.3G) however, no pollen tubes were observed in or near the ovules (40 

observed) of these flowers (Figure 2.3H). The total amount of pollen present on 

the stigmas of flowers collected on the sixth day was much lower than that of 

the control flowers. All flowers (n=5) collected after the sixth day of HS showed 

no pollen tubes in the stigmas or the ovules (data not shown). Thus the 

`control' pollen shape on the sixth day of HS is indicative of the ability of HS 

pollen to germinate and grow pollen tubes without being able to penetrate into 

the ovules of the HS flowers. 

A recent study has demonstrated that the synergid cells of the embryo 

sac function to attract and direct pollen tubes to the micropylar end of the ovule 

(Higashiyama et al., 2001). It is possible that a HS disrupts this function of the 

megagametophytic cells thereby disrupting the growth of pollen tubes to the 

micropyles, and preventing fertilization of the HS ovules. In flax, any synergid 

dysfunction contributing to the lack of pollen tube growth to the micropyle would 

only have been apparent after four days of HS. The synergid cells would have 

remained viable for up to 4 days of HS as pollen tubes were observed entering 

the micropyle of the ovules up to day four of HS (Figure 2.3E,F). In wheat, it 
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has been reported that female fertility can be reduced by up to 21% by a HS of 

30°C for 3 days (Saini et al., 1983). It is also possible that reduced pollen vigor 

causes an arrest in pollen tube growth before the tubes reach the ovules. 

Again, a reduced vigor would not have affected the growth of pollen tubes until 

after the fourth day of HS. 

2.3 Conclusion 

In flax, HS does not affect the flowering process, however, HS adversely 

affects boll formation and seed set. Heat stressed plants were able to recover 

from the HS and showed a compensatory flowering mechanism that resulted in 

an equivalent cumulative seed set to that of control plants. However, the 

compensatory mechanism prolongs the period of flowering. The effect of HS on 

pollen alone, which only occurred after ten days of HS, did not explain the 

decrease in boll formation observed after two to three days of HS. These data 

suggest that unsurprisingly, there are conserved elements to the HS response 

between flax and other species. Also, in flax the female reproductive structures 

may be more susceptible to HS than the male reproductive structures. 
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2.4 Experimental Procedures 

2.4.1 Plant Material 

Linum usitatissimum cv. Normandy plants were grown in the Phytotron 

Facility (College of Agriculture, University of Saskatchewan) on Terra-lite Redi-

earth® (W.R. Grace & Co. Canada Ltd., Ajax, ON) with a 16 h/8 h light/dark 

cycle (230 µmol photons - m-2 - s-1) and a 23°C/18°C day/night temperature 

cycle. Four plants were grown per pot and plants were not fertilized. Upon 

flowering, every flower was labelled with the date of opening. 

2.4.2 Heat Stress Treatment 

Plants were divided into three groups. Twelve days after the first flower 

opened a heat stress (HS) was applied to two groups of plants. The first group 

was exposed to a one week HS, the second group was exposed to a two-week 

HS and the third, control was left under pre-heat stress conditions. HS 

conditions were: 16 h daytime with the temperature rising to 40°C over a seven-

hour period, held for two hours at 40°C, and returned over seven hours to the 

18°C night time temperature. During the HS the plants were well watered to 

prevent any effects of drought. After one or two weeks of HS the plants were 

returned to control growing conditions where they were allowed to mature. 

Flowering continued for up to 43 days after the first flower opened at which time 
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watering was stopped. Bolls were harvested and recorded according to the 

date of flower opening. During harvesting, and where appropriate, the date of 

flower abortion was also noted. Bolls and seeds of randomly selected plants 

were counted and weighed. Data were analysed and presented using Corel 

Quattro Pro. Two tailed non-pooled t-tests were performed manually in Corel 

Quattro Pro. 

2.4.3 Heat Stress Petal Treatment 

Control and heat stressed flowers were left intact or the petals were 

removed as the flower opened. Flowers were tagged with the date of opening 

and the plants were left to mature. Plants were harvested and whether the 

flower set seed or aborted was recorded. 

2.4.4 Pollen Viability 

Pollen viability was assessed using the fluorochromatic reaction adapted 

from Helsop-Harrison and Helsop-Harrison (1970). Fluorescein diacetate (FDA 

- 2 mg) was dissolved in 1 mL of acetone and added to 5 mL of 0.5 M sucrose. 

Wet mounts of anthers from control and heat stressed flowers were prepared in 

20 µL of FDA solution. Viable pollen grains were determined as a percentage 

of total pollen by epiflourescence (Zeiss Axioplan). 
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2.4.5 Pollen Tube Growth 

Self-pollinated flowers from control and heat stressed plants, were fixed, 

dehydrated, and stained with aniline blue (Davis, 1992). After staining, either a 

wet mount carpel squash was examined under UV microscopy, or flowers were 

embedded in Paraplast (Oxford Labware, St. Louis, MO, U.S.A.). Sections (10 

pm) were cut with a rotatory microtome (Leitz Wetzlar) from the embedded 

tissue and mounted on slides. Wax was removed by two overnight incubations 

in 100% xylene and sections were mounted with Permount (Fisher Scientific) 

for viewing with a light microscope. 

2.4.6 HSP1016::GUS Vector Construction 

The 5' upstream regulatory region (HSP1018 promoter) was amplified 

from an Arabidopsis BAC, F3D13, (chr 4) using the primers: 5'-

GCGGGATCCTGTAGAGTTGATACGAAGTTC-3' and 5'-

GGCCTGCAGCTTCGATTAGCCTTTTAAAATCC-3'. The resulting 2 Kb 

fragment was cloned 5' to the uidA gene in the Cambia 1381z (CAMBIA, 

Canberra, Australia) vector. 
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2.4.7 Plant Transformation 

L. usitatissimum hypocotyls were transformed with the pCambia 1381z 

HSP101a:GUS construct in Agrobacterium pC2760 using a method modified 

from Dong and McHughen (1993). Seven day-old hypocotyls were cut into 0.5 

cm sections and dipped in the Agrobacterium culture. The hypocotyls were co-

cultivated with the Agrobacterium on MS1 medium (Dong and McHughen, 1993) 

without selection for seven days, and then transferred to MS1 with hygromycin 

selection for the generation of callus. To generate shoots, callus was placed on 

MS3 shooting medium, modified from Moloney et al. (1989) in which the benzyl 

adenine had been replaced with 1 mg/L trans-zeatin and the Timentin 

concentration had been increased to 300 mg/L. When shoots were 

approximately 1-2 cm in length they were excised, all callus carefully removed, 

and placed in jars containing MS5 rooting medium, modified from Wijayanto and 

McHughen (1999) by using full strength MS salts. After approximately 3 weeks 

each plantlet was carefully uprooted, placed in moist Redi-earth and covered 

with plastic wrap. The wrap, after covering the plant for 2 — 3 days, was 

removed gradually over a further 2 - 3 days. Transformed L. usitatissimum 

plants were identified based on their resistance to hygromycin and the presence 

of GUS activity. 
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2.4.8 GUS Staining and Microscopy 

Tissues were stained for GUS activity and processed through an ethanol 

series as described by Sieburth and Meyerowitz (1997). Tissues were 

embedded as above and GUS staining was visualized using light-field 

illumination. Digital pictures were taken with Synsys (Photometrics) mounted 

on a Zeiss Axioplan microscope. Images were processed using MetaVu 

software (Universal Imaging Group). 
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Chapter 3. ELEMENTS REGULATING AGAMOUS EXPRESSION ARE 

CONSERVED BETWEEN ARABIDOPSIS THALIANA, 

BRASSICA NAPUS1 AND LINUM USITATISSIMUM. 

