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Abstract

Anther/pollen development is especially susceptible to high temperatures in many 

commercially important crops. Although carbohydrate metabolism is essential for normal 

pollen development and appears to be significantly affected by high temperature stress, 

there are only very rare examples of attempts to modify carbohydrate metabolism in 

pollen. In this study, transgenic Arabidopsis plants overexpressing 6 Arabidopsis thaliana 

genes: sugar transport protein 6, cell wall invertase 2, sucrose synthase 1, hexokinase I, 

phosphofructokinase 3 or ADP-glucose pyrophosphorylase small subunit 1 under the 

control of a strong pollen-specific promoter were generated and studied under high 

temperature stress. The number and percentage o f healthy looking siliques, as well as 

seed production of the transgenic plants were compared to untransformed plants and to 

heat tolerant transgenic plants overexpressing fructokinase. Most candidate genes did not 

appear to improve the heat tolerance of the transgenic plants, although lines 

overexpressing sucrose synthase or cell wall invertase may be worth further investigation. 

This work has made contributions towards the study of the effect of heat stress on the 

expression of carbohydrate genes in pollen, identified candidate genes which may 

contribute to improving pollen heat tolerance, and provided a foundation for future 

investigations in this important field of research.
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1. Introduction

1.1 Statement of Research Problem

High temperature stress (HTS) occurs as temperature rises above an optimum for a 

period of time which is detrimental to a plant’s physiological activities and development. 

It can impair vegetative growth, tiller production, and reproduction, thus markedly 

reducing fruit set and seed yield (Prasad et a l, 2011). It is one of the main abiotic stresses 

limiting plant biomass production and productivity. Significant 

temperature-stress-induced yield losses happen across the world. For example, in the 

United States during August 2000, HTS led to approximately US$4.2 billion in 

agricultural losses (Sakata et al., 2010). Global climate change, with predicted 1.5-5.8°C 

increases in temperatures by 2100 (Fischer et al. 2005; Houghton et al., 2001), should 

make HTS an increasingly serious problem to agricultural production. Crop yields are 

predicted to decrease by approximately 10% for every one-degree increase in temperature 

(USDA release no. 0501.09, 2009). Global temperature rising will not stop in 2100, 

especially if high carbon dioxide emissions continue, and may lead to a temperature 

increase of another 10-12°C by 2300 according to the IPCC (Intergovernmental Panel on 

Climatic Change) (Sherwood & Huber, 2010). Developing nations that already suffer 

from heat stress-related crop failures are predicted to be especially susceptible to climate 

change, particularly those located in sub-Saharan Africa (Mittler, 2006). Therefore, 

overcoming the adverse effect of HTS on crop production is vital for food security in the 

future.
l



1.2 Abiotic Stresses and Plant Reproduction

Abiotic stresses, such as heat stress, cold stress, and drought stress can have negative 

effects on the reproductive process, thus leading to poor seed set (Saini & Westgate, 2000; 

Thakura et al, 2010; Zinn et al., 2010).

Sexual plant reproduction is a process of generating offsprings. The male 

gametophyte is the mature pollen grain produced in the anthers which are made up of 

four microsporangia (or pollen sacs). Each microsporangium initially contains diploid 

pollen mother cells (PMC) lined with a single tissue layer called the tapetum which 

provides nutrition to the developing pollen grains. These PMC undergo 

microsporogenesis and microgametogenesis and in the Brassicaceae produce a mature 

tricellular pollen grain which contains one vegetative cell and two generative cells. The 

mature pollen grain is eventually released and transferred to the stigma, the receptive 

portion of the pistil. After proper adhesion, a compatible pollen grain will germinate and 

the pollen tube will grow through the style to the ovule where the female gametes are 

located and double fertilization occurs (Raven et a l, 2005).

Abiotic stress can affect various phases throughout the entire reproductive process 

from gamete formation to fertilization and seed maturation (Lardon & Triboi-Blondel, 

1994). Drought stress at any time during the reproductive phase can lead to a reduction of 

crop yield, but it was shown to have a greater negative effect on two reproductive phases, 

PMC meiosis and anthesis (Saini & Westgate, 2000). For example, sorghum was found to

be highly sensitive to drought stress at the male meiotic stage reducing seed set due to
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pollen sterility (Craufurd et a l, 1993). Drought stress was also shown to cause pollen 

sterility and the failure of pollination in rice, as well as zygotic abortion in maize (Saini 

& Westgate, 2000). Cold temperature can also cause structural and functional 

abnormalities in reproductive organs resulting in the failure of double fertilization and 

premature seed abortion in rice (Takeoka et a l, 1992). Another study demonstrated that 

temperatures below 15°C during the reproductive phase lead to flower abscission and 

reduced seeds set in chickpea (Berger et al, 2006). Furthermore, cold temperature was 

found to not only disrupt microsporogenesis and microgametogenesis in rice leading to 

male sterility, but also impaired ovule development and viability, resulting in the failure 

of fertilization (Thakura et a l ,  2010). In wheat, heat stress can also cause male 

reproductive structural abnormalities, such as tapetum degradation during the period of 

microspore meiosis, leading to male sterility (Sakata et a l, 2000). Heat stress was shown 

to not only stimulate early flowering before enough biomass had sufficiently accumulated 

for proper seed development in Arabidopsis (Tonsor et a l, 2008), but also shorten the 

period of time the stigma is receptive to pollen thus decreasing the chance of pollination 

(Zinn et a l, 2010). Another study also demonstrated that heat stress could cause poor 

anther dehiscence leading to a reduction of released pollen in tomato (Sato et a l, 2002).

Abiotic stresses frequently affect carbohydrate metabolism during plant reproduction. 

Drought stress was shown to inhibit starch accumulation thus reducing carbohydrate 

availability during pollen development and leading to developmental failure (Franchi et 

al, 1996). Saini and Westgate (2000) also reported that starch failed to build up properly

3



in developing pollen of both wheat and rice during drought stress. A study in rice showed 

that cold stress repressed the sugar supply to the tapetum and pollen grains by inhibiting 

the transcription of the tapetum-specific cell wall invertase gene OsINV4 during pollen 

development, leading to pollen sterility and reduced grain set (Oliver et a l, 2005). Sakata 

et al. (2010) proposed that the early phase of anther development is especially susceptible 

to high temperatures in wheat, barley, and various other commercially important crops. 

Heat stress was also found to impair plant reproduction by causing disturbances in 

carbohydrate metabolism in the anther and the developing pollen. Pressman et al. (2006) 

and Firon et al. (2006) demonstrated that heat stress caused a significant reduction in 

starch and sucrose levels o f the developing pollen o f tomato resulting in reduced numbers 

of viable pollen grains. Therefore, carbohydrate metabolism during pollen development 

and germination is often affected by abiotic stresses.

1.3 Carbohydrate Metabolism During Pollen Development and Germination

Sugars, the primary product of photosynthesis in plants, are the initial building

blocks of most organic matter found in nature. In higher plants, CO2 fixation occurs

predominantly in mesophyll cells of mature leaves. These are net exporters of sugars and

are known as ‘carbon sources’. Heterotrophic cells in roots, reproductive structures,

storage and developing organs rely on a supply of sugars for their nutrition, these are

known as ‘carbon sinks’ (net importers) (Williams et al., 2000). All carbon sink tissues

receive an adequate supply of carbohydrate for growth and development from carbon
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sources via sugar transporters (STP). In many plants, the transported sugar is mainly 

sucrose. Developing pollen grains can be considered as strong sinks that require 

carbohydrate import from the apoplast during maturation, germination and tube growth 

(Williams et al., 2000).

Carbohydrate metabolism is essential for normal pollen development. Developing 

pollen grains receive their carbohydrate supply from the tapetum layer and the 

surrounding locular fluid. The transported sucrose is released from the sieve elements of 

the phloem into the anther wall layers and the tapetum apoplast, probably via a sucrose 

transporter (Williams et al., 2000). Pollen germination and pollen tube growth is also 

greatly dependent on the availability o f sugars since the main metabolic activity during 

this process is the biosynthesis of polymers that will form the elongating cell wall. While 

the volume of the protoplast does not change significantly during pollen tube elongation 

since it moves forward, the cell wall forms an immobile tube that continuously expands 

at the apex. Given that a single pollen tube has to achieve a total length often many times 

its diameter within a short time, the supply of cell wall precursors needs to be 

uninterrupted and extremely rapid. To support this high level of carbohydrate synthesis 

pollen tubes use both stored reserves that can include sucrose and starch, as well as 

external sources of necessary substrates from the pistil. Efficient sugar metabolism is 

therefore crucial for the success of the fertilization process (Raven et al., 2005).

Thus, during normal development, pollen grains accumulate sucrose during their 

maturation. In order to be metabolized in the pollen grain, sucrose must be cleaved by



invertase (INV) or sucrose synthase (SUS), the only two sucrose-cleaving enzymes 

identified in plants. INV cleaves sucrose into the monomer hexoses, glucose and fructose, 

while SUS cleaves sucrose in the presence of UDP to yield fructose and UDP-glucose 

(UDP-G) (Granot, 2008). Therefore, at the onset of pollen germination, stored sucrose is 

rapidly hydrolyzed by vacuolar invertases (vINV) into glucose and fructose, whereas the 

imported sucrose is irreversibly cleaved into glucose and fructose by an extra-cellular cell 

wall invertase (cwINV) that is ionically bound to the cell wall. All glucose and fructose 

liberated from both pathways are then phosphorylated by hexokinase (HXK) or 

fructokinase (FRK) to produce glucose 6-phosphate (G6P) or fructose 6-phosphate (F6P), 

respectively. G6P is then used for metabolic processes such as glycolysis and respiration 

(Kami & Aloni, 2002) (Figure 1).

Pollen grains also accumulate starch that serves as the energy source for 

subsequent pollen germination and pollen tube growth (Dorion et al., 1996). Starch is the 

major storage polysaccharide in plants and is accumulated as granules in many different 

organs such as pollen grains. The regulatory and rate-limiting step of starch biosynthesis 

is the synthesis of the glucosyl donor ADP-glucose (ADP-G) by ADP-glucose 

pyrophosphorylase (AGPase). Therefore, as demonstrated in many different plant species, 

AGPase is a major enzyme controlling starch synthesis (Denyer et al., 1995; Neuhaus & 

Stitt, 1990; Tiessen et al., 2002). Whenever sugars are needed, starch can be degraded 

into glucose 1-phosphate (G1P), glucose or maltose. Among those three resultants, only 

glucose and maltose are exported to the cytoplasm. The breakdown of maltose in the



cytoplasm yields glucose monomers that, together with the transported glucose, must be 

phosphorylated to produce G6P, which is then used for metabolic processes such as 

glycolysis and respiration (Kami & Aloni, 2002). G6P can be isomerized into fructose 

6-phosphate (F6P) or converted to G1P, which is attached to UDP to form UDP-G In the 

cytoplasm UDP-G and F6P are combined to form sucrose 6-phosphate (Suc-P), which is 

dephosphorylated to produce sucrose. This sucrose can then be stored in vacuoles or 

exported out of the photosynthetic (source) tissues to non-photosynthetic (sink) tissues, 

where it serves as initial substrate for all organic metabolic pathways (Granot, 2008) 

(Figure 1).

Glycolysis is the main pathway o f carbohydrate degradation and it is a central 

metabolic pathway that is present in all organisms. It provides substrates to fuel energy 

production and anabolic processes of living cells. Glycolysis is also of importance for 

adaptations to stress conditions such as nutrient limitations, cold, drought, or oxygen 

deficiency (Churchill et al., 1994; Plaxton, 1996; Shenton & Grant, 2003). The regulation 

of the glycolytic process is essential for all cell types. Key regulatory enzymes in plant 

glycolysis include pyruvate kinase and phosphofructokinase (PFK) (Mustroph et al, 

2007).
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Figure 1. Schematic presentation of sugar metabolism and transport in source tissues 
during the day and at night, and in sink tissues. Triose-phosphate (Triose-P), triose 
phosphate/phosphate translocator (TPT), fructose 1,6-biphosphate (F1,6BP), cytosolic 
invertase (cINV), sucrose transporter (SUT), companion cells (CC), sieve elements (SE), 
hexokinase (HXK), fructokinase (FRK), cytosolic invertase (cINV), vacuolar invertase 
(vINV), sucrose synthase (SUS), cell wall invertase (cwINV). (Granot, 2008, copyright © 
Reprinted with permission of http://www.sciencedirect.coml
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1.4 Effect of HTS on Anther Carbohydrate Metabolism

High temperature stress (HTS) causes many physiological and biochemical changes

at both the cellular and whole plant levels that significantly reduce crop yields and those 

effects are often observed at the reproductive stages (Wahid et al., 2012). The optimum 

temperature of reproductive processes and grain filling (15°C) is much lower than 

vegetative growth and development (20°C) for wheat, peanut and sorghum (Prasad et al., 

2011).