3.1 Introduction 

Angiosperm flowers represent the most complex reproductive structures 

in land plants. Flowers typically consist of distinct whorls of organs arranged in 

concentric rings. From outside to in, these include sepals, petals, stamens and 

carpels. Moreover, in many species, nectary tissue occurs in strategic locations 

(e.g., at the base of the stamens) that enhance pollination effected by food-

seeking flower visitors. Much of the morphological diversity between flowers of 

different species is in the number and patterning of organs; however, the 

identity of the organs within the specified whorls rarely changes. Many genes 

that function to control the number and pattern of organs, as well as their 

identity, have now been identified. One of the first flowering genes to be cloned 

was the AG gene from A. thaliana (Yanofsky et al., 1990). The product of AG is 

a MADS box-containing transcription factor that functions to control, in 

I Work carried out by Dr. J. Pylatuik during the completion of his thesis 
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combination with other transcription factors, the identity of the reproductive 

organs (i.e. stamens and carpels), as well as establish the determinacy of the 

flower (Yanofsky et al., 1990). 

AG gene expression is intricately controlled throughout plant 

development by regulators upstream in the signalling cascade. In the early 

stages of flower development, AG is ectopically expressed in the floral meristem 

in the regions where reproductive organs will arise. In later flower development 

this expression is confluent throughout the young reproductive organs (Drews 

et al., 1991). As the reproductive organs mature, AG expression is limited to 

certain tissues within each organ type (Bowman et al., 1991). Later in 

development, expression of AG extends outside the reproductive organs into 

the nectaries (collectively, the nectarium; Davis et al., 1998) where high levels 

of expression are observed (Bowman et al., 1991). Essentially all of the cis-

acting regulatory components required for recognized AG expression are 

located within the second intron of AG which is approximately 3 kb in length 

(Sieburth and Meyerowitz, 1997). Furthermore, these cis-acting elements can 

be divided into regions which direct expression to the stamens and regions that 

direct expression to the gynoecium (Deyholos and Sieburth, 2000). 

The flowers of Brassica napus (rapeseed or Argentine canola) share the 

same ground plan as those of A. thaliana (Endress, 1992). The flower is bi-

laterally symmetrical, containing four sepals, four petals, six stamens (two short 

lateral and four long median), and a gynoecium consisting of two ovaries in the 
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lateral axis (Smyth et al., 1990). The nectarium consists of two prominent 

lateral outgrowths adaxial (abaxial in A. thaliana) to the lateral stamens and two 

prominent (four prominent in A. thaliana) median outgrowths abaxial to the 

median stamens (Davis, 1994; Davis et al., 1986). Linum usitatissimum (flax) is 

also a dicotyledonous plant but it produces radially symmetrical flowers, having 

organs in groups of five. The alternating sepals and petals are unfused while 

the extreme base of the stamens is fused to form a short staminal ring. The 

nectarium is comprised of five flattened swellings (nectaries), one per abaxial 

stamen base on the staminal ring, opposite to the sepals (Brown, 1938). The 

ovaries of the five carpels are fused into a gynoecium with five unfused stigmas 

and styles. The fruit formed is a boll that can contain up to 10 seeds, 2 in each 

locule (Moss, 1983). 

Currently, over 15 species of land plants, including monocot and dicot 

angiosperms as well as gymnosperms, have been found to contain genes 

homologous to AG (Hasebe, 1999). As such, the involvement of AG in 

controlling reproductive organ formation was likely established before the 

divergence of angiosperms and gymnosperms (Hasebe, 1999). Support comes 

from several examples where the ectopic expression of AG homologues from 

one species confers identity changes in the same reproductive organs in 

another species (Mandel et al., 1992a; Rigola et al., 2001; Rutledge et al., 

1998; Tandre et al., 1995). These results suggest that the downstream control 

elicited by AG has been highly conserved between species. However, proper 
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organ and flower formation also depends on the correct upstream control of AG. 

As such, our interest was to place the cis-acting elements of AG from one 

species (i.e. A. thaliana) into another species to examine the conservation of 

upstream regulatory trans factors on the A. thaliana AG controlling elements. A. 

thaliana AG expression was examined in B. napus, a species within the same 

family (Brassicaceae) as A. thaliana, and in the more distantly related L. 

usitatissimum, a species within a different subclass (Rosidae) from A. thaliana 

(Dilleniidae) (Judd et al., 1999). 

3.2 Results 

3.2.1 Selection and PCR confirmation 

Following Agrobacterium-mediated transformation with the AG::GUS 

construct (pMD992), seven B. napus and six L. usitatissimum plants were 

identified as resistant to kanamycin. All plants were confirmed as AG::GUS 

transgenic through PCR analysis for the NPTII gene. Staining of intact tissues 

showed that in B. napus, GUS activity was limited to the reproductive organs, 

nectarium, and stems of the inflorescences (racemes). In L. usitatissimum, 

GUS activity was limited to flowers, primarily in the reproductive organs and the 

nectarium. The intensity of GUS staining varied between lines. Flowers from 

plants with the most intense GUS staining were selected for investigation at the 

cellular level. Variability was observed in the staining pattern among individual 
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flowers of the same plant, however, the staining patterns described below 

represent those seen in more than 80% of the flowers examined. 

3.2.2 GUS activity during early development of B. napus flowers 

In addition to viewing GUS whole-mount flowers (Figure 3.1 A,F), GUS 

staining patterns in flowers of AG::GUS transgenic B. napus plants were viewed 

using dark field illumination, where GUS activity appeared red or pink on a 

green to brown background of tissue (Figure 3.1 B-E,G-J). GUS activity first 

appeared in young floral buds shortly after the four sepal primordia were 

initiated (Figure 3.1 B). GUS activity was limited to the undifferentiated region 

of cells at the centre of the flower and was not found in the surrounding sepal 

primordia (Figure 3.1 B). At this early stage of B. napus floral development (see 

Polowick and Sawhney, 1986), the onset and patterning of GUS staining was 

similar to that of A. thaliana flowers (Deyholos and Sieburth, 2000) at stage 3 

(Smyth et al., 1991). Prior to this stage of development, floral buds did not 

display GUS. As the sepals enclosed the developing floral meristem, GUS 

activity was detected throughout stamen and gynoecia primordia and the 

underlying receptacle, but not in the sepals (Figure 3.1 A). At this stage, B. 

napus flowers were developmentally similar to stage 6 A. thaliana buds and the 

GUS staining pattern, as directed by the AG intron 2 controlling elements, was 

the same in the two species (Deyholos and Sieburth, 2000). As the primordia 
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Figure 3.1. 

B. napus flowers showing AG directed GUS activity and viewed in whole-

mount (A,F) and under dark-field illumination (B-E, G-J). (A) Mature flower 

showing GUS activity in the stigma and style of the ovary and the stamens. No 

activity was observed in the petals or sepals. (B-E) Longitudinal sections of 

floral buds. (B) Floral buds, at the developmental stage in which sepal 

primordia appear as mounds on the flanks of the floral meristem (arrowheads in 

B and C), showed no GUS activity. GUS activity was first detected in the 

central region of the floral meristem after the sepal primordia began to enlarge. 

(C-E) Once the sepals had grown to enclose the buds, GUS activity was limited 

to the developing stamens, gynoecia, and the region of the floral meristem 

below these structures. (D,E) GUS activity was not present in the sepals or 

petals (p). (F) View of the nectarium showing GUS activity in the median (m) 

and lateral (I) protrusions with activity decreasing in levels towards the apex of 

each protrusion. (G) Transverse section of a gynoecium. GUS activity was 

detected only in the septum and was absent (or very low) in ovary walls, 

placentae, and ovules (o). (H) Transverse section of an anther. GUS activity 

was detected only in the connective tissue, and was absent or very low in 

anther walls, tapetum, and microsporogenous tissue. (I) Longitudinal section of 

a mature stigma and style. High levels of GUS activity were detected in the 

stigma and stigmatic papillae (sp) and the transmitting tract (t) of the style. 

Strands of xylem appeared white. (J) Longitudinal section through an 

inflorescence. High levels of GUS activity were seen in the inflorescence scape 

(sc), but were absent or much lower in the pedicels (pd) of developing buds. 

Scale bars, 100 pm. 
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of stamens and the gynoecium increased in size, GUS activity remained 

confined to the reproductive organs and the central tissue of the receptacle, 

while newly formed petal primordia, in addition to the sepals, did not stain for 

GUS activity (Figure 3.1C). The B. napus flower shown in figure 1C is 

comparable to stage 8 buds of A. thaliana, in which the AG::GUS construct 

conferred the same expression pattern (Deyholos and Sieburth, 2000). 

3.2.3 GUS staining during late development of B. napus flowers 

Intact mature flowers of transgenic AG::GUS B. napus plants showed 

intense GUS staining in the gynoecium, particularly the stigma and style, the 

connective of anthers, filaments, and the nectarium (Figure 3.1 F). Staining 

was often more intense in the lateral protrusions of the nectarium than in the 

median protrusions. A large amount of GUS activity was also observed in the 

stem directly below the inflorescence meristem (Figure 3.1 J). 

In sectioned material, GUS activity remained confined to the reproductive 

organs of buds greater than approximately 1.0 mm in length and became limited 

to the central tissues of the gynoecium and the connective of the anthers. 

Lower activity was detected in the filaments of the stamens (Figure 3.1 E). At 

this stage of development the stigma and style of the gynoecium are just 

beginning to differentiate. Based on the onset of stigma and style 

differentiation, buds at a comparable stage of development (stage 9-10), in A. 
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thaliana plants transformed with AG::GUS, showed GUS activity throughout the 

gynoecium, including the ovules, placentae and ovary wall (Deyholos and 

Sieburth, 2000). 

Transverse sections of nearly mature B. napus buds showed GUS 

activity to be confined to the septum of the gynoecium, without any expression 

in the ovules, ovary wall, or the placentae (Figure 3.1 G). In the anthers of A. 

thaliana flowers, GUS activity was expressed equally throughout the 

connective, tapetum and the filaments (Deyholos and Sieburth, 2000). 

However, in the anthers of transgenic B. napus flowers, GUS activity was 

limited to the connective and was not expressed in the locules, tapetum, or 

microsporogenous tissue (Figure 3.1 H). In mature B. napus flowers, levels of 

GUS staining were very high in mature stigmas and equally high in the 

transmitting tract of the style (Figure 3.1 I). Similar AG::GUS constructs (pAG-

I::GUS) in A. thaliana flowers directed high levels of GUS activity in the stigma, 

but this activity was much lower in the transmitting tract of the style (Sieburth 

and Meyerowitz, 1997). Finally, in both A. thaliana (Deyholos and Sieburth, 

2000) and B. napus (Figure 3.1 H), GUS activity was found to be very high 

throughout the inflorescence with undetectable levels in the pedicels of flowers. 

3.2.4 GUS activity in L. usitatissimum flowers 

In all AG::GUS transgenic L. usitatissimum plants, GUS activity was 
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restricted to the flowers. AG::GUS lines 1-4 had low levels of GUS activity 

seen visually only in the stigmas and styles. This pattern of GUS expression 

did not vary over the different developmental stages of the flowers. Lines 1-4 

were more similar to lines 5-6 when sectioned, although the level of expression 

was much reduced. Comparatively, AG::GUS lines 5 and 6 had GUS activity in 

the anthers, distal regions of the filaments, stamina, ring, and nectarium, in 

addition to the stigmas and distal portion of the styles (Figure 3.2 A-C). In the 

AG::GUS lines 5 and 6, the pattern of flower staining also differed with 

developmental stage (Figure 3.2 A,B). In young buds where the anthers were 

below the tips of the stigmas, GUS activity was present in the stigmas, styles 

and nectarium, as well as at very low levels in the anthers (Figure 3.2 A). As 

the buds matured and the stamens elongated to the same height as the stigma 

tips, GUS activity increased throughout these tissues (Figure 3.2 B). In a fully 

mature and open flower, GUS activity was very high within the stigmas, styles, 

parts of the staminal ring and nectarium (Figure 3.2 C). However, in these 

mature flowers, GUS activity within the anthers slightly decreased, while in the 

filaments, it increased (Figure 3.2 C) when compared with the younger flowers 

(Figure 3.2 A,B). The expression pattern in lines 5-6 was carried through to the 

T1 progeny. In a few mature flowers collected from the Ti progeny of the 

AG::GUS lines 5 and 6, the petal vasculature was moderately stained (Figure 

3.2 D). Wild type flowers showed no GUS activity. 

A selection of flowers and buds at various developmental stages and 
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Figure 3.2. 

L. usitatissimum flowers of lines 5 and 6 showing AG-directed GUS 

activity. (A-C) A series of flowers showing developmental changes in the 

pattern of GUS activity. (A) Young bud with the anthers below the stigmas 

showed GUS activity in the stigmas and styles with very low activity in the 

anthers, staminal ring, and nectarium. (B) As buds mature, i.e. anthers at the 

same height as stigmas, GUS activity was more pronounced in the anthers, 

staminal ring, and nectarium as well as the stigmas and styles. (C) In mature 

flowers, GUS activity was intense in the stigmas, styles, staminal ring and 

nectarium, but less active in the anthers and filaments. (D) GUS activity was 

also present in the petal vasculature in some T, flowers from AG::GUS 

transgenic lines 5 and 6. sg, stigma, sy, style, a, anther, f, filament, sr, staminal 

ring, n, nectarium. 
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showing high GUS activity were embedded, sectioned, and observed under 

dark-field illumination. GUS activity was not present in any sections of the 

youngest buds. GUS activity was observed in the ovary but not the ovules of 

flowers where the stamens were the same height as the stigmas (Figure 3.3 

A,E). In these flowers, GUS activity in the receptacle and the ovary base was 

found to be intense (Figure 3.3 A,B) but decreased distally (Figure 3.3 A). 