HTS impairs pollen development, germination and fertilization by causing 

disturbances in carbohydrate metabolism in the anther and the developing pollen. Several 

studies (e.g. Firon et al., 2006; Pressman et al., 2002; Pressman et al., 2006) showed that 

constant exposure of tomato plants to mild high temperatures (~29°C) lead to a 

significant reduction in the starch and sucrose levels of immature pollen grains. The 

reduced carbohydrate condition then causes a noticeable decrease in the number of pollen 

grains produced and a marked decline in the capacity of the viable pollen to germinate. 

This confirmed that starch and sucrose accumulation which rely on sugar supplied via the 

anther locular fluid are important to the maturing pollen grains and play a critical role in 

pollen germination. Under normal growth conditions, the level of starch increases in the 

pollen grains and will reach a maximum 3 days before anthesis. From this stage until 

anthesis, starch will be rapidly degraded into glucose, which will be used for pollen 

germination (Pressman et al., 2002). Another study showed that starch and sucrose levels 

at 1 and 2 days before anthesis were significantly higher in pepper pollen under HTS than



at normal temperature, suggesting that HTS represses the activity of invertase (INV) and 

reduces carbohydrate metabolism in the developing pollen grains (Aloni et al., 2001). 

Firon et al. (2006) compared heat sensitive and heat tolerant tomato cultivars under heat 

stress conditions. They observed that the number and quality of pollen grains, the number 

of fruits and seeds per fruit, as well as the starch concentration in the developing pollen 

grains at 3 days before anthesis were less affected by HTS in the heat tolerant tomato 

cultivars, suggesting that keeping up the level of carbohydrates in the developing pollen 

grains under HTS can overcome the adverse effect of HTS.

A number of studies addressed the effects of HTS on specific anther/pollen enzymes

involved in carbohydrate metabolism. For example, a study in wheat demonstrated that

heat stress had a negative effect on the activity of ADP-glucose pyrophosphorylase

during pollen starch accumulation and suggested that an alteration in carbohydrate

metabolism may be involved in pollen abortion (Dorion et al., 1996). Jain et al. (2007)

pointed out that under high temperature conditions, the anther cell wall invertase (cwINV)

in sorghum doesn’t function properly thus hindering sucrose hydrolysis and leading to

alterations in carbohydrate metabolism and starch deficiency. Another study

demonstrated that the activity of INV, SUS and AGPase in heterozygous canola genic

male sterile lines was greatly increased under HTS when compared to homozygous sterile

lines. This resulted in significantly increased sugar accumulation in developing pollen

grains of heterozygous canola lines leading to high numbers of pollen grains with

enhanced pollen viability (Hua et al., 2012). A comparison between heat tolerant and heat
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sensitive tomato lines under HTS revealed that the heat tolerant lines had a higher level 

of transcript of a cwINV gene, Lin7, leading to higher sucrose level in the young fruit (Li 

et al., 2012). The data suggested that higher activity of cwINV could improve heat 

tolerance in plants.

Evidently, increasing or maintaining carbohydrate metabolism as well as starch and 

sugar levels in developing and mature pollen may improve pollen survival and 

germination under HTS. Accordingly, promoting sugar metabolism throughout pollen 

development may help to enhance heat tolerance.

1.5 The Model Organism: Arabidopsis thaliana

In this project, Arabidopsis thaliana is used as a model organism. Arabidopsis is a 

small flowering plant native to Asia, Europe and Northwestern Africa. It is an angiosperm, 

a dicot from the mustard family (Brassicaceae). It is an ideal and popular organism for 

understanding the molecular biology of many plant traits such as pollen development 

(Meinke & Sussex, 1979).

These are some of its advantages as a model organism:

1) Since Arabidopsis is a member of the Brassicaceae, it shares recent common

ancestry with a large number of species of significant economic importance, including a

diverse range of vegetable and oil producing crops, the majority of which are Brassica

species such as Brassica napus. A number of publications have addressed the level of

conserved synteny between regions of the Arabidopsis and B. napus genomes (e.g. Cavell
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etal., 1998; Scheffler et al., 1997).

2) Arabidopsis has a relatively short life cycle. It only takes 5-6 weeks to complete 

its entire life cycle (from germination to mature seeds). Its short generation time 

facilitates rapid genetic studies.

3) Arabidopsis is also a small plant usually growing to 20-25 cm tall. The size of 

Arabidopsis is advantageous for high-throughput screening. It can be easily grown in a 

relatively small space and each individual plant can produce several thousand seeds, 

facilitating genetic studies.

4) Arabidopsis was the first plant to have its genome fully sequenced (The 

Arabidopsis Genome Initiative, 2000). It has one o f the smallest genomes in the plant 

kingdom with about 157 million base pairs of DNA distributed within 5 chromosomes 

(Bennett et al., 2003). Its genome sequence, along with a broad range of genetic and 

molecular information, is maintained by The Arabidopsis Information Resource (TAIR, 

http://www.arabidopsis.orgA.

5) Transgenic Arabidopsis plants can be made easily using Agrobacterium 

tumefaciens to introduce foreign genes into the plant genome. The current protocol, 

termed "floral-dip", involves simply dipping inflorescences into a solution of the 

Agrobacterium strain containing the binary vector with the genetic construct of interest. 

This method avoids the need for tissue culture or plant regeneration (Clough & Bent, 

1998).

6) The developing Arabidopsis anther is well characterized at the ultrastructural

http://www.arabidopsis.orgA


level and twelve separate stages of development have been described in depth (Owen & 

Makaroff, 1995).

7) Arabidopsis has served as a model to study the impact of abiotic stresses on 

plant reproduction. For example, a study showed that Arabidopsis plants lacking the heat 

shock protein HSP101, which is required for high temperature survival, not only had 

reduced total dry biomass, number of inflorescences and fruit production, but also 

displayed pre-mature germination and bolting (Tonsor et a l, 2008). Elevated 

temperature-induced early flowering was also reported by Balasubramanian et al. (2006). 

Both heat stress and cold stress were demonstrated to cause low ovule number and ovule 

abortion in Arabidopsis plants (Whittle et a l,  2009). Another study pointed out that cold 

stress also substantially reduced pollen tube growth and seed production in Arabidopsis 

(Lee & Lee, 2003).

The above criteria lead to the selection of Arabidopsis thaliana as a genetic model 

organism for this project.

1.6 Six Candidate Genes

1.6.1 AtSTP6 (Arabidopsis thaliana Sugar Transport Protein 6, At3G059601

In higher plants, sink tissues receive their supply of carbohydrate for growth and 

development from carbon sources. Pollen grains are strong sinks that require 

carbohydrate import from the apoplast during maturation, germination and tube growth 

(Williams et al., 2000). The long-distance distribution of sugars at the sub-cellular level



requires several transport steps across membranes.

The transport of sugars across membrane barriers is largely mediated by transport 

proteins which catalyze either passive (but selective) diffusion or energy-dependent 

active transport thereby allowing accumulation of sugar substrates (Biittner, 2007). 

Therefore, sugar transport proteins play a pivotal role in the membrane transport of 

sugars and their cell-to-cell and long-distance distribution throughout the plant (Williams 

et al., 2000). Higher plants possess two distinct families of sugar transporters: the 

disaccharide transporters that primarily catalyze sucrose transport and the 

monosaccharide transporters that mediate the transport of a variable range of 

monosaccharides. AtSTP6 is a plasma membrane monosaccharide transporter. All known 

STPs are plasma membrane proteins and catalyze the uptake of hexoses from the 

apoplastic space into the cell (Scholz-Starke et al., 2003).

In Arabidopsis, 13 STP genes have been identified to date. Among all AtSTPs,

only AtSTP2, AtSTP4, AtSTP6, AtSTP9 and AtSTPl 1 were found to be expressed during

pollen development (Bennett et al., 2003; Clough & Bent, 1998; Firon et al., 2006; Jain

et al., 2007; The Arabidopsis Genome Initiative, 2000). AtSTP2 is expressed during early

phases of pollen maturation (Firon et al., 2006) and AtSTP9 is expressed only after pollen

germination in the pollen tube (Jain et al., 2007). AtSTP4 plays a role in pollen

germination and pollen tube growth (Clough & Bent, 1998), while AtSTPll was

characterized as a pollen tube-specific monosaccharide transporter (The Arabidopsis

Genome Initiative, 2000). Since AtSTP6 is most highly expressed in tricellular pollen
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(Biittner, 2007; Scholz-Starke et a l, 2003) (Table 1), increasing its expression earlier in 

development might improve the transport of monosaccharides at these critical stages and 

it was therefore chosen as a candidate gene for this study.

1.6.2 AtcwlNV2 (Arabidopsis thaliana cell wall Invertase 2, AT3G52600)

As mentioned above, pollen grains can be considered as a sink tissue and

accumulate sucrose during their maturation. The transported sucrose must be cleaved into

glucose and fructose by an extra-cellular cell wall invertase (cwINV) in order to be

metabolized in sink tissues. In addition to cwINV, other invertases also exist such as

vacuolar invertase (vINV) and cytosolic invertase (cINV) isoforms. INV activity is

generally due mainly to cwINV and vINV, whereas cINV activity is comparatively very

low. Therefore, sucrose degradation by vINV and cwINV predominate during sink tissue

initiation and expansion. The activity of cwINV will determine whether a cell is provided

with apoplastic sucrose or hexoses (Sherson et al., 2003). Claeyssen & Rivoal (2007)

demonstrated that high cwINV activity correlated with elevated expression levels of

MSTs (monosaccharide transporters). Since pollen development relies on sucrose import

from the apoplast and its hydrolysis by cwINV, cwINV plays a critical role in pollen

development (Claeyssen & Rivoal, 2007).

In Arabidopsis, 6 cwINV genes have been identified. All six genes show distinct

levels and spatial patterns of expression. Remarkably, five of the six AtcwINV genes are

expressed in developing Arabidopsis seeds, and of these, four appear to be expressed
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Table 1. Microarray expression data at different pollen developmental stages.

Gene UNM BCP TCP MPG
PSP 971 1884 3563 4178
AtAPSl 892 817 0 0
AtPFK3 470 407 1579 576
AtHXKl 818 1353 1629 868
AtcwINV2 0 158 2718 3809
AtSUSl 305 245 218 0
AtSTP6 107 836 1425 297

UNM - uninucleate microspore, BCP - bicellular pollen, TCP - tricellular pollen and 
MPG - mature pollen grain, from Honys and Twell (2004).
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more strongly in the cell division stages. These observations are consistent with the idea 

that cwINVs have important roles in seed development (Sherson et al., 2003). AtcwINVl 

has been reported to be expressed in stems, leaves and roots, whereas AtcwINV2 

expression was anther-specific. Additionally, high expression of AtcwINV2 was detected 

in the late stages of pollen development, in the tricellular pollen and mature pollen 

(Honys & Twell, 2004; Tymowska-Lalanne & Kreis, 1998) (Table 1). Therefore, given 

the important role of cwINV to pollen development and the fact that AtcwINV2 is the 

only anther-specific cwINV, increasing its expression may improve pollen sink strength 

and it was thus selected as a candidate gene for this study.

1.6.3 AtSUSl {Arabidopsis thaliana Sucrose Synthase 1, AT5G20830I

Sucrose synthase (SUS) is a key enzyme involved in sucrose metabolism. Sucrose,

the transported sugar in many plants, must be cleaved by either invertase or sucrose

synthase in order to undergo further metabolism in sink tissues. Invertase and sucrose

synthase are the only two sucrose-cleaving enzymes identified in plants (Granot, 2008).

While INV is active in both source and sink tissues, SUS is thought to act mainly in sink

tissues. SUS is located in the cytosol and it is also found within the mitochondrion where

it possibly fulfills a non-catalytic function in signalling (Claeyssen & Rivoal, 2007). INV

cleaves sucrose into the monomer hexoses, glucose and fructose, while SUS catalyses the

reversible conversion of sucrose and UDP to UDP-G (UDP-glucose) and fructose

(Granot, 2008). Several studies established that SUS is a significant sucrose-cleaving
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enzyme feeding sucrose into metabolic pathways in sink tissues (Chengappa et al., 1999; 

D'Aoust et al., 1999; Ruan et al., 2003; Tang et al., 1999). Further supporting this theory, 

overexpression of SUS in tobacco plants led to significant increases in plant height, 

suggesting a role for this enzyme in determining sink strength (Coleman et al., 2006).

SUS activity has been studied in various plants and has been shown to play a major role 

in energy metabolism by controlling the mobilization of sucrose into various pathways 

important for the metabolic, structural, and storage functions of the plant cell (Baud et al., 

2004). Its activity also has been found to mediate transitions through the prominent stages 

of sink organ development (Claeyssen & Rivoal, 2007).

There are 6 sucrose synthase genes in Arabidopsis and they were all shown to 

express weakly in seeds (Baud et al., 2004). AtSUSl is the only Arabidopsis sucrose 

synthase with activity in the anther (Honys & Twell, 2004) and it exhibited relatively low 

expression at all stages of pollen development and was not detected in the mature pollen 

grain (Table 1). AtSUSl could be a good candidate for increased pollen expression and it 

was therefore chosen as a candidate gene for this study.

1.6.4 AtHXKl {Arabidopsis thaliana Hexokinase 1, AT4G29130I 

Pollen grains accumulate sucrose during their maturation. At the onset of 

germination, the stored sucrose, together with imported sucrose will be hydrolysed by 

invertase. In plants, all liberated glucose and fructose must be phosphorylated by
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hexokinase (HXK) or fructokinase (FRK) to produce G6P or F6P before undergoing 

further metabolism (Kami & Aloni, 2002). HXK can phosphorylate glucose and fructose, 

with a high affinity for glucose and a low affinity for fructose, whereas FRK 

phosphorylates only fructose with a high affinity (Granot, 2008). Therefore, hexokinase 

is pivotal enzyme for the initial step of sugar utilization in sink tissues.

Hexose + ATP -> hexose-6-phosphate + ADP 

HXK isozymes have been identified in various plant species and have been 

classified into two major groups; plastidic isozymes (Type A) located in the plastid 

stroma and those containing a membrane-anchor domain (Type B), which are located 

mainly adjacent to the mitochondria (Olsson et al., 2003). In Arabidopsis, AtHXKl was 

the first hexokinase to be isolated from a plant and it is a Type B hexokinase 

(Damari-Weissler et al., 2007). AtHXKl is expressed widely, but displays the highest 

level of expression of the AtHXKs in the stamen and pollen grain (Claeyssen & Rivoal, 

2007). AtHXKl was found to be expressed at the highest level in the late stage of pollen 

development, in the tricellular pollen (Honys & Twell, 2004) (Table 1). Since higher 

levels of AtHXKl may improve sugar utilization throughout pollen development, 

germination and tube growth it was also selected as a candidate gene.

1.6.5 AtPFK3 (Arabidopsis thaliana PhosphoFructoKinase 3, AT4G26270)

Carbohydrates are the principal energy source for most living organisms, and the

main pathway of carbohydrate degradation is through glycolysis. Glycolysis provides
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substrates to fuel energy production and anabolic processes of living cells. Glycolysis is 

also of importance for adaptations to stress conditions such as nutrient limitations, cold, 

drought or oxygen deficiency (Churchill et a l, 1994; Plaxton, 1996; Shenton & Grant, 

2003). The regulation of the glycolytic process is essential for all cell types. 

Phosphofructokinase (PFK) is a key regulatory enzyme of glycolysis (Mustroph et al., 

2007).

Phosphofructokinase catalyzes the conversion of fructose 6-phosphate (F6P) to 

fructose 1,6-bisphosphate (Figure 2).

fructose 6-Phosphate + ATP -> fructose 1,6-bisPhosphate + ADP 

The reaction between F6P and ATP to give F1,6BP is the first unique step in 

glycolysis and is a non-equilibrium reaction, therefore, regulation of phosphofructokinase 

could determine the rate of glycolysis (Turner & Turner, 1975). Three different types of 

phosphofructokinases are known that differ with respect to the phosphoryl donor. 

ATP-dependent PFK uses ATP as a phosphoryl donor and is widely distributed in plants 

and a number of prokaryotes. It is a key enzyme of glycolysis. The second type of 

phosphofructokinase is a pyrophosphate-dependent phosphofructokinase that uses 

pyrophosphate (PPi) instead of ATP as a phosphoryl donor (pyrophosphate 

fructose-6-phosphate-phosphotransferase, PFP). PFP shares sequence similarity with the 

ATP-dependent PFK. However, phosphorylation of F6P catalyzed by PFK is virtually 

irreversible in vivo, while PFP reacts near equilibrium and catalyzes the reaction in both

directions. PFP was reported to be found in plants, various protists and some prokaryotes.
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The last phosphofructokinase is ADP-dependent. However, ADP-dependent 

phosphofructokinases have been reported only in certain groups of archaebacteria. In 

plants, only the first two types of PFK are present (Mustroph et al., 2007). According to 

the phosphoryl donor, AtPFK3 is an ATP-dependent phosphofructokinase.

Based on bioinformatic and phylogenetic analyses, there are seven sequences that 

encode ATP-dependent phosphofructokinases (AtPFKl-7) in Arabidopsis and they are all 

expressed in floral tissues (Mustroph et al., 2007). According to microarray data (Honys 

& Twell, 2004), AtPFK2 didn’t display any expression during pollen development, while 

the other AtPFKs showed relatively low expression in the pollen with the exception of 

AtPFK3 late in development (Table 1). The different AtPFK isoforms have different 

functions in Arabidopsis during development and adaptation towards environmental 

changes. AtPFKl and AtPFK3 were shown to be induced following heat stress 

(Mustroph et a l, 2007). Given that AtPFK3 has the highest level expression in pollen of 

all AtPFKs and that it has been shown to be induced by HTS, it seemed to be a good 

candidate for pollen overexpression.

1.6.6 AtAPSl {Arabidopsis thaliana ADP-glucose Pyrophosphorylase Small subunit 

1, AT5G48300)

Starch is the major storage polysaccharide in plants and is accumulated as 

granules in many different organs including pollen grains where it is used as a carbon and

energy source for pollen germination and tube growth. The regulatory and rate-limiting
22



step of starch biosynthesis is the synthesis of the glucosyl donor, ADP-glucose, by 

ADP-glucose pyrophosphorylase (AGPase). AGPase generates the sugar nucleotide 

ADP-glucose and inorganic pyrophosphate (PPi) from glucose 1-phosphate and ATP 

(Turner & Turner, 1975).

Glucose 1 -P + ATP ADP-glucose + PPi 

The role of AGPase as a major enzyme controlling starch synthesis has been 

demonstrated in many different plant species (Denyer et al., 1995; Neuhaus & Stitt, 

1990; Tiessen et al., 2002).

ADP-glucose functions as the glucosyl donor for glucan synthesis by starch 

synthase. The catalytic activity of AGPase is allosterically regulated. This enzyme plays 

a key role in the modulation of photosynthetic efficiency in source tissues and also 

determines the level of storage starch in sink tissues, thus influencing overall crop yield 

potential (Salamone et al., 2000). Mutants deficient in AGPase have reduced levels of 

starch (Salamone et al., 2000). All of the AGPases from higher plants are heterotetramers 

composed of two distinct types of subunits: small subunits (ApSl and ApS2) and large 

subunits (ApLl-ApL4). The small subunit of AGPase is highly conserved, whereas the 

similarity among the different large subunits is lower. It has been speculated that the two 

plant subunits were originally derived from the same gene. It has also been suggested 

that the major function of the large subunit (LS) is to regulate the activity of AGPase, 

whereas the small subunit (SS) is primarily involved in catalysis (Crevillen et al., 2005).

All six Arabidopsis AGPase subunit mRNAs were detected in leaves,
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inflorescences, fruits, and roots of mature plants, with ApSl, ApLl, ApL3, and ApL4 

showing elevated mRNA steady state levels, whereas ApS2 and ApL2 mRNA 

accumulated at very low levels (Crevillen et a l, 2005). Both die ApSl and ApS2 genes 

are expressed in the main starch-producing tissues of the plant, however, ApSl 

expression level is up to 2 orders of magnitude higher than that of ApS2, suggesting that 

ApSl plays a critical role in starch synthesis in all organs of the plant. Hence, ApSl is 

the major SS isoform responsible for AGPase activity and starch synthesis in all tissues 

of the plant. The expression of APS1 was detected only in the early stages of pollen 

development, in the microspores and bicellular pollen (Crevillen et al., 2005) (Table 1) 

and increasing the range and level o f its expression during pollen development may 

contribute to improved starch synthesis.

1.7 Hypothesis/Objectives

Anther/pollen development is especially susceptible to high temperatures in many 

commercially important crops. Since carbohydrate metabolism is essential for normal 

pollen development and function, and appears to improve pollen heat tolerance, it is 

hypothesized that over-expressing carbohydrate metabolism genes throughout pollen 

development will improve pollen performance and seed set under HTS.

Therefore, the main objective of this study was to determine if Arabidopsis plants

expressing APS1, STP6, PFK3, SUS1, cwINV2 or HXK1 under the control of a

pollen-specific promoter expressing highly throughout pollen development would
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improve pollen performance and fruit set under high temperature stress. This research 

should not only determine if the candidate genes can increase pollen heat tolerance, but 

should also provide insight into the role of these genes in anther/pollen development and 

function.
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2. Materials and Methods

2.1 Plant Material and Tissue Collection

2.1.1 Plant Material

Arabidopsis (Arabidopsis thaliana Columbia) plants were used in all the 

experiments. After a cold treatment of the Arabidopsis seeds in the soil for 2 days at 4°C, 

they were grown in growth cabinets at a day/night temperature of 22/22°C for 4-5 weeks 

before being used for Arabidopsis transformation. All transformed Arabidopsis seedlings 

were also grown in the soil under the above conditions for 1-2 weeks before being 

subjected to the heat treatments (described below).

2.1.2 Tissue Collection

2.1.2.a Buds

After 2 weeks of heat treatment at 32°C, 8 (2 x 4) biggest floral buds from each 

plant were collected with tweezers, frozen immediately with liquid nitrogen and stored at 

-80°C for later analysis.

2.1.2.b Silique counting

Following heat treatment, the number of healthy looking siliques and the total 

number of potential siliques were counted manually. Siliques which were aborted, short, 

deflated or distorted significantly were considered as unhealthy looking. A photograph of 

some transgenic and untransformed lines following a HTS treatment is shown in Figure 3 

to illustrate typical results.
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Figure 3. Different T, lines of PSP-AtSTP6, PSP-AtSUSl, PSP-AtPFK3 and 
PSP-AtAPSl are compared to WT and heat tolerant LeFRK. All lines had been heat 
stressed for 14 days at 32°C. Red arrows point at healthy looking siliques.
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2.1.2.C Seeds

When mature plants and seed pods were completely dry, each plant was cut just 

above soil level and placed into a Glassine bag whose weight had been obtained in 

advance. The total weight of each plant was determined. Seeds were collected by tapping 

the Glassine bag, cleaned, weighed and stored in small labeled envelopes. The 

percentage of healthy seeds (light brown and plump) was determined visually under a 

dissection microscope.

2.2 Optimization of Heat Treatment Conditions

2.2.1 Soil Tests

Both ProMix (Premier Horticulture Inc. USA) and regular soil (in-house 

premixed soil) were divided into two portions. One portion was autoclaved. The four 

different soils (ProMix + Autoclave, ProMix -  Autoclave, Regular Soil + Autoclave, 

Regular Soil -  Autoclave) were incubated at 30°C for 14 days in a growth chamber with 

the normal watering regime. The soil condition (humidity level, algae level) was 

observed for each soil.

To test the effect of the soils on plant growth, 15 seedlings of untransformed (WT) 

Arabidopsis were transplanted to each different soil. The size of the seedlings’ rosette on 

the differently treated soils was compared to each other after 14 days in a growth cabinet 

at 22°C.
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2.2.2 Heat Treatment Temperature Determination

All heat treatment tests were performed with untransformed WT plants for 2 

weeks at a constant day/night temperature. Seven plants were heat stressed at 31°C, 28 at 

32°C, 22 at 33°C, and 12 WT at 34°C. The soil was kept moist during the entire heat 

treatments. After 2 weeks, the number of healthy looking siliques was recorded at the 

different temperature regimes and pictures were taken with a Nikon D50 digital camera. 

The temperature treatment showing a consistent and significant reduction in silique 

production was selected to distinguish heat tolerant plants from heat sensitive plants.

2.3 Promoter selection

Transgenic plants shown previously to express transcriptional fusions between the

green fluorescent protein (GFP) and the promoters of the different pollen-specific genes

PSP (ATJLG63060), PTIP (AT3G47440), PADF (AT5G52360), PCUP (AT5G38760), and

PPI (AT4G08670) were heat stressed at day/night temperatures of 30°C/30°C for 48h.

GFP activity resulting from the different promoter fusions was observed in mature pollen

grains obtained from open flowers.

Since the AtSTP2 (AT1G07340) gene was shown to express highly at the early

stages of pollen development (Truemit et a l, 1999), the activity of a PSTP2-GFP fusion

which had also been introduced into Arabidopsis was compared to the PSP-GFP fusion

(which showed the widest range of expression in pollen) throughout pollen development

at room temperature. GFP activity of each promoter in microspore/pollen at different
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developmental stages (Bud length = 1.0 mm, 1.5 mm, 2.0 mm and open flower) was also 

compared to untransformed plants (WT). GFP activity was observed with an AxioVision

4.5 fluorescence microscope. All photographs were taken under the 40X objective with a 

200 ms exposure time. (Photographs for the developmental study were provided by 

Madeleine Levesque-Lemay).

2.4 Constructs

The PSP (Atlg63060) promoter was found to express 

development under normal and high temperatures and was 

expression o f the 6 carbohydrate metabolism genes.