Intense GUS activity was observed in the stigmas and styles of flowers (Figure 

3.3 G) from the onset of GUS expression until maturation. 

The short staminal ring at the base of the stamens was intensely stained, 

both in the nectaries and regions between the nectaries (Figure 3.3 A,B). The 

filaments of stamens of young buds appeared more darkly stained in 

longitudinal section (Figure 3.3 C) than they appeared to be in the intact flowers 

(Figure 3.2 A). The anthers showed strong activity throughout the 

endothecium, tapetum and pollen itself, but not the epidermis (Figure 3.3 

C,F,H). GUS activity was observed in the whole pollen grain, but was absent 

in the exine (Figure 3.3 H). Some flowers from AG::GUS lines 5 and 6 showed 

light GUS activity in the sepals (Figure 3.3 D). 
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Figure 3.3. 

Sections of L. usitatissimum flowers showing AG directed GUS activity, 

viewed under dark-field illumination. (A-F) GUS activity appears as orange or 

pink; (G-H) intense GUS activity appears blue or purple. (A-C) Longitudinal 

sections of floral buds. (D-H) Transverse sections of floral buds. (A) GUS 

activity present in the ovary (o), including the wall and septae, a nectary (n), 

and the staminal ring (sr) in a bud where anthers are equal in length to the 

stigmas. No GUS activity was observed in the ovules (ov). (B) A bud with 

anthers below the stigmas, showed intense staining of a nectary (n) and the 

ovary base (O). (C) GUS activity in the anthers (a) and filaments (f). (D) The 

sepals (s) of some buds showed GUS activity. (E) GUS activity present in the 

ovary (o) and lack of activity in the ovule (ov). (F) GUS activity throughout 

anthers, except the epidermis (arrowhead), and the pollen. (G) Intense GUS 

activity in the styles (sy). (H) AG expression in pollen (p) except the exine. 

Scale bars, 100 µm. 
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3.3 Discussion 

3.3.1 A. thaliana AG expression is limited primarily to whorls 3 and 4 in B. 

napus and L. usitatissimum 

In both B. napus and L. usitatissimum, as in A. thaliana, the cis elements 

contained within the second intron of the AG gene directed GUS activity 

primarily to the organs of the third and fourth whorls. This expression pattern is 

consistent with the C class function of the AGAMOUS protein in contributing to 

flower development and, more specifically, reproductive organ development 

(Coen and Meyerowitz, 1991). Due to its highly conserved nature, it is likely 

that AGAMOUS function was established early in the evolution of plants 

(Hasebe, 1999) and plays an essential role in controlling the formation of 

reproductive organs. Our results suggest that, like the AGAMOUS protein, the 

regulatory components which direct the general spatial expression of AG, have 

been equally conserved. It is our conclusion that in these three species, the 

joint requirement of correct protein function and spatial regulation of AG in 

flower development constitute a strong selective pressure, acting to maintain 

the inter-family conservation of the AG gene. 
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3.3.2 Trans-acting elements controlling early AG expression: conserved and 

not conserved 

Both temporally and spatially, AG expression in the early stages of flower 

development, as indicated by GUS activity, is identical in B. napus and A. 

thaliana and remains identical until the gynoecial tube begins to elongate (stage 

8 of A. thaliana bud development). These data show that the trans-acting 

elements responsible for directing early AG expression have been conserved 

between B. napus and A. thaliana. Furthermore, the corresponding cis-acting 

elements of the AG second intron also confer the same developmental 

regulation of expression, spatially and temporally, in both species. 

Conversely, in L. usitatissimum, a species more distantly related to A. 

thaliana, the AG cis-elements do not appear to be sufficient to trigger 

expression in the early stages of development. It is possible that trans-acting 

factors, which function to promote early AG expression via the AG second intron 

cis-elements in flowers of A. thaliana and B. napus, are not conserved with 

those of L. usitatissimum. We conclude that the mechanism promoting early AG 

expression in flowers has diverged between L. usitatissimum (subclass 

Rosidae) and the two Brassicaceaen species (subclass Dilleniidae). 
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3.3.3 Similarities of AG expression in B. napus and L. usitatissimum 

3.3.3.1 Ovules 

Unlike A. thaliana, where the second intron of AG directs expression 

throughout developing ovules until stage 12 of bud development (Deyholos and 

Sieburth, 2000), this element did not direct expression to the ovules of B. napus 

and L. usitatissimum during any stage of development. Previous studies have 

shown that in A. thaliana, AG is required during early ovule development in 

order to direct ovule identity (Western and Haughn, 1999). Later in ovule 

development, just prior to fertilization, AG expression is limited to the 

endothelium of the ovules (Bowman et al., 1991). 

It is possible that trans-acting factors, which function to promote AG 

expression in the ovules of A. thaliana, via the AG second intron cis elements, 

are not conserved with those of B. napus and L. usitatissimum. This is an 

intriguing observation, particularly for B. napus, which is closely related to A. 

thaliana. Two possibilities could explain this lack of expression: 1) the function 

of AG, required in A. thaliana for ovule development, is either unnecessary in B. 

napus and L. usitatissimum or it has been replaced by other gene(s) in these 

species. As such, the trans-acting regulatory components controlling AG ovule 

expression have probably been lost in these species. Alternatively, 2) if AG 

expression is required for proper ovule development in B. napus and L. 

usitatissimum, our results would suggest that both the cis- and trans-acting 
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factors controlling AG ovule expression have diverged to the point at which the 

components of the different species examined here are no longer compatible. 

Determining the necessity for AG expression in the ovules of the species 

examined would help clarify which explanation is more likely. 

3.3.3.2 Stigma and Nectarium 

As in A. thaliana, the AG second intron directed expression throughout 

the stigma of both B. napus and L. usitatissimum. AG is highly expressed in the 

nectarium of A. thaliana (Bowman et al., 1991), and like that of the stigma, the 

AG second intron also directed expression throughout the nectarium of both B. 

napus and L. usitatissimum. It was previously suggested that both stigma and 

nectary-specific cis elements resided within sequences upstream of the first 

intron (Sieburth and Meyerowitz, 1997). Our results, and those of Deyholos and 

Sieburth (2000), show that in all three species, the sequence upstream of the 

first intron of the AG gene is not required for its expression in the stigma. This 

upstream sequence is also not required for expression in the nectary tissue of 

B. napus and L. usitatissimum. These findings suggest that redundant stigma 

and nectary-specific cis elements exist in both the upstream sequence and the 

second intron of AG. Additionally, our results suggest that the trans factors that 

act upon these elements have been conserved between these three species. 

The identity and development of the reproductive organs can be 
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predicted by the ABC model of flower development (Coen and Meyerowitz, 

1991) and are dependent on the C class function of AG. It has been concluded 

however, that the nectarium develops independently of the ABC model (Davis et 

al., 1993; Baum et al., 2001). The high levels of expression directed by the AG 

cis-acting elements in the nectarium of all three species suggest a conserved 

function in this tissue. It is therefore possible that AG may have both an ABC-

dependent and ABC-independent function in the development of flowers. 