2.4.1 Gene Isolation and Cloning

Arabidopsis anther cDNA available in the lab was used as template for PCR 

amplification of the 6 candidate genes (AtAPSl, AtcwlNV2, AtHXKl, AtPFK3, AtSTP6 

and AtSUSl). For all genes except AtHXKl, oligonucleotide primers were designed to 

amplify the complete coding sequence while introducing a Bam HI restriction site at the 

5’ end and a Sac I restriction site at the 3’ end of each corresponding PCR product (Table 

2). In the case of AtHXKl, the reverse primer introduced a Spe I site at the 3’ end of the 

PCR fragment. PCR conditions were as follows: 98°C for 30 s, after which 2.5 units of 

Taq polymerase (Invitrogen, USA) were added, followed by 35 cycles of 98°C for 30 s, 

56°C for 30 s, 72°C for 150 s, and a final extension of 10 min at 72°C. The PCR mixture
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Table 2. Designed primers used to amplify the complete coding sequence of the 
candidate genes.

Oligonucleotide Sequence
AtSTP-Fl 6GATCCTTAAACATGGCTGTTGTTGTGTC
AtcwINV2-F2 GGATCCATGAGTGCTCCAAAGTTTGGTTATG
AtAPSl-Fl GGATCCACTACAATGGCGTCTGTATCTGCAATTGG
AtPFK3-Fl GGATCCTTATGAGTACTGTGGAGAGTAGCAAACCGAAG
AtSUSl-Fl GGATCCAT GGCAAACGCTGAAC GTAT GATAAC
AtHXKl-F3 GGATCCGGAAAAATGGGTAAAGTAGCTGTTGG
AtHXKl-R5 a c t a g t t t a a g a g t c t t c a a g g t a g a g a g a g t g

3 Race-SacI Reverse CGCGAGCTCGAATTAATACGACTCACTATAGG

The Bam HI restriction site introduced at the 5’ end of the fragment and the Sac I or Spe I 
restriction sites introduced at the 3’ end are shown in bold.
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contained IX buffer with 2.5 mM MgCh and 0.2 mM dNTPs (Invitrogen, USA), and 20 

pmol of a candidate gene-specific forward primer and of the 3’ end RACE 

product-specific reverse primer. The resulting PCR fragments were ligated into pGEM-T 

Easy (Promega Corp. USA) and sequence verified (Ottawa Hospital Research Institute).

The candidate genes AtAPSl, AtPFK3, AtSTP6 were digested with Bam HI and 

Sac I and introduced individually between the PSP promoter and the nopaline synthase 

polyadenylation signal of the PSP-GFP binary vector described above thereby replacing 

the GFP gene. The same approach was used for AtHXKl except for the fact that the gene 

fragment was cloned into PSP-GFP using the Bam HI and Spe I restriction sites.

Since there were either internal Bam HI and/or Sac I sites in the candidate genes 

AtcwINV2 (Figure 7) and AtSUSl (Figure 9), they could not be cloned directly into the 

binary vector.

To construct PSP-AtSUSl, the AtSUSl cDNA was first digested with Bam HI and 

Sac I, resulting in one long and two short Bam HI-Sac I fragments. The AtSUSl gene was 

also digested separately with Sac I, resulting in a single restriction Sac I fragment. The 

long Bam HI-Sac I fragment was first introduced between the PSP promoter and the 

nopaline synthase polyadenylation signal of the PSP-GFP binary vector thereby replacing 

the GFP gene and creating the intermediate vector PSP-AtSUSl-Sac. The AtSUSl Sac I 

fragment was then introduced into the Sac I site of the PSP-AtSUSl-Sac vector upstream 

of the nopaline synthase polyadenylation signal re-creating the AtSUSl gene and 

resulting in PSP-AtSUSl.
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To construct PSP-AtcwINV2, the AtcwINV2 cDNA was first digested with Bam 

HI and Sac I, resulting in one Bam HI-Sac I fragment and one Bam HI fragment. The 

Bam HI-Sac I fragment was first introduced between the PSP promoter and the nopaline 

synthase polyadenylation signal of the PSP-GFP binary vector replacing the GFP gene 

generating vector PSP-AtcwINV2-Bam. The Bam HI fragment containing the rest of the 

AtcwINV2 gene was then introduced into PSP-AtcwINV2-Bam yielding PSP-AtcwINV2. 

No transformed Agrobacterium colonies could be obtained with this version of the 

PSP-AtcwINV2 vector suggesting that the PSP promoter functioned sufficiently in 

Agrobacterium for the cwINV to be detrimental to its growth. To prevent expression of 

the invertase in Agrobacterium, the Bam HI fragment o f the AtcwINV2 cDNA of  

PSP-AtcwINV2 was replaced with the equivalent genomic Bam HI fragment which 

contains an intron as follows. The genomic Bam HI fragment was PCR amplified from 

Arabidopsis genomic DNA with primers AtcwINV2-F2 (5’- 

GGATCCATGAGTGCTCCAAAGTTTGGTTATG-3 ’) and AtcwINV2-Rl

(5 ’-GCGGATCCGTTCTCGCCATTATCG-3 ’). PCR conditions were as follows: 98°C 

for 30 s, after which 2.5 units of Taq polymerase (Invitrogen, USA) were added, 

followed by 35 cycles of 98°C for 30 s, 56°C for 30 s, 72°C for 80 s, and a final 

extension of 10 min at 72°C. The PCR mixture contained IX buffer with 2.5 mM MgCk 

and 0.2 mM dNTPs (Invitrogen, USA), and 20 pmol of each primer (Sigma-Aldrich, 

Canada). The resulting PCR fragments were ligated into pGEM-T Easy (Promega Corp.

USA) and sequence verified (Ottawa Hospital Research Institute). The Bam HI + intron
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fragment was then introduced into the original PSP-AtcwINV2 vector replacing the 

cDNA fragment with the genomic fragment and producing PSP-AtcwINV2i.

2.4.2 Map of Each Construct

A plasmid map of each construct was built using the SeqMan Software 

(DNASTAR, USA).

2.5 Arabidopsis Transformation

2.5.1 Agrobacterium Transformation

Agrobacterium tumefaciens strain EHA105 competent cells were transformed 

with the individual binary vectors according to Holsters et a/.’s protocol (1978) and 

Agrobacterium transformants were screened on 2YT medium (16 g/L of bacto-tryptone 

(Becton Dickinson, USA), 10 g/L of bacto-yeast (Becton Dickinson, USA), 5 g/L of 

NaCl, 15 g/L of bacto-agar (Becton Dickinson, USA)) containing 50 mg/ml kanamycin 

and 25 mg/ml chloramphenicol. The individual Agrobacterium strains were then used for 

plant transformation after verifying the integrity of the binary plasmid using 

construct-specific restriction enzyme digests.

2.5.2 Arabidopsis Transformation

Each construct was introduced separately into Arabidopsis thaliana according to

the floral dip method described by Clough & Bent (1998). Seeds from the transformed
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plants were plated on solid MS medium (0.5X Murashige and Skoog Basal Salt Mixture 

(PhytoTechnoIogy Laboratories, USA), 1% Sucrose, 0.8% PhytoBlend (Caisson 

laboratories Inc., USA) containing 50 mg/ml kanamycin and kanamycin resistant 

seedlings were then transferred to soil for further analysis.

2.6 Transgenic Plant Analysis

2.6.1 Genomic PCR

To verify transgene integration into the Arabidopsis genome, a leaf sample (2 cm ) 

was collected from each primary transformant and untransformed plants (WT), frozen 

instantly in liquid nitrogen and stored at -80°C. The Illustra DNA Extraction Kit (GE 

Healthcare, Canada) was used to extract leaf genomic DNA and a construct-specific 

fragment spanning part of the PSP promoter and the candidate carbohydrate metabolism 

gene was PCR amplified from 1 pi of genomic DNA according to the following 

conditions: 94°C for 2 min, after which 1.25 units of Taq polymerase (Invitrogen, USA) 

were added, followed by 35 cycles of 94°C for 30 s, 59.5°C for 30 s, 72°C for 80 s, and a 

final extension of 10 min at 72°C. The PCR mixture contained IX buffer with 2.5 mM 

MgCl2 and 0.2 mM dNTPs (Invitrogen, USA), and 20 pmol of a candidate gene-specific 

reverse primer and the PSP promoter-specific forward primer AtPSPl-F2 (or AtPSPl-Fl 

for AtAPSJ). The sequences for the primers used in RT-PCR are showed in Table 3. PCR 

products were separated on a 1.1% agarose gel, stained with ethidium bromide and 

photographed.
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Table 3. Designed primers used for genomic PCR and transgene-specific RT-PCR.

Oligonucleotide Sequence
AtPSPl-F2 AT C C T CAGCAAATTAATTT T CAC C
AtPSPl-Fl AAAAAGCTTCATTAGCTCACAAATCTAGTGTATCACC
AtAPSl-Rl TATAGTTAGCACCAAGAGGCACAG
AtSTP6-Rl CAACGAGGTAAATCCCAACGAACG
AtPFK3-Rl CCATTCTCTATACTCTCGGCTTCC
AtHXKl-R6 CTAATTCCCTCTGTCTACCTTCTG
AtSUSl-Rl TGGCCTCAAACTCTTCATACAG
AtcwINV2-R2 CCCAACCGTCAGGAGTGTAACC
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2.6.2 RT-PCR

2.6.2.a Transgene-specific RT-PCR

To verify that the different genetic constructs were expressed in the transgenic 

lines, RNA was first isolated from 4 floral buds (just prior to opening) from individual 

transgenic lines using the RNeasy Plant Mini Kit (Qiagen, Mississauga, Canada). Total 

RNA concentration was quantified with a NanoDrop ND-1000 Spectrophotometer 

(NanoDrop Technologies Inc. USA). The QuantiTect Reverse Transcription Kit (Qiagen, 

Mississauga, Canada) was then used to synthesize cDNA using approximately 800 ng of 

total RNA. Contaminating genomic DNA in the RNA samples was removed using the 

gDNA wipeout buffer provided with the reverse transcription kit. In order to differentiate 

between the transcripts resulting from the genetic constructs and the endogenous 

transcripts, a forward primer specific to the PSP 5’ untranslated region (AtPSPl-F2) was 

used in combination with a reverse candidate gene-specific primer for the RT-PCR 

reactions (Table 3). Untransformed Arabidopsis was used as a negative control to ensure 

that the endogenous transcripts were not amplified with this approach. PCR was 

performed with 1 pi of cDNA as follows: 94°C for 2 min, after which 2.5 units of Taq 

polymerase (Invitrogen, USA) were added, followed by 35 cycles of 94°C for 30 s, 59°C 

for 30 s, 72°C for 80 s, and a final extension of 10 min at 72°C. The PCR mixture 

contained IX buffer with 2.5 mM MgCh and 0.2 mM dNTPs (Invitrogen, USA), and 20 

pmol of each primer (Sigma-Aldrich, Canada). PCR products were separated on a 1.5% 

agarose gel, stained with ethidium bromide and photographed.



2.6.2.b Semi-quantitative RT-PCR

In order to compare the relative expression level of each candidate gene 

(endogenous + transgene) in transformed lines, candidate gene-specific primer pairs were 

used for semi-quantitative RT-PCR (Table 4). All gene-specific reverse primers were 

designed to amplify a genomic DNA region that contains an intron in order to 

differentiate a fragment amplified from gDNA as opposed to cDNA. No genomic DNA 

PCR fragments were ever detected in the semi-quantitative RT-PCR reactions. 

Untransformed Arabidopsis was used as negative control and 18S ribosomal RNA was 

used as an internal quantitative PCR control. PCR was performed with 1 pi of cDNA as 

follows: 94°C for 2 min, after which 2.5 units o f Taq polymerase (Invitrogen, USA) were 

added, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at gene-specific 

temperatures for 30 s, (62°C for (AtSTP6 and AtcwINV2i) or 61°C for (AtASPl and 

AtSUSl) or 59°C for (AtHXKl) or 63°C for (AtPFK2)), extension at 72°C for various 

amounts of time (90 s for (AtSTP6) or 50 s for (.AtAPSl) or 60 s for (AtHXKl and 

AtSUSl) or 80 s for (AtPFK3) or 70 s for (AtcwINV2i)), and a final extension of 10 min 

at 72°C. The PCR mixture contained IX buffer with 2.5 mM MgCh and 0.2 mM dNTPs 

(Invitrogen, USA), and 20 pmol of each primer (Sigma-Aldrich, Canada). PCR products 

were separated on a 1.5% agarose gel, stained with ethidium bromide and photographed.

2.6.3 Heat Treatment

Younger plants had previously been shown to be more susceptible to HTS (results
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Table 4. Designed primers used for semi-quantitative RT-PCR.

Oligonucleotide Sequence
AtAPSl-Rl TATAGTTAGCACCAAGAGGCACAG
AtSTP6-Rl CAACGAGGTAAATCCCAACGAACG
AtPFK3-Rl CCATTCTCTATACTCTCGGCTTCC
AtHXKl-R6 CTAATTCCCTCTGTCTACCTTCTG
AtSUSl-Rl TGGCCTCAAACTCTTCATACAG
AtCwINV2-R2 CCCAACCGTCAGGAGTGTAACC
AtAPSl-Fl GGATCCACTACAATGGCGTCTGTATCTGCAATTGG
AtSTP6-Fl GGATCCTTAAACATGGCTGTTGTTGTGTC
AtPFK3-Fl GGATCCTTATGAGTACTGTGGAGAGTAGCAAACCGAAG
AtHXKl-F3 GGATCCGGAAAAATGGGTAAAGTAGCTGTTGG
AtSUSl-Fl GGATCCATGGCAAACGCTGAACGTATGATAAC
AtCWlNV2-F2 GGATCCATGAGTGCTCCAAAGTTTGGTTATG
18S1-F CTTCGGGATCGGAGTAATGA
1 8 S 1 - R GTGCCAGCGGAGTCCTATAA
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not shown), therefore all plants were heat stressed just as they started to bolt. LeFRKl (L. 

esculentum fructokinase 1), which was identified in tomato plants and phosphorylates 

exclusively fructose, was shown to improve pollen tolerance to heat in transgenic 

Arabidopsis plants expressing the LeFRKl gene under the control of the LeFRK4 

promoter (Dr. David Granot, personal communication). These LeFRK transgenic lines 

were used as positive controls for the heat treatments. Generally, WT and LeFRK lines 

were included in the same flats as the transgenic lines.

The harder we heat stress the transformed lines, the more confidence we should 

have in the promising lines. Transgenic To lines (PSP-AtAPSl, PSP-AtHXKl, 

PSP-AtPFK3, PSP-AtSTP6 and PSP-SUS1), untransformed plants (WT) and heat 

tolerant transformants (LeFRK) were initially heat stressed at a day/night temperature of 

33/33°C. However, after 14 days, the number of healthy looking siliques was very low 

for all lines and not enough seeds had been produced to allow later Ti screening. 

Therefore, all primary transformants as well as the WT and LeFRK lines were incubated 

at a day/night temperature of 32/32°C for another 7 days in order to increase seed 

production. After To screening, Tj progeny of promising transgenic lines, along with 

untransformed plants (WT) and heat tolerant transformants (LeFRK), were heat stressed 

at a day/night temperature of 32/32°C for 14 days.

Given the delays that occurred in the vector construction of PSP-AtcwINV2i,

individual transformed plants for PSP-AtcwINV2i were only heat stressed at a day/night

temperature of 32/32°C for 14 days and no Ti screening was performed. Unfortunately,
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all WT and LeFRK plants were contaminated in that experiment and could not be used 

for the To heat treatment. Therefore, in the absence of controls, results for the 

PSP-AtcwINV2i To lines could only be compared to each other.

After the 2-week heat treatment, photographs of each transformant were taken 

and the number of healthy looking siliques of each transformant was counted manually 

and the whole plant and seeds were weighed. Results for the To and Ti analyses are 

presented for individual lines to provide a better indication of the individual variations in 

phenotype. Averaging the results from all To or Ti lines for each individual construct was 

also performed, but did not provide additional information and therefore these results 

were not presented.
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3. Constructs

3.1 Results

3.1.1 Pollen-specific Promoter Selection

In order to determine whether the available pollen-specific promoters express at 

high temperature, analyses were performed on 5 candidate promoters (PCUP, PSP, PADF, 

PPI and PTIP). The comparison of promoter activity in mature pollen grains after a 48 h 

heat treatment at 30°C is shown in Figure 4. There were no significant differences 

between the activity of any of the promoters at high temperature and that observed 

previously under normal growing conditions (results not shown).

The promoter for AtSTP2 that putatively expresses at high levels early in pollen 

development was also evaluated and compared to the PSP promoter at different pollen 

developmental stages (Figure 5).

The results of the developmental screening showed that at normal temperatures, 

the PSTP2 promoter fragment used did not drive high GFP expression during pollen 

development, although its activity did appear higher in the earlier stages. Accordingly, 

the PSP promoter was chosen to direct the expression of the 6 carbohydrate metabolism 

genes.

3.1.2 Candidate Gene Constructs

All 6 candidate carbohydrate metabolism genes were isolated by PCR and their

sequence was verified. The genes were cloned separately into a plant transformation
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PADF PCUP PPI

Figure 4. GFP activity of individual promoters in pollen grains from open flowers after a 
48-hour heat treatment at 30°C. All pictures were taken under a 40X objective with a 200 
ms exposure time.
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WT 1.0mm 1.5mm 20mm OF^

PSTP2 1.0mm 1.5mm 20mm OF«j

PSP 1.0mm 1.5mm 20mm OF^

Figure 5. GFP activity in anthers of transgenic plants containing the PSTP2-GFP or 
PSP-GFP compared to untransformed plants (WT) and grown at normal temperature. 
Sizes above photographs refer to Arabidopsis flower bud length. OF: open flower. All 
pictures were taken under a 40X objective with a 200 ms exposure time.
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binary vector (pRD420) and the maps of the final constructs are shown below (Figures 

6-11).

3.2 Discussion

A group of putative pollen-specific promoters from Arabidopsis thaliana was 

selected based on their tissue-specificity and their expression level and timing using 

microarray data from different pollen developmental stages reported by Honys and Twell 

(2004). This group consisted of promoters for genes PSP (Atlg63060), PT1P 

(At3g47440), PADF (At5g52360), PCUP (At5g38760), and PPI (At4g0867Q). To test 

the activity of these promoters, they were fused to the green fluorescent protein (GFP) 

gene and independently transformed into Arabidopsis. All Arabidopsis transformants 

showed pollen-specific GFP activity (results not shown). Since the goal of this study is to 

overexpress carbohydrate metabolism genes in the pollen under heat stress, it was 

important to verify whether the activity of these promoters was affected by high 

temperatures. Comparing promoter-driven GFP activity in mature pollen grains after heat 

stress, PCUP-GFP and PSP-GFP showed strong activity, PADF-GFP and PPI-GFP 

showed considerably less activity, whereas PTIP-GFP showed low activity (Figure 4). 

These results are in close agreement with the results obtained under normal growing 

temperatures (results not shown) and therefore demonstrate that under the conditions 

tested high temperature may not affect the activity of the selected pollen-specific 

promoters.
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14.784 kb

Figure 6. Plasmid map of PSP-AtAPSl. Ori V—Replication origin; KanR—Kanamycin 
resistance gene; LB—T-DNA left border; Nos PolyA—Nopaline synthase 
polyadenylation signal; AtAPSl— Arabidopsis thaliana ADP-glucose 
Pyrophosphorylase Small subunit 1; PSP Pr.—Arabidopsis thaliana pollen-specific 
protein (PSP) promoter; Nos Pr.—Nopaline synthase promoter; RB—T-DNA right 
border.
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V.
O

PSP-AtcwlNV2i 

15.201 kb

Figure 7. Plasmid map of PSP-AtcwINV2i. Ori V—Replication origin;
KanR—Kanamycin resistance gene; LB—T-DNA left border; Nos PolyA—Nopaline 
synthase polyadenylation signal; AtcwINV2i— Arabidopsis thaliana cell wall Invertase 
2 + intron; PSP Pr.—Arabidopsis thaliana pollen-specific protein (PSP) promoter; Nos 
Pr.—Nopaline synthase promoter; RB—T-DNA right border.
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PSP-AtHXK1 

14.458 kb

Figure 8. Plasmid map of PSP-AtHXKl. Ori V—Replication origin; KanR—Kanamycin 
resistance gene; LB—T-DNA left border; Nos PolyA—Nopaline synthase 
polyadenylation signal; AtHXKl— Arabidopsis thaliana Hexokinase 1; PSP 
Pr.—Arabidopsis thaliana pollen-specific protein (PSP) promoter; Nos Pr.—Nopaline 
synthase promoter; RB—T-DNA right border.
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PSP-AtSUS1 

15.665 kb

I

Ho*

Figure 9. Plasmid map of PSP-AtSUSl. Ori V—Replication origin; KanR—Kanamycin 
resistance gene; LB—T-DNA left border; Nos PolyA—Nopaline synthase 
polyadenylation signal; AtSUSl—Arabidopsis thaliana Sucrose Synthase i ;  PSP 
Pr.—Arabidopsis thaliana pollen-specific protein (PSP) promoter; Nos Pr.—Nopaline 
synthase promoter; RB—T-DNA right border.
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PSP-AtPFK3 

14.671 kb

Figure 10. Plasmid map of PSP-AtPFK3. Ori V—Replication origin; KanR—Kanamycin 
resistance gene; LB—T-DNA left border; Nos PolyA—Nopaline synthase 
polyadenylation signal; AtPFK3— Arabidopsis thaliana PhosphoFructoKinase 3; PSP 
Pr.—Arabidopsis thaliana pollen-specific protein (PSP) promoter; Nos Pr.—Nopaline 
synthase promoter; RB—T-DNA right border.
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PSP-AtSTP6 

14.723 kb

Figure 11. Plasmid map of PSP-AtSTP6. Ori V—Replication origin; KanR—Kanamycin 
resistance gene; LB—T-DNA left border; Nos PolyA—Nopaline synthase 
polyadenylation signal; AtSTP6—Arabidopsis thaliana Sugar Transport Protein 6; PSP 
Pr.—Arabidopsis thaliana pollen-specific protein (PSP) promoter; Nos Pr.—Nopaline 
synthase promoter; RB—T-DNA right border.
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Generally, the earlier phases of pollen development are more susceptible to abiotic 

stress (Sakata et a l, 2010). Accordingly, in order to affect carbohydrate metabolism at 

this sensitive stage it is important to utilize a promoter which functions well during 

microspore development. The promoter for AtSTP2 (AtlgQ7340f was shown to express 

early in pollen development (Truemit et a l, 1999) and these results are in agreement 

with the microarray data (Honys and Twell, 2004). Therefore, the activity of the PSTP2 

promoter was compared to the PSP promoter which displayed the highest level of 

expression early in development of the 5 promoters tested above (results not shown). The 

results of the developmental screening showed that the GFP activity driven by PSP is 

much higher than that observed for PSTP2 throughout pollen development except for the 

earliest stage (Figure 5).

The coding regions for the six selected carbohydrate genes were obtained from 

Arabidopsis anther cDNA using PCR while adding convenient restriction sites for 

cloning into the binary vector. AtAPSl, AtPFK3 and AtSTP6 were cloned as single 

fragments, whereas AtHXKl, AtSUSl and AtcwINv2 required additional cloning steps. 

Furthermore, AtcwINV2 seemed deleterious to Agrobacterium and an intron was 

introduced into the sequence to prevent expression in the bacterium. Challenges in the 

construction of PSP-AtHXKl and PSP-AtcwINV2i resulted in delays which meant that 

no analyses were performed on their Ti progeny.
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3.3 Conclusion

The PSP promoter displayed the highest level of expression over the broadest pollen 

developmental range and did not seem to be affected by HTS. The six candidate genes 

were therefore introduced individually downstream of this promoter within a binary 

vector to be used for Agrobacterium-mediated Arabidopsis transformation.
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4. Optimization o f heat treatment condition

4.1 Results

4.1.1 Soil Tests

In order to determine which type of soil can hold water properly at high 

temperature, analyses were performed on 4 differently treated soils (ProMix + Autoclave, 

ProMix -  Autoclave, Regular Soil + Autoclave, Regular Soil -  Autoclave). Comparing 

soil conditions after a 14 day heat treatment at 30°C with regular watering, the ProMix -  

Autoclave and Regular Soil -  Autoclave were wet and covered with green algae, Regular 

Soil + Autoclave was moist, whereas ProMix + Autoclave was dry. Thus, Regular Soil + 

Autoclave can hold water properly at high temperature and limits algal contamination 

(results not shown).

The same soil batches were also tested for their ability to support plant growth. 

Comparing relative size of Arabidopsis rosettes after growing 14 days at 22°C, the size of 

rosettes on ProMix -  Autoclave and Regular Soil -  Autoclave was small, rosettes on 

ProMix + Autoclave were of medium size, whereas the largest rosettes were observed on 

Regular Soil + Autoclave (Table 5, Figure 12). Therefore, Regular Soil + Autoclave best 

supported Arabidopsis plant growth and was selected for all the experiments described 

below.

4.1.2 Temperature Determination for Heat Treatment

In order to determine which temperature should be used to distinguish heat
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Table 5. Arabidopsis plants grown under different soil conditions.