3.4 Conclusion 

To conclude, the A. thaliana AG promoter elements are functional in flax 

and B. napus. The activity of the promoter elements implies that the ABC 

model of flower development holds true for flax. In flax the pattern of AG 

expression is similar but not identical to that of A. thaliana. In flax, the A. 

thaliana AG promoter does not appear to function in early flower development 

nor does there appear to be activity in the ovules. The AG promoter elements 

may be a good choice to help improve the thermotolerance of the male 

reproductive structures in flax 
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3.5 Experimental Procedures 

3.5.1 Plant Material 

The Brassica napus L. cv. Westar To generation of transformed lines was 

grown in the Phytotron Facility (College of Agriculture, University of 

Saskatchewan) on Terra-lite Redi-earth® (W.R. Grace & Co. Canada Ltd., Ajax, 

Ont.) with a 16 h/8 h light/dark cycle (230 pmol photons • m-2 - s-1) and a 

23°C/18°C day/night temperature cycle. All Linum usitatissimum L. cv. 

Normandy plants were grown in Terra-lite Redi-earth® under greenhouse 

conditions supplemented with sodium lights with a 16 h/8 h light/dark cycle and 

22°C/18°C day/night temperature cycle. Plants of L. usitatissimum were 

fertilized with Plant-Prod 20-20-20 (50 mg in 4 L) weekly. Tissues harvested 

from all plants for the purpose of DNA isolation and PCRs were collected on ice 

and subsequently stored at —80°C. 

3.5.2 Plant Transformation 

The AG::GUS construct (pMD992 - generously supplied by Dr. L. E. 

Sieburth; Deyholos and Sieburth, 2000) was used to transform B. napus using 

the pC2760 Agrobacterium strain containing the LBA4404 Ti binary plasmid by 

the method of Moloney et al. (1989). L. usitatissimum hypocotyls were 

transformed with pMD992 in pC2760 Agrobacterium using a method modified 
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from Dong and McHughen (1993). Seven day-old hypocotyls were cut into 0.5 

cm sections and dipped in an Agrobacterium culture. The hypocotyls were co-

cultivated with the Agrobacterium on MS1 medium (Dong and McHughen, 1993) 

without selection for seven days, and then transferred to MS1 with selection for 

the generation of callus. To generate shoots, callus was placed on MS3 

shooting medium, modified from Moloney et al. (1989) in which the 

benzyladenine had been replaced with 1 mg/L trans-zeatin and the Timentin 

concentration had been increased to 300 mg/L. When shoots were 

approximately 1-2 cm in length they were excised, all callus carefully removed, 

and the shoots placed in jars containing MS5 rooting medium, modified from 

Wijayanto and McHughen (1999) by using full strength MS salts. After 

approximately 3 weeks each plantlet was uprooted, placed in moist Redi-earth 

and covered with plastic wrap. The wrap, after covering the plant for 2 — 3 days, 

was removed gradually over a further 2 - 3 days. 

Transformed B. napus and L. usitatissimum plants were identified based 

on their resistance to kanamycin and a subsequent PCR specific for the 

NEOMYCINPHOSPHOTRANSFERASEII (NPTII) gene using the primers: 

NPTII-1 (5' GAGGCTATTCGGCTATGACTG) and NPTII-2 (5' 

ATCGGGAGCGGCGATACCGTA). 
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3.5.3 GUS Staining and Microscopy 

Tissues were stained for GUS activity and processed through an ethanol 

series as described by Sieburth and Meyerowitz (1997). Tissues used for 

histological analysis were prepared by embedding in Paraplast (Oxford 

Labware, St. Louis, Mo., U.S.A.) immediately following the ethanol series. 

Sections (10 mm) were cut on a Leitz-Wetzlar rotary microtome, mounted on 

slides, de-waxed by two overnight incubations in xylene, and mounted with 

Permount (Fisher Scientific). GUS staining was visualized using dark-field 

illumination. Slides were digitized using a CanoScan 2700F (Canon U.S.A. Inc., 

Lake Success, NY) or digital pictures were taken with Synsys (Photometrics) 

mounted on a Zeiss Axioplan microscope and images were processed using 

MetaVu software (Universal Imaging Group). Brightness, contrast, and gamma 

levels were adjusted using Adobe Photoshop (Adobe Systems, Mountain View, 

CA). 
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Chapter 4. EXPRESSION OF THE ARABIDOPSIS THALIANA HSP101B 

PROMOTER IN LINUM USITATISSIMUM 

4.1 Introduction 

Plants are exposed to a wide range of stresses because of their sessile 

nature. A stress response by the plant allows it to deal with the stress by 

protecting tissues against the effects of the stress. For example, when 

exposed to high temperatures, plants will express a heat stress (HS) response. 

The HS response involves a reduction in regular protein synthesis, with a 

synchronous increase in synthesis of HS proteins (HSPs), which results in the 

acquisition of thermotolerance to normally lethal temperatures. When 

temperatures decrease there is a gradual cessation of HSP synthesis and a 

return to normal protein synthesis (Nagao et al., 1986). 

As part of the HS response, plants synthesize many different HSPs which 

have been categorized according to molecular weight. The HSP110, HSP90, 

HSP70, HSP60 and low molecular weight (sHSPs) HSP families are ubiquitous 

(Schoffl et al., 1998). HSPs are thought to be under the general regulation of 

HS factors (HSF). In general, HS induced HSPs are molecular chaperones 
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which bind to proteins that have been inactivated and/or destabilised by the HS, 

helping to keep these proteins from aggregating and denaturing (Oh et aL, 

1997). Molecular chaperones are also needed at basal levels during regular 

cell maintenance and many cognate HSPs are found at low levels in unstressed 

cells. Cognate HSPs do not appear to play a role in stress responses, rather 

they are involved in regular cellular maintenance (Hong and Vierling, 2001). 

Important to the provision of thermotolerance in plants are the HSP100s. 

This family of HSPs is a member of the ATPases that are chaperone-like and 

aid in the assembly, function and disassembly of proteins. HSP101, a 

homologue of yeast HSP104 specifically acts to reactivate proteins that have 

aggregated in response to a HS or other stresses (Parsell et aL, 1994; Glover 

and Lindquist, 1998). The HSP101 gene of A. thaliana, a member of the 

HSP110 family of HSPs, appears to be required for a thermotolerance 

response. A. thaliana plants expressing an antisense HSP101 (Queitsch et al., 

2000) or expressing the HSP101 mutation hotl (Hong and Vierling, 2000) 

showed reduced thermotolerance. However, HSP101 is also expressed 

constitutively, at low levels, in unstressed mature seed, young seedlings and 

vegetative tissue of A. thaliana and so plays a role in development and 

germination as well as in stress responses (Hong and Vierling, 2001). 

Heat stress has not been widely studied in flax, so, the specific pattern of 

expression of HSPs has not been documented for this species. In this work, 

the expression of the A. thaliana HSP101B promoter in flax in response to a HS 
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was determined. Furthermore, expression of the HSP101B promoter in flax 

pollen was used to determine the ability of the pollen to mount a HS response 

(see section 2.4.2 p. 31) 

4.2 Results and Discussion 

4.2.1 HSP1018 Promoter 

The HSP101B promoter used in these studies was amplified from the 5' 

region of the duplicate HSP101 gene on Chromosome 4 of A. thaliana. The 

identity between the HSP101 and HSP101B genes is shown in Figure 4.1 (A). 

Preliminary results for consensus sequences in the HSP101 promoter regions 

show many similarities, with both promoters containing heat stress elements 

(HSEs) and low temperature regulatory elements (LTREs - Figure 4.1 B). 

4.2.2 HSP101B Directed GUS Expression in Leaves 

Seventeen plants were selected for their ability to grow on kanamycin 

and to express HSP101B directed GUS. Three different expression patterns 

were observed when leaf tissue from putative HSP101B::GUS transformed lines 

was exposed to a HS and stained for GUS activity (Figure 4.2); constitutive 

expression of the HSP101B::GUS construct (Figure 4.2 L3), heat induced 

expression (Figure 4.2 L2) and wound induced expression (Figure 4.2 L1). In 
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Figure 4.1 

A) HSP101 and HSP101E3 genes showing the percentage of identity. B) 

Alignment of the HSP101 promoters. Dark blue indicates low temperature 

response elements (LTREs - TGGCCGAC) from the Arabidopsis thaliana cor15 

gene, while light blue shows cor15-like elements on the template strand. Dark 

red indicates heat stress elements (HSEs - GAATCTCC), while pink shows HSE 

similar sequences. Green shows the TATA box. 
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Figure 4.2 

L. usitatissimum leaves showing HSP101B directed GUS activity. (L1) 

Wound induced expression with increased promoter activity at wound sites with 

increased temperature, (L2) Heat induced expression with low levels of 

constitutive expression, (L3) Strong, constitutive GUS expression irrespective of 

the treatment temperature. 
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most lines there were combinations of these expression patterns, i.e. Figure 4.2 

L1 showed wound induced expression and HS induced expression around the 

wounded areas. The variations in expression pattern maybe due in part to 

positional effects resulting from the random nature of transgenic insertions. 

However, all transgenic lines showed a low basal level of expression at 25°C. 

Leaves from wild type flax cv. Normandy did not show any blue colour when 

stained for GUS expression after the same treatments (data not shown). These 

results demonstrated that the A. thaliana HSP1018 promoter GUS construct 

was active in flax. In general, the HSP1018 promoter upregulated activity in 

response to HS or wounding. Therefore, the cis regulatory regions of the 

HSP1018 and the equivalent trans acting factors must be conserved between 

A. thaliana and L. usitatissimum. 

The low basal level of expression in the leaves (Figure 4.2 L1,L2) of 

most transformed plants under unstressed conditions, suggests that HSP101 

must have a constitutive role in plant function. This is corroborated in recent 

reports by Hong and Vierling (2000, 2001). Members of the HSP100 family may 

be essential for normal cellular transcription of certain mRNAs such as Fed-1, 

the internal light regulatory element of ferredoxin (Ling et al., 2000). HSP101 is 

expressed in unstressed tissues such as in the mature seed of A. thaliana 

(Hong and Vierling, 2001), leaves of carrot and tobacco (Ling et al., 2000) and 

in the tip and sheath of leaves, culms, and embryos of Oryza sativa (rice - 

Singla et al., 1998b). 
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4.2.3 HSP101B Directed GUS Expression in Flowers 

HSP1018 is expressed in flowers that have experienced a HS as well as 

in the vegetative tissues. Flax flowers were observed under dark and light field 

illumination. In dark field illumination, GUS activity shows as pink to orange, 

unless there is strong expression when the colour is blue to purple. Under light 

field illumination GUS presence appears blue. Figure 4.3 (A) shows 

HSP1018::GUS flowers that have been exposed to a HS and then stained for 

activity, the left flower is control and shows no GUS activity. The middle flower 

is from a line with low HSP101B expression and the right flower shows high 

expression. The differences in level of expression is probably due to position 

effects during the transformation procedure. However, although the levels of 

expression were different the patterns of expression were similar. The following 

patterns of expression, shown from high expressing lines, were seen in the 

majority of the HSP1018::GUS lines examined. 

4.2.3.1 Sepals, Petals and Styles 

GUS was expressed in the sepals of transgenic flowers (Figure 4.3 A-

C),with expression increasing acropetaly. Expression was present from early 

bud development to later boll formation (data not shown). It may be important 

for flax flowers to maintain functional sepals as they are persistent and perhaps 
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Figure 4.3 

L. usitatissimum flowers showing HSP101B directed GUS activity in 

response to a heat stress (HS) viewed in whole mount and in cross section 

under dark and light field illumination. (A) Flowers stained for GUS activity after 

HS; control (left), low expressing (I) line (middle) and high expressing (h) line 

(right). GUS activity in a sepal shown under dark (B) and light (C) field 

illumination. (D,E) Petals also showed HSP101B upregulation in response to 

the HS. (F,G) HS induced strong GUS activity in stigmas and styles. (H,I) 

Anthers showing GUS expression in the vasculature and endothecium. (J,K) 

Pollen after exposure to HS. Scale bars, 100 µm. 
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provide protection for the reproductive structures. GUS expression was also 

observed throughout the petals (Figure 4.3 D,E). It is interesting to note this 

expression as flax petals are normally ephemeral, lasting for only one to two 

days. 

4.2.3.2 Stigmas, Ovary and Ovules 

There was strong HSP1018 activity in the stigmas (data not shown) and 

styles (Figure 4.3 F,G) of HS HSP1018::GUS flax flowers. It would appear that 

the sensitive tissues of the style are able to mount a HS response. However, an 

upregulated expression, such as this, would not be sufficient to allow flax plants 

to set seed under HS conditions (see section 2.4.3 pp. 31). Unfortunately, 

expression patterns were not determined for the ovary and ovules. However, in 

rice, HSP104, a yeast HSP104 homologue, is found throughout the developing 

embryo in response to HS (Singla et al., 1998b) 

4.2.3.3 Anthers and Pollen 

There is GUS expression in the anthers, particularly the vasculature, of 

HS transgenic flax (Figure 4.3 H,I) and also in the pollen (Figure 4.3 J,K). This 

pattern of expression would probably aid, by providing normal nutritional, 

normal dehiscence of the anthers and subsequent pollen dispersal under HS 
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conditions. The activity of the HSP101B promoter in flax pollen suggests that 

flax pollen is able to mount a HS response allowing the pollen to remain 

thermotolerant for up to 10 continuous days of the daily cyclic heat stress. This 

type of response has also been observed in the pollen of transgenic B. napus 

that expressed the A. thaliana HSP101B promoter in mature, stressed pollen (L. 

Young - this lab). 

4.2.4 HSP101B Directed GUS Expression in Seedlings 

T1 seedlings from four different HSP101B...-GUS transgenic lines and wild 

type flax were exposed to a variety of stresses and GUS expression was 

determined (Figure 4.4). Although seedlings were selected on media 

containing kanamycin a non-transgenic escape was noted: line two (L2) 37°C. 

Transgenic L2 and L4 (Figure 4.4 L2,L4) showed heat induced expression from 

the HSP101B promoter in the leaves (Figure 4.2 L2) and flowers albeit with low 

expression in L4 (data not shown). Line three (L3) showed high levels of 

constitutive expression in the leaves (Figure 4.2 L3) and flowers. Seedlings of 

L2 and L4 showed HS induced expression while L3 showed constitutive 

expression throughout the whole seedling. 