Soil Type Soil Condition Relative Size of Rosette
ProMix + Autoclaved Moist (A little bit dry) Medium
ProMix -  Autoclaved Wet Small
Regular Soil + Autoclaved Moist Big
Regular Soil -  Autoclaved Wet Small
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ProMix-Aotodive Profcfix+Aulochve

Regular soi-A m odeee Regular soi + Autoclave

Figure 12. WT Arabidopsis seedlings on 4 differently treated soils after 14 days at 22°C.
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tolerant plants from heat sensitive plants based on silique and seed production, analyses 

were performed at 4 different temperatures (31°C, 32°C, 33°C and 34°C). The number 

(Figure 13) and percentage (Figure 14) of healthy looking siliques of untransformed 

Arabidopsis plants at different temperatures was compared.

As the treatment temperature increases above 31°C, the total number of healthy 

looking siliques decreases greatly with some siliques still being produced at 32°C (Figure 

13).

Similarly, as the temperature goes up, the proportion of healthy looking siliques 

decreases significantly above 31°C (Figure 14).

4.2 Discussion

4.2.1 Soil Tests

In the field, the concurrence of multiple abiotic stresses is more common than only

one particular stress. Heat stress and drought stress are two different abiotic stresses that

usually occur simultaneously (Wang & Huang, 2004). Drought stress is defined as a

condition where the water supply to keep the soil moist is deficient for a long period of

time. It also has detrimental effects on plant reproductive processes causing pollen

sterility and leading to poor seed set. For example, a study demonstrated that starch

accumulation was reduced in developing pollen under drought stress during meiosis and

anthesis in both wheat and rice (Saini & Westgate, 2000). In addition, exposure of Poa

pratensis to the combination of heat stress and water stress was shown to have a
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N  =  66

N =  188
N =  80N =  75

W T(Average) a t  31* C W T(Average) a t  32* C W T(Average) a t  33" C

HTS Temperature
WT (A verage) a t  34* C

Figure 13. The average number of healthy looking siliques of untransformed plants (WT) 
at different temperature treatments. All WT lines were heat stressed for 14 days. (HTS: 
High Temperature Stress)
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Figure 14. The average percentage of healthy looking siliques of untransformed plants 
(WT) at different temperature treatments. All WT lines were heat stressed for 14 days. 
(HTS: High Temperature Stress)
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significantly greater negative effect on plant growth and productivity than a single stress 

(Wang & Huang, 2004). Since this research focuses on pollen development under high 

temperature stress only, it is important to avoid any additional stress. It was therefore 

necessary to evaluate different soil conditions to ascertain which conditions would allow 

both good water retention and optimal plant growth.

ProMix and Regular Soil were the two premixed soils available and they contain 

different proportions of sphagnum peat moss, coarse perlite, vermiculite, limestone, 

macronutrients and micronutrients, which not only contribute to water retention in the 

soil, but also provide necessary nutrients for plant growth. Autoclaving was also 

evaluated as a method o f reducing microbial contamination which can be an issue when 

the soil is kept moist. Thus, 4 differently treated soils (ProMix + Autoclave, ProMix -  

Autoclave, Regular Soil + Autoclave, Regular Soil -  Autoclave) were tested to determine 

which type of soil can hold water properly under HTS and best supports plant growth. 

The largest Arabidopsis rosettes were observed with autoclaved soils (Table 5, Figure 12) 

suggesting that microbial contamination can be a significant deterrent to plant growth 

under these growth conditions. Regular Soil + Autoclave gave the biggest Arabidopsis 

rosettes consistent with the fact that it was also shown to hold water properly without 

algal contamination under HTS (results not shown). The better water retention the soil 

has the less chance the plant will be subjected to drought stress.
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4.2.2 Temperature Determination for Heat Treatment

In this research, the optimal temperature of the heat stress will be the one that can 

best distinguish heat tolerant from heat sensitive plants. Phenotypic differences 

associated with seed production such as silique number and seed weight are a common 

measure of the effects of heat stress on reproductive development (e.g. Young et al., 

2004). The fewer siliques and seeds produced by WT plants under heat stress, the greater 

the chance that a positive effect will be detected in a transgenic plant. However, too great 

of a heat stress can simply eliminate all seed production.

Heat treatment has been performed on Arabidopsis plants in many studies with the 

intensity of the heat stress varying in length and temperature depending on the goal of the 

study. A short intense HTS treatment at around 40°C has often been applied in order to 

monitor the response of plants to the stress (Kim et al., 2001; Larkindale & Knight, 2002; 

Rizhsky et al., 2004). Alternatively, a longer period of moderately high temperature 

(around 30°C) was commonly used to heat stress transgenic plants overexpressing a 

specific gene, which may improve heat tolerance, to verify the stability and the long-term 

effect of the gene (Kurek et al., 2007; Panchuk et al., 2002). Although no reports dealing 

specifically with the effect of heat stress on Arabidopsis pollen development could be 

found, it was recently shown that growing Arabidopsis at a constant temperature of 30°C 

could efficiently discriminate the positive effects of a pollen-expressed LeFRKl gene on 

Arabidopsis seed production (Dr. D. Granot, personal communication).

Thus, 4 different temperatures (31°C, 32°C, 33°C and 34°C) were applied to
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untransformed Arabidopsis (WT) plants for the same period of time (14 days). The 

number and percentage of the healthy looking siliques decreased greatly above 31°C 

with some siliques still being produced at the higher temperatures (Figure 13, 14). The 

seed production data (results not shown) led to a similar conclusion.

4.3 Conclusion

In conclusion, Regular Soil + Autoclave best met the requirements for water 

retention without microbial or algal contamination while maintaining good plant growth 

and was therefore selected for all experiments. All HTS treatments were performed at 

temperatures superior to 31°C as this temperature was found to allow considerable 

healthy silique and seed production in WT Arabidopsis in our hands.
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5. PSP-AtAPSl

5.1 Results

The PSP-AtAPSl construct is meant to overexpress in pollen the Arabidopsis 

ADP-glucose pyrophosphorylase small subunit 1, a key enzyme in starch biosynthesis. A 

total of 15 T0 transformant lines (PSP-AtAPSl), 4 untransformed lines (WT) and 4 heat 

tolerant transgenic lines (LeFRK) were heat stressed together and evaluated. To verify 

transgene integration and expression, four transgenic lines were selected for analysis. 

After To screening, Tj progeny of promising transgenic lines PSP-AtAPSl-3 and 

PSP-AtAPSl-4 were tested for improved heat tolerance.

5.1.1 Verification of Transgenic Lines

5.1.1.a Genomic PCR

Genomic PCR was performed to verify the integration of PSP-AtAPSl into 

Arabidopsis (Figure 15). The expected PSP-AtAPSl fusion-specific fragment was clearly 

observed in all 4 transgenic lines.

5.1.1.b Transgene-specific At APS 1 RT-PCR

To verify AtAPSl transgene expression, RT-PCR was performed on Arabidopsis

floral buds using construct-specific primers. The expected fragment (403 bp) was only

observed in the transgenic lines thus confirming the expression o f the transgene (Figure

16). Some variation could be observed in the expression level of the AtAPSl transgene

among the different transgenic lines. As with the other candidate genes (see below),
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PSP-
AtAPSl-1

PSP-
AtAPSl-3

1Kb ONA 
Ladder

PSP-
AtApSl-2

PSP-
AtAPSl-4

Figure 15. Agarose gel electrophoresis of genomic PCR fragment from individual 
PSP-AtAPSl (PSP promoter-Arabidopsis thaliana ADP-glucose Pyrophosphoiylase 
Small subunit 1, expected size: 1332 bp) To lines. The sizes of some standard DNA 
fragments are indicated in base pairs.
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WT(IS}-7 PSP-
AtAPSl-1

1Kb DNA
taririMr

WT1306 PSP-
(APS1) AtAPSl-2

AtAPSl-3

Figure 16. Agarose gel electrophoresis of transgene-specific RT-PCR fragments 
(Expected size: 403 bp) obtained with cDNA from heat stressed mature floral buds of 
individual PSP-AtAPSl T0 lines and WT lines. The sizes of some standard DNA 
fragments are indicated in base pairs.
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transgene-specific RT-PCR always yielded two bands, since they all share the PSP 

promoter the doublet may be due to alternative transcription start sites, although no 

evidence for this could be found from the limited public sequence data.

5.1.1.C Semi-quantitative AtAPSl RT-PCR

As mentioned above, some differences were observed in transgene expression levels 

among the different PSP-AtAPSl To lines. In order to investigate these differences, 

semi-quantitative RT-PCR (measuring simultaneously the expression of the endogenous 

gene and the transgene) was performed using an internal ribosomal RNA PCR control 

(Figure 17). Although there was little correlation between the results o f the 

transgene-specific RT-PCR and the semi-quantitative RT-PCR, the fact that all the 

transgenic lines appear to express more AtAPSl mRNA than WT, which seemed 

unaffected by HTS conditions, provides additional support for the expression of the 

transgene.

5.1.2 Phenotypic Analysis of PSP-AtAPSl Transgenic Lines (To Generation)

Comparisons of the number and percentage of healthy looking siliques (after 14 days 

at 33°C), as well as seed weight (after an additional 7 days at 32°C) for PSP-AtAPSl 

versus WT and LeFRK lines are shown in Figures 18, 19 and 20.

5.1.2.a Silique Number

Figure 18 displays the total number of healthy looking siliques counted for each
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PSP-
AtAPSl-3

PSP-
AIAPS1-1

PSP-
AtAPSl-4

PSP-
AtAPSl-2

WT1310
(HTS)

1Kb DNA 
Udder

AtAPSl

Figure 17. Agarose gel electrophoresis of semi-quantitative RT-PCR fragments (expected 
size: 376 bp) obtained with cDNA from mature floral buds of individual PSP-AtAPSl 
(HTS) To lines and untransformed (WT (22°C) and WT1310 (HTS)) lines. Ribosomal 
RNA (18S) was used as an internal control. The sizes of some standard DNA fragments 
are indicated in base pairs.

67



8

MV0
9
2 6

*J3
VBB

I E
^  ■? .%s  A A A A A A A A A -S> •> A v> •> 4> .A .A  «A «A

* vvvvvvvvvy££W f rrrr
Line

Figure 18. The number of healthy looking siliques for individual PSP-AtAPSl To 
transformants compared to untransformed plants (WT) and heat tolerant LeFRK lines 
after 14 days at 33°C. The 15 PSP-AtAPSl, 4 LeFRK and 4 WT lines were located in the 
same flat.
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individual transgenic PSP-AtAPSl To line, as well as the numbers for WT and LeFRK 

plants undergoing heat stress under the same conditions. Generally, the number of 

healthy looking siliques was low for all plants examined and no PSP-AtAPSl 

transformant appeared to perform very well under heat stress. Presenting this data as a 

proportion of healthy looking siliques versus the total number of potential siliques 

(Figure 19) led to a similar conclusion.

5.1.2.b Seed Weight

Although the number of healthy looking siliques can be low, a plant under heat stress 

can have a lot o f “abnormal” looking siliques that can still produce healthy seeds. When 

comparing the weight of healthy seeds as a function of plant weight, two transgenic lines 

(PSP-AtAPSl-3 and PSP-AtAPSl-4) showed the highest values of all lines tested, 

including the LeFRK lines (Figure 20). The progeny of these two lines was selected for 

further heat stress treatments.

5.1.3 Phenotypic Analysis of Selected PSP-AtAPSl Transgenic Lines (Tj Generation)

Following the initial PSP-AtPSPl To screening, kanamycin resistant Ti progeny of

PSP-AtAPSl-3 (10 lines) and PSP-AtAPSl-4 (9 lines), along with 4 untransformed lines

(WT) and 19 heat tolerant lines (LeFRK) were heat stressed. Generally, the values for the

number and percentage of healthy looking siliques, as well as seed weight for all lines

(Figures 21,22,23) were higher than those observed previously (Figures 18,19,20) and
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Figure 19.The percentage of healthy looking siliques for individual PSP-AtAPSl To 
transformants compared to untransformed plants (WT) and heat tolerant LeFRK lines 
after 14 days at 33°C. The 15 PSP-AtAPSl, 4 LeFRK and 4 WT lines were located in the 
same flat.
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Figure 20. The healthy seed weight per unit plant weight (seed weight/plant weight x 
1000) of each PSP-AtAPSl To line is compared to untransformed plants (WT) and heat 
tolerant LeFRK lines after 7 days at 32°C following the 14 day heat treatment at 33°C. 
15 PSP-AtAPSl, 4 LeFRK and 4 WT lines were located in the same flat.
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this likely reflects the fact that the heat stress treatment consisted of 14 days at 32°C (as 

opposed to 14 days at 33°C followed by 7 days at 32°C). The results are described in 

detail below.

5.1.3.a Silique Number

The PSP-AtAPSl-3 lines generally possessed the highest number of healthy looking 

siliques (Figure 21). Interestingly, WT1305-1 had a higher number of healthy looking 

siliques than the average of the 19 LeFRK lines.

When the percentage of healthy looking siliques versus the total number of potential 

siliques was calculated (Figure 22), the values for the PSP-AtAPSl-4 lines were closer to 

those o f PSP-AtAPSl-3 lines indicating that the PSP-AtAPSl-4 lines initiated fewer 

siliques overall.