71 



4.2.4.1 Cold Stress 

When exposed to cold temperatures, 4°C and 14°C, seedlings from all 

lines showed HSP101B directed GUS expression (Figure 4.4). As expected, L3 

showed strong expression at 4°C and both L2 and L4 showed moderate to 

strong expression. Previous studies have shown that some HSPs are induced 

by cold stress. Cabane et al. (1993) have demonstrated that a HSP70 was 

upregulated in soybean due to a chilling stress of 8°C (2 and 8 days). In rice, 

expression of HSP104 was upregulated due to a cold stress (Singla et al., 

1998a) however, HSP101 was not expressed in response to a cold stress in 

maize (Nieto-Sotelo et al., 1999) or wheat (Campbell et al., 2001). Interestingly, 

Collins et al. (1993) have shown that a HS increased the tolerance of mung 

bean hypocotyls to a subsequent cold stress, suggesting that some common 

proteins, induced by both stresses, can confer cross tolerance to more than one 

stress (Hale, 1969). 

4.2.4.2 Heat Stress 

When exposed to 25°C, a control temperature, L4 showed no HSP101B 

expression, L2 showed HSP101B expression in the hypocotyl and L3 showed 

strong HSP101B directed expression throughout the seedling (Figure 4.4 L2-

L4). Responses to temperatures of 31°C, 37°C and 42°C varied between lines. 
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Figure 4.4 

L. usitatissimum seedlings showing HSP101B directed GUS activity. 

Seven day old seedlings were exposed to a variety of stresses for 30 minutes: a 

range of temperatures from 4 - 42°C, 3% salt (S), wounding (W), anoxic (A) and 

5% ethanol (OH). Wild type seedlings were used as a control (C) and 

HSP1018::GUS transgenic lines two to four (L2-L4) are shown. 
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L4 showed an induced HSP101B expression at 31°C, at 37°C this expression 

was present but reduced and at 42°C there did not appear to be any induced 

HSP101B expression. A similar pattern was seen in L2, where 31°C induced 

strong expression throughout the seedling except the root; in a second 

repetition strong expression at 37°C was observed throughout the seedling 

(data not shown). However, at 42°C, the same expression pattern as that at 

31°C was present but at a much reduced level. L3 again showed strong 

expression throughout the seedlings under HS conditions. The 42°C 

temperature appeared to be too high for optimal HS induced expression of 

HSP101B. However, in soybean the greatest accumulation of HSP101 mRNA„ 

was measured between 40°C and 42.5°C (Lee et al. 1994). It is probable that 

in the HSP101B promoter some HSEs have been modified after the initial 

duplication of HSP101. A preliminary search for consensus sequences (Figure 

4.1 B) showed that HSP101B has lost some HSE identity with HSP101 in this 

region of the promoters. HSPs have long been known to be expressed during 

HS (Nagao et al., 1986), therefore, an upregulated response was expected. 

However, it appears that HSP101B is more inducible by moderate to extreme 

cold stress than extreme HS. The responsiveness of the HSP101B promoter 

reflects the presence of LTREs not present in the HSP101 promoter (Figure 4.1 

B). The lack of inducible HS expression of the HSP101B promoter may also be 

due to the absence of some HSE elements in the amplified 2 KB 5' sequence of 

the HSP101B promoter or a lack of conservation of some of the HSE and 
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transcription factors, involved in the regulation of HSP1018, between A. thaliana 

and flax. 

4.2.4.3 Other Stresses 

The effect of other stresses on HSP1018 activation were observed: salt 

(3%), wounding, anoxic and ethanol (5%). None of the transgenic seedlings 

showed an upregulation of HSP1018 in response to wounding although L3 still 

showed strong constitutive expression. L2 and L4 did not show wounding 

response in the leaf tissue (section 4.2.1, L2 and data not shown). L4 did not 

show a response to salt stress. L2 however, showed an upregulation of 

HSP1018 in the hypocotyl, cotyledons and shoot meristem in response to salt 

stress. L3 continued to show strong levels of expression. In rice, HSP110 was 

expressed at higher levels when plants were exposed to a salinity stress (Singla 

et al., 1998a). Submerging the seedling in water, to provide an anoxic shock, 

resulted in a weak upregulation in the root of L4, with a similar level of 

expression in the cotyledons and root of L2. L3 showed strong expression 

throughout the seedling. HSPs therefore, may have a role in protecting plants 

from anoxia. In response to the addition of 5% ethanol L4 showed a weak 

upregulation of HSP1018 in the root, L2 showed a strong response throughout 

the seedling and L3 again showed strong expression of HSP10-1B throughout 

the seedling. Ethanol would cause toxicity and possibly dehydration (drought 
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stress). Accumulation of HSPs has been reported in drought stressed rice 

(Singla et al., 1998a), wheat (Campbell et al., 2001) and soybean (Kimpel and 

Key, 1985). The HSPIO1B promoter is upregulated in response to heat, cold, 

salt and toxic/dehydration stresses. It appears that HSP101B maybe a general 

stress promoter and may be a good candidate to enhance stress tolerance in 

flax. 

At present the HSP100 gene family in A. thaliana and rice is known to 

encode three proteins (Singla et al., 1998b; Hong and Vierling, 2001). The 

expression pattern of this protein family has not been elucidated in any species 

to date. It is possible that these family members have maintained some 

common regulatory factors and therefore, each member of this family may be 

regulated independently or in conjunction with others. 

4.3 Conclusion 

Many different stresses appear to cause the accumulation of HSPs. In 

flax, the A. thaliana HSP101B promoter was found to be active in the leaves of 

unstressed plants. Also, the reproductive structures of flax, i.e. the flowers, are 

competent to mount a HS response, including the pollen, which showed strong 

HSP101B directed GUS activity. In transgenic HSP101B::GUS flax seedlings, 

the HSP101B promoter was active and upregulated in response to heat, 

cold/chilling, salt, anoxic and dehydration/toxic stresses. The stress that 
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appeared to upregulate expression of the A. thaliana HSP1018 promoter the 

most in flax was cold stress. It is possible that the regulatory elements of 

HSP1018 are not conserved between these two divergent species or that all 

required elements were not included in the 2 Kb of amplified HSP1018 5' 

sequence. 

4.4 Experimental Procedures 

4.4.1 Plant material 

The Linum usitatissimum L. cv. Normandy To transformed plants were 

grown in Terra-lite Redi-earth® (W.R. Grace & Co. Canada Ltd., Ajax, Ont.) 

under greenhouse conditions supplemented with sodium lights with a 16 h/8 h 

light/dark cycle and a 22°C/18°C day/night temperature cycle. Four plants per 

pot of L. usitatissimum were fertilized weekly with Plant-Prod 20-20-20 (50 mg in 

4 L). Plant tissues were harvested on ice and stored at —80°C prior to DNA 

isolation and PCR analysis. 

4.4.2 HSP1018:: GUS Vector Construction 

The 5' regulatory sequence (HSP1018 promoter) was amplified from the 

Arabidopsis BAC, F3D13, (chr 4) using the primers: 5'-

GCGGGATCCTGTAGAGTTGATACGAAGTTC-3' and 5'-
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GGCCTGCAGCTTCGATTAGCCTTTTAAAATCC-3'. The resulting 2 Kb 

fragment was cloned 5' to the uidA gene in the Cambia 1381z (CAMBIA, 

Canberra, Australia) vector. This construct was made by L. Young and Dr. A. 

Byun (this lab). 