5.1.3.b Seed Weight

Unexpectedly, in spite of the fact that they produced no healthy looking siliques, 

WT1311-1 and WT(IS)-5-l had the highest healthy seed weight per unit plant weight of 

all lines with the exception of the PSP-AtAPSl-3-4 line (Figure 23). Given the fact that 

the mature plants for these two WT lines were not greatly smaller than the other lines 

(results not shown), this would tend to indicate that none of the transgenic lines tested 

produced considerably more healthy seeds than WT.
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Figure 21. The number of healthy looking siliques for individual Ti progeny of lines 
PSP-AtAPSl-3 and PSP-AtAPSl-4 is compared to untransformed plants (WT) and heat 
tolerant LeFRK lines after 14 days at 32°C. The number of healthy looking siliques for 
the LeFRK lines was averaged. 19 PSP-AtAPSl and 4 WT lines were located in the same 
flat.
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Figure 22. The percentage of healthy looking siliques for individual Ti progeny of lines 
PSP-AtAPSl-3 and PSP-AtAPSl-4 is compared to untransformed plants (WT) and heat 
tolerant LeFRK lines after 14 days at 32°C. The percentage of healthy looking siliques 
for the LeFRK lines was averaged. 19 PSP-AtAPSl and 4 WT lines were located in the 
same flat.
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Figure 23. The healthy seed weight per unit plant weight (seed weight/plant weight x 
1000) for individual Ti progeny of lines PSP-AtAPSl-3 and PSP-AtAPSl-4 is compared 
to untransformed plants (WT) and heat tolerant LeFRK lines after 14 days at 32°C. The 
healthy seed weight per unit plant weight for the LeFRK lines was averaged (standard 
deviation = 43.9). 19 PSP-AtAPSl and 4 WT lines were located in the same flat.
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5.2 Discussion

ADP-glucose pyrophosphorylase (AGPase) is a major enzyme regulating starch 

synthesis in many different plant species (Denyer et al., 1995; Neuhaus & Stitt, 1990; 

Tiessen et al., 2002). The regulatory and rate-limiting step of starch biosynthesis is the 

synthesis of ADP-glucose by AGPase (Turner & Turner, 1975). All of the AGPases from 

higher plants are heterotetramers composed of two distinct types of subunits: small 

subunits (ApSl and ApS2) and large subunits (ApLl-ApL4), whose mRNAs were 

detected in leaves, flowers, fruits and roots of mature plants. The large subunit (LS) 

primarily regulates the activity of AGPase, whereas the small subunit (SS) is mainly 

involved in catalysis (Crevillen et al., 2005). Between two SS isoforms, ApSl is the 

major one responsible for AGPase activity and starch synthesis in all tissues of the plant 

and its mRNA was detected only in the early stages of pollen development (Crevillen et 

al, 2005). Therefore, AtAPSl was chosen as a candidate gene for this study.

To our knowledge, this is the first study reporting the overexpression of APS1 during

pollen development in any species. However, APS1 has been the subject of numerous

investigations. For example, one study showed that RNAi repression of APS1 expression

in vegetative tissues lead to a significant reduction in the starch level (Sanjaya et al.,

2011). Another study demonstrated that an apsl mutant, which had no AGPase activity,

only accumulated approximately 2% of WT leaf starch (Bahaji et al., 2011). Such studies

confirm that APS1 is important to plant starch synthesis. Starch is the major storage

polysaccharide accumulated in many different organs such as pollen grains. Stored starch
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is used to support the high demand for carbohydrates during pollen tube germination and 

growth, and it is important for the ultimate success of the fertilization process. Studies in 

various plant species have demonstrated that the reduced starch level in the anther wall 

and developing pollen grains resulting from different abiotic stresses lead to lower 

numbers of pollen grains with decreased pollen viability, as well as low pollen 

germination (Firon et al., 2006; Pressman et a l, 2002; Pressman et al., 2006; Saini & 

Westgate, 2000). Therefore, overexpressing AtAPSl using a pollen-specific promoter 

whose activity is high under heat stress may maintain pollen starch production at a level 

necessary to support pollen germination and tube growth under these conditions.

In this study, AtAPSl is overexpressed by the PSP promoter throughout pollen 

development. Based on the available microarray data (Honys & Twell, 2004), AtAPSl 

mRNA is expressed moderately at the uninucleate microspore and bicellular pollen 

stages with no expression observed at the tricellular pollen and mature pollen grain 

stages (Table 1). Therefore, the PSP promoter should considerably enhance the level of 

expression of AtAPSl at all stages and especially the later stages. RT-PCR did reveal the 

presence of the AtPSl transcript in WT mature buds (Figure 16) which suggests that even 

if it is not expressed in the pollen, it is expressed in the rest of the bud. The transgenic 

lines all showed a significant increase in AtPSl expression at that stage, presumably from 

transgene expression in the pollen (Figure 17).

During To screening, no PSP-AtAPSl line had a higher number and percentage of

healthy looking siliques than untransformed (WT) plants under HTS (Figures 18 and 19).
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However, the result for healthy seed weight per unit plant weight showed that transgenic 

lines PSP-AtAPSl-3 and PSP-AtAPSl-4 had the highest values of all lines tested, 

including the LeFRK lines (Figure 20). This would suggest that the “abnormal” looking 

siliques in these lines produced a considerable amount of seeds under HTS. However, 

these results could not be confirmed in the analysis of the Ti progeny of these two 

promising transgenic lines as they did not produce more healthy seeds than WT lines due 

to the good performance of WT1311-1 and WT(IS)-5-l (Figure 23). Although 

overexpressing AtAPSl does not seem to have a huge impact on pollen heat tolerance, it 

would be interesting to investigate whether the transgenic pollen grains have a greater 

amount o f starch.

S.3 Conclusion

According to above results, the level of AtPSl in untransformed plants appears 

unchanged by HTS. Although more AtAPSl transcripts could be detected in the 

transgenic lines it did not appear to improve seed production under heat stress in 

Arabidopsis.
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6. PSP-AtPFK3

6.1 Results

The PSP-AtPFK3 construct is intended to overexpress in pollen the 

Arabidopsis phosphofructokinase 3, a key regulatory enzyme in plant glycolysis. A total 

of 15 To transformed lines (PSP-AtPFK3), 4 untransformed lines (WT) and 4 heat 

tolerant transformed lines (LeFRK) were heat stressed together and evaluated. Four 

transgenic lines were selected to verify transgene integration and expression. After To 

screening, Ti progeny of promising transgenic lines PSP-AtPFK3-7, PSP-AtPFK3-9 and 

PSP-AtPFK3-23 were tested for improved heat tolerance.

6.1.1 Verification of Transgenic Lines

6.1.1.a Genomic PCR

Genomic PCR was performed to verify the integration of PSP-AtPFK3 into 

transgenic Arabidopsis. The expected PSP-AtPFK3 fusion-specific fragment was 

observed in all transgenic lines except PSP-AtPFK3-12, which could be due to a 

rearrangement in the AtPFK3 transgene preventing PCR as the To plants were all 

kanamycin resistant (Figure 24). Differences in intensity may reflect differences in the 

number of integrated copies of the transgene.

6.1.1 .b Transgene-specific AtPFK3 RT-PCR

To verify AtPFK3 transgene expression, RT-PCR was performed on Arabidopsis
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PSP- psp-
AtPFK3-14

1Kb ONA

Figure 24. Agarose gel electrophoresis of genomic PCR fragment from individual 
PSP-AtPFK3 (PSP promoter-Arabidopsis thaliana Phosphofructokinase 3, expected size: 
803 bp) To lines. The sizes of some standard DNA fragments are indicated in base pairs.
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floral buds using construct-specific primers. Transgene expression was confirmed in all 

lines except PSP-AtPFK3-12 supporting the possibility that the transgene was rearranged 

in this plant (Figure 25). Some variation could be observed in the expression level of the 

AtPFK3 gene among the different transgenic lines.

6.1.1.C Semi-quantitative AtPFK3 RT-PCR

Semi-quantitative RT-PCR was performed on the PSP-AtPFK3 lines to compare the 

combined expression of the endogenous gene and the transgene (Figure 26). No 

correlation between the results of the transgene-specific RT-PCR and the 

semi-quantitative RT-PCR was observed. The transgenic lines appear to express a little 

more AtPFK3 mRNA than WT, which expresses at a relatively low level in both normal 

and HTS conditions, providing additional support for the expression of the transgene.

6.1.2 Phenotypic Analysis of PSP-AtPFK3 Transgenic Lines (To Generation)

Comparisons of the number and percentage of healthy looking siliques, as well as 

seed weight for PSP-AtPFK3 versus WT and LeFRK lines are shown in Figures 27, 28, 

29.

6.1.2.a Silique Number

Figure 27 displays the total number of healthy looking siliques counted for each

individual transgenic PSP-AtPFK3 To line, as well as the numbers for WT and LeFRK

plants undergoing the same heat stress. Generally, the number of healthy looking siliques
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WTtlS)-7 PSP* PSP-
(PFK3) AtPFK3-12 Atf>FK3-14

1Kb DNA I WT1306 PSP- PSP-
Ladder (P «3) A4PFK3-13 AtPFK3-15

Figure 25. Agarose gel electrophoresis of transgene-specific RT-PCR fragments 
(Expected size: 803 bp) obtained with cDNA from heat stressed mature floral buds of 
individual PSP-AtPFK3 To lines and WT lines. The sizes of some standard DNA 
fragments are indicated in base pairs.
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Figure 26. Agarose gel electrophoresis of semi-quantitative RT-PCR fragments (expected 
size: 776 bp) obtained with cDNA from mature floral buds of individual PSP-AtPFK3 
(HTS) To lines and untransformed (WT (22°C) and WT1310 (HTS)) lines. Ribosomal 
RNA (18S) was used as an internal control. The sizes of some standard DNA fragments 
are indicated in base pairs.
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Figure 27. The number of healthy looking siliques for individual PSP-AtPFK3 T0 
transformants compared to untransformed plants (WT) and heat tolerant LeFRK lines 
after 14 days at 33°C. The 15 PSP-AtPFK3,4 LeFRK and 4 WT lines were located in the 
same flat.
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was low for all plants examined, although PSP-AtPFK3-ll and PSP-AtPFK3-12 seemed 

to perform somewhat better. Comparing the proportion of healthy looking siliques versus 

the total number of potential siliques (Figure 28) led to a similar conclusion.

6.1.2.b Seed Weight

When comparing the weight of healthy seeds as a function of plant weight, 

transgenic lines PSP-AtPFK3-7 and PSP-AtPFK3-9 showed the highest values of all 

lines tested except LeFRK-2-5 (Figure 29). PSP-AtPFK3-23 from another HTS 

experiment also showed some promising results (results not shown). The progeny of 

these three lines was chosen for further heat stress treatments.

6.1.3 Phenotypic Analysis of PSP-AtPFK3 Transgenic Lines (Ti Generation)

Following the initial PSP-AtPFK3 To screening, kanamycin resistant Ti progeny of 

PSP-AtPFK3-7 (7 lines), PSP-AtPFK3-9 (6 lines) and PSP-AtPFK3-23 (6 lines), along 

with WT and LeFRK lines were heat stressed. The results are described in detail below.

6.1.3 .a Silique Number

Most transgenic lines had less healthy looking siliques than the best WT line, with 

the exception of lines PSP-AtPFK3-23-5 and PSP-AtPFK3-23-3 (Figure 30). In fact 

these two lines had better values than the highest LeFRK line (result now shown).

When the percentage of healthy looking siliques versus the total number of potential 

siliques was calculated, lines PSP-AtPFK3-23-5 and PSP-AtPFK3-23-6 displayed the
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Figure 28.The percentage of healthy looking siliques for individual PSP-AtPFK3 To 
transformants compared to untransformed plants (WT) and heat tolerant LeFRK lines 
after 14 days at 33°C. The 15 PSP-AtPFK3,4 LeFRK and 4 WT lines were located in the 
same flat.
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Figure 29. The healthy seed weight per unit plant weight (seed weight/plant weight x 
1000) of each PSP-AtPFK3 To line is compared to untransformed plants (WT) and heat 
tolerant LeFRK lines after 7 days at 32°C following 14 days of heat treatment at 33°C. 
15 PSP-AtPFK3,4 LeFRK and 4 WT lines were located in the same flat
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Figure 30. The number of healthy looking siliques for individual Ti progeny of lines 
PSP-AtPFK3-7, PSP-AtPFK3-9 and PSP-AtPFK3-23 is compared to untransformed 
plants (WT) and heat tolerant LeFRK lines after 14 days at 32°C. The number of healthy 
looking siliques for the LeFRK lines was averaged. 19 PSP-AtPFK3 and 4 WT lines 
were located in the same flat.
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highest values (Figure 31).