4.4.3 Plant Transformation 

L. usitatissimum hypocotyls were transformed with the pCambia 1381z 

HSP101B::GUS construct in Agrobacterium pC2760 using a method modified 

from Dong and McHughen (1993). Seven day-old hypocotyls were cut into 0.5 

cm sections and dipped into the Agrobacterium culture. The hypocotyls were 

co-cultivated with the Agrobacterium on MS1 medium (Dong and McHughen, 

1993) without selection for seven days and then transferred to MS1 with 

hygromycin selection for the generation of callus. To generate shoots, callus 

was placed on MS3 shooting medium, modified from Moloney et al. (1989) in 

which the benzyl adenine had been replaced with 1 mg/L trans-zeatin and the 

Timentin concentration had been increased to 300 mg/L. When shoots were 

approximately 1-2 cm in length they were excised, all callus carefully removed, 

and the shoots placed in jars containing MS5 rooting medium, modified from 

Wijayanto and McHughen (1999) by using full strength MS salts. After 

approximately 3 weeks, each plantlet was uprooted, placed in moist Redi-earth 

and covered with plastic wrap. The wrap, after covering the plant for 2 — 3 days, 
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was removed gradually over a further 2 - 3 days. Transformed L. 

usitatissimum plants were identified based on their resistance to hygromycin 

and the presence of GUS activity. 

4.4.4 GUS Staining and Photography 

Fresh tissues were collected and a stress applied for 40 minutes. 

Leaves and flowers were submerged in water and subjected to heat stresses of 

37°C and 42°C as well as a control of 25°C. Shoots were grown on selection 

and after seven days transformed shoots were removed from media, placed in 2 

mL tubes without water and exposed to cold (4°C and 14°C), heat (31°C, 37°C, 

42°C), salt (3% NaCI), anoxic (submerged) and wounding (puncturing with 

forceps throughout the seedling) stresses. Tissues and shoots were fixed, 

stained for GUS activity, and processed through an ethanol series as described 

by Sieburth and Meyerowitz (1997). 

Slides were digitized using a CanoScan 2700F (Canon U.S.A. Inc., Lake 

Success) or digital pictures were taken with Synsys (Photometrics) mounted on 

a Zeiss Axioplan microscope and images processed using MetaVu software 

(Universal Imaging Group). Brightness, contrast and gamma levels were 

adjusted using Adobe Photoshop (Adobe Systems). Plates and figures were 

created in CorelDraw 8. 
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Chapter 5. CONCLUSION AND FUTURE DIRECTIONS 

5.1 Conclusion 

This project was designed to investigated the effects of heat stress on 

flax and examined the expression of specific A. thaliana promoters in flax. 

These studies have determined that heat stress can severely affect the 

individual seed set of flax, in part, by prolonging the flowering period. Under 

Western Canadian field conditions this increase in length of flowering would 

prevent the plant from setting seed and maturing before winter. Furthermore, 

irrigation (watering in the growth chamber) did not diminish the negative effect 

of the HS on boll formation and seed set. HS reduced the conversion of flowers 

to bolls, reduced the weight of bolls and seed and increased the percentage of 

malformed, sterile seed produced. Interestingly, HS did not affect the 

production of flowers in flax. After HS was removed, flax compensated for the 

reduced flower to boll conversion by continuing to flower until the boll and seed 

yield was equivalent to that of plants grown under optimum conditions. 

Both the AG and HSP101E3 promoters from A. thaliana were found to be 

active in flax. For this to occur, flax must have conserved similarities in the 
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genes and transcription factors necessary for flowering and HS protection to 

those of A. thaliana. 

The AG second intron promoter elements are functional in flax and as 

AG promotes GUS expression in pollen it appears to be a useful promoter to 

cause expression of HSPs in the pollen. The HSP1018 promoter is active in 

vegetative tissues as well as the flowers under stress conditions and at low 

constitutive levels. Given this expression profile, the HSP1018 promoter could 

be used as a tool to help improve the thermotolerance of flax flowers by 

promoting the activity of a HSTF. 

5.2 Future Work 

If flower thermotolerance in flax was increased to 35°C, the result would 

be increased crop yields, in the hot prairie summers. To improve the 

thermotolerance of flax, plants need to be transformed with constructs that 

promote expression of proteins conferring thermotolerance to the ovules and 

pollen during fertilization or the events immediately preceding and/or following 

fertilization. Transformation of flax in such a manner that might increase the 

heat tolerance of the male and female gametophytes by protecting important 

proteins required for gamete form and function. The end result might be an 

improved rate of conversion from flowers to bolls during a HS. Possible 

proteins to use in this manner would include HSPs or HSTFs attached to a 
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promoter driving specific expression in the ovules, ovary and pollen. 

A second area of future research in flax would be a thorough 

investigation of flower development and germination. To date, there has been 

no examination of the physiology and morphology of flax flowers in detail. This 

type of work could include a genetic investigation into the similarity of flowering 

and HSP genes between flax and A. thaliana giving some indication of the level 

of conservation of these genes between two widely divergent species. 
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Appendix Al. PRELIMINARY EXPERIMENT ON THE EFFECTS OF 

HEAT STRESS ON REPRODUCTION IN FLAX 

A1.1 Objective: 

Preliminary experiment to determine if flax was adversely affected by 

high temperatures during flowering. 

A1.2 Experimental Procedures: 

Plants were divided into two groups. At seven days after the first flower 

opened a heat stress was applied to one group of plants. The first group was 

exposed to a one week HS and the second, control was left under pre-heat 

stress conditions. HS conditions were as previously described in Section 2.4.2 

(p. 31). Flowering continued for up to 38 days after the first flower opened at 

which time watering was stopped. Bolls were harvested and recorded 

according to the date of flower opening. During harvesting, and where 

appropriate, the date of flower abortion was also noted. Data were analysed in 

Corel Quattro Pro. 
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A1.3 Results 

Figure A1.1A showed that the cumulative number of flowers produced by 

control and HS groups of plants. Both groups flowered in a similar manner 

despite the HS. The heat stressed group produced more flowers per plant 

(Table A1.1). However, flowers produced during the HS did not generally set 

seed. 

Figure Al B clearly depicts the effect of HS on boll formation in flax. The 

HS was applied between day 8 and 14 of flowering. It was clear that two to 

three days of HS prevented boll formation which did not recover until four to five 

days after the return to pre-heat stress conditions. Table A1.1 shows that 

although approximately 50% more flowers/plant were produced in the HS 

plants, the same cumulative number of bolls per plant as the control group of 

plants, was produced. Furthermore, the bolls produced by the stressed plants 

contained fewer seeds/boll and the seeds also weighed less than control seeds. 

A.1.4 Conclusion 

These data indicated that HS did affect flax plants during flowering 

therefore, more in-depth experiments using HS periods of one and two weeks 

were carried out and analysed. 
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Table A1.1: Summarized results from the preliminary HS experiment on Flax 

cv. Normandy 

Control 1 Week H.S. 

Flowering Days 38 (n = 78) 38 (n = 98) 

Flowers/Plant 24.9 (n = 78) 40.0 (n = 98) 

Bolls/Plant 22.1 (n = 78) 22.7 (n = 98) 

Weight/Boll * 47.4 mg 57.9 mg 

Seeds/Boll * 9.9 7.7 

Seeds/Plant * 219 175 

Weight/Seed * 3.8 mg 3.5 mg 

% Malformed Seed * 6.2% 8.8% 

* n = 10 
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