6.1.3.b Seed Weight

Unexpectedly, the untransformed lines had among the highest values for healthy 

seed weight per unit plant weight of all lines tested (Figure 32). The size of mature plants 

of these WT lines was similar to that of the transgenic lines (results not shown) indicating 

that none of the transgenic lines tested produced more healthy seeds than the best WT 

line.

6.2 Discussion

Phosphofructokinase (PFK) is a key regulatory enzyme of glycolysis which is the 

main pathway of carbohydrate degradation (Mustroph et a l, 2007) and is important for 

adaptation to stress conditions (Churchill et a l, 1994; Plaxton, 1996; Shenton & Grant, 

2003). PFK can be regulated to determine the rate of glycolysis since PFK catalyzes the 

first unique step (Turner & Turner, 1975). According to bioinformatic and phylogenetic 

analyses, there are seven sequences encoding ATP-dependent PFK (AtPFK 1-7) in 

Arabidopsis and they are all expressed in floral tissues (Mustroph et a l, 2007; Winkler et 

al, 2007). Among all AtPFK isoforms, AtPFK3 has the highest level expression in pollen 

(Honys & Twell, 2004) and it also has been shown to be induced following HTS 

(Mustroph et a l, 2007). Therefore, AtPFK3 was selected as a candidate for pollen 

overexpression.
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Figure 31. The percentage of healthy looking siliques for individual Ti progeny of lines 
PSP-AtPFK3-7, PSP-AtPFK3-9 and PSP-AtPFK3-23 is compared to untransformed 
plants (WT) and heat tolerant LeFRK lines after 14 days at 32°C. The percentage of 
healthy looking siliques for the LeFRK lines was averaged. 19 PSP-AtPFK3 and 4 WT 
lines were located in the same flat.
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Figure 32. The healthy seed weight per unit plant weight (seed weight/plant weight x 
1000) for individual Ti progeny of lines PSP-AtPFK3-7, PSP-AtPFK3-9 and 
PSP-AtPFK3-23 is compared to untransformed plants (WT) and heat tolerant LeFRK 
lines after 14 days at 32°C. The healthy seed weight per unit plant weight for the LeFRK 
lines was averaged (Standard deviation = 43.9). 19 PSP-AtPFK3 and 4 WT lines were 
located in the same flat.



To my knowledge, PFK3 has never been overexpressed in any species. Although 

transgene integration and expression was confirmed in three of the four transgenic lines 

selected, the combined expression of the endogenous gene and the transgene in those 

three lines was only slightly higher than WT. According to the available microarray data 

(Honys and Twell, 2004), the level of the AtPFK3 transcript peaks at the tricellular pollen 

stage with moderate expression occurring at the other stages (Table 1). Therefore the PSP 

promoter should have significantly increased the level of expression of AtPFK3 at all 

stages. It is possible that the level of this transcript is somehow tightly regulated in 

pollen.

During To screening, all 15 transgenic lines possessed a lower number and 

percentage of healthy looking siliques than most of WT and LeFRK lines, except 

PSP-AtPFK3-ll and PSP-AtPFK3-12 (Figures 27 and 28). However, these results were 

not consistent with the results of healthy seed weight per unit plant weight, where 

transgenic lines PSP-AtPFK3-7 and PSP-AtPFK3-9 showed the highest values of all 

lines tested except LeFRK-2-5 (Figure 29). Evidently, there is little correlation between 

the appearance of the siliques and seed production as plants with fewer healthy looking 

siliques can produce more seeds than those with more healthy looking siliques. Screening 

the Ti progeny of three promising transgenic lines, PSP-AtPFK3-7, PSP-AtPFK3-9 and 

PSP-AtPFK3-23, did not yield results superior to the WT lines confirming that they did 

not display improved heat tolerance as measured by seed production.



6.3 Conclusion

The level of AtPFK3 mRNA was found to be relatively low in WT plants and did not 

vary greatly under HTS. The level of AtPFK3 did not increase substantially in the 

transgenic lines given the strength of the PSP promoter and may indicate a tight 

regulation of this transcript’s abundance in pollen. No major improvements in seed 

production were observed in the transgenic PSP-AtPFK3 lines under heat stress.
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7. PSP-AtSTP6

7.1 Results

PSP-AtSTP6 is designed to overexpress the Arabidopsis sugar transport protein 

6 in pollen. Sugar transporters play a critical role in the membrane transport of sugars 

and their cell-to-cell and long-distance distribution throughout the plant (Williams et al., 

2000). A total of 15 PSP-AtSTP6 To transformed lines were subjected to HTS. Four 

transgenic lines were selected to verify transgene integration and expression. After 

screening, To lines PSP-AtSTP6-5 and PSP-AtSTP6-14 were chosen for additional HTS 

experiments.

7.1.1 Verification of Transgenic Lines

7.1.1 .a Genomic PCR

The integration of PSP-AtSTP6 into transgenic plants was analyzed using genomic 

PCR (Figure 33). The expected PSP-AtSTP6 fusion-specific fragment was only observed 

in the PSP-AtSTP6-14 transgenic line. Since kanamycin selection is a proven effective 

way to select transformed Arabidopsis plants, the absence of the expected PSP-AtSTP6 

fragment may be due to a gene rearrangement.

7.1.1 .b Transgene-specific AtSTP6 RT-PCR

AtSTP6 transgene expression was only observed in line PSP-AtSTP6-14 (Figure 34)

suggesting that if a DNA rearrangement prevented the genomic PCR above it was also
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Figure 33. Agarose gel electrophoresis of genomic PCR fragment from individual 
PSP-AtSTP6 (PSP promoter-Arabidopsis thaliana Sugar Transport Protein 6, expected 
size: 1054 bp) To lines. The sizes of some standard DNA fragments are indicated in base 
pairs.
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Figure 34. Agarose gel electrophoresis of transgene-specific RT-PCR fragments 
(Expected size: 1054 bp) obtained with cDNA from heat stressed mature floral buds of 
individual PSP-AtSTP6 To lines and WT lines. The sizes of some standard DNA 
fragments are indicated in base pairs.
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detrimental to the expression of the gene.

7.1.1 .c Semi-quantitative AtSTP6 RT-PCR

The quantity of AtSTP6 was considerably reduced under heat stress in the WT line 

and in the To lines which showed no transgene expression (Figure 35). The 

PSP-AtSTP6-14 To line therefore displays a higher level of AtSTP6 expression than 

would normally be found under heat stress.

7.1.2 Phenotypic Analysis of PSP-AtSTP6 Transgenic Lines (To Generation)

Comparisons o f the number and percentage o f healthy looking siliques, as well as 

seed weight for PSP-AtSTP6 transformants versus WT and LeFRK lines are shown in 

Figures 36,37,38.

7.1.2.a Silique Number

PSP-AtSTP6-6, PSP-AtSTP6-9, PSP-AtSTP6-10 showed the highest numbers of 

healthy looking siliques of all plants tested (Figure 36). The same conclusion could be 

drawn from the data of the proportion of healthy looking siliques versus the total number 

of potential siliques (Figure 37).

7.1.2.b Seed Weight

One WT line (WT(IS)-8) showed the highest healthy seed weight per unit plant

weight of all lines examined, including all LeFRK lines (Figure 38). Low values were
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Figure 35. Agarose gel electrophoresis of semi-quantitative RT-PCR fragments (expected 
size: 1027 bp) obtained with cDNA from mature floral buds of individual PSP-AtSTP6 
(HTS) T0 lines and untransformed (WT (22°C) and WT1310 (HTS)) lines. Ribosomal 
RNA (18S) was used as an internal control. The sizes of some standard DNA fragments 
are indicated in base pairs.
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Figure 36. The number of healthy looking siliques for individual PSP-AtSTP6 To 
transformants compared to untransformed plants (WT) and heat tolerant LeFRK lines 
after 14 days at 33°C. The 15 PSP-AtSTP6,4 LeFRK and 4 WT lines were located in the 
same flat.
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Figure 37.The percentage of healthy looking siliques for individual PSP-AtSTP6 To 
transformants compared to untransformed plants (WT) and heat tolerant LeFRK lines 
after 14 days at 33°C. The 15 PSP-AtSTP6,4 LeFRK and 4 WT lines were located in the 
same flat.



Line

Figure 38. The healthy seed weight per unit plant weight (seed weight/plant weight x 
1000) of each PSP-AtSTP6 To line is compared to untransformed plants (WT) and heat 
tolerant LeFRK lines after 7 days at 32°C following 14 days of heat treatment at 33°C. 
15 PSP-AtSTP6,4 LeFRK and 4 WT lines were located in the same flat.



observed for all PSP-AtSTP6 To lines including the lines showing more healthy looking 

siliques described above. Lines PSP-AtSTP6-5 and PSP-AtSTP6-14 (which displayed an 

increased level of AtSTP6 transcript) had the best values and were selected for further 

heat stress treatments.

7.1.3 Phenotypic Analysis of PSP-AtSTP6 Transgenic Lines (Ti Generation)

The results obtained for the HTS treatment of the kanamycin resistant Ti progeny 

of PSP-AtSTP6-5 (12 lines) and PSP-AtSTP6-14 (7 lines) are described in detail below.

7.1.3 .a Silique Number

The PSP-AtSTP6-14 lines with healthy looking siliques had numbers greater than 

those of the WT lines (Figure 39). However, this was true of only 2 of the 12 

PSP-AtSTP6-5 lines. The data representing the proportion of healthy looking siliques 

versus the total number of potential siliques gave similar results (Figure 40).

7.1.3.b Seed Weight

Unexpectedly, although no healthy looking siliques were produced by WT1311-4, 

WT(IS)-5-4 and WT(IS)-8-4, they had the highest healthy seed weight per unit plant 

weight of all lines with the exception of the LeFRK lines (Figure 41). In fact, most 

transgenic lines did not produce seeds including the lines with healthy looking siliques.
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Figure 39. The number of healthy looking siliques for individual Ti progeny of lines 
PSP-AtSTP6-5 and PSP-AtSTP6-14 is compared to untransformed plants (WT) and heat 
tolerant LeFRK lines after 14 days at 32°C. The number of healthy looking siliques for 
the LeFRK lines was averaged. 19 PSP-AtSTP6 and 4 WT lines were located in the same 
flat.
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Figure 40. The percentage of healthy looking siliques for individual Ti progeny of lines 
PSP-AtSTP6-5 and PSP-AtSTP6-14 is compared to untransformed plants (WT) and heat 
tolerant LeFRK lines after 14 days at 32°C. The percentage of healthy looking siliques 
for the LeFRK lines was averaged. 19 PSP-AtSTP6 and 4 WT lines were located in the 
same flat.
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Figure 41. The healthy seed weight per unit plant weight (seed weight/plant weight x 
1000) for individual Ti progeny of lines PSP-AtSTP6-5 and PSP-AtSTP6-14 is 
compared to untransformed plants (WT) and heat tolerant LeFRK lines after 14 days at 
32°C. The healthy seed weight per unit plant weight for the LeFRK lines was averaged 
(Standard deviation = 43.9). 19 PSP-AtSTP6 and 4 WT lines were located in the same 
flat.



7.2 Discussion

Sugar transport proteins (STPs) are key proteins catalyzing either passive diffusion 

or energy-dependent active transport to convey sugars across membrane barriers to allow 

accumulation of sugar substrates (Btittner, 2007). Developing pollen grains receive 

carbohydrates for growth and development from the anther wall and tapetum apoplast, 

which get their supply of sugar from carbon sources. STPs not only play a pivotal role in 

sugar distribution throughout the plant, but they are important for pollen development, 

germination and pollen tube growth (Williams et al., 2000). Abiotic stresses such as 

drought stress have a negative impact on sugar accumulation, causing pollen sterility and 

low seed number (Ji et al., 2010). HTS was also shown to have a detrimental effect on 

these processes by disturbing the carbohydrate supply to the developing pollen grain 

(Wahid et al., 2012). Maintaining sink strength in the anther/pollen is a key to preserving 

pollen fertility and seed production under abiotic stresses (Ji et al., 2010). To my 

knowledge, the effect of overexpressing a sugar transporter during pollen development 

has never been studied in any species. However, overexpression of STPs in tobacco, 

barley and rice plants was shown to maintain the level of sugar import from carbon 

source tissues under stress, thus leading to enhanced plant growth and higher yield 

(Khalil et al., 2010; Sun et al., 2011; Weichert et al., 2010). In Arabidopsis, AtSTP13 is 

the only STP to have been overexpressed and this lead to increases in the rates of glucose 

uptake, resulting in higher sucrose levels. The transgenic seedlings were also found to be

larger and have higher biomass than untransformed seedlings (Schofield et al., 2009).
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Among all AtSTP isoforms, AtSTP6 is highly expressed exclusively in the latest 

stages of pollen development (Biittner, 2007; Scholz-Starke et al., 2003) and was 

therefore selected as the candidate STP gene for this study. According to the microarray 

expression data from Honys and Twell (2004), the highest AtSTP6 mRNA expression is 

found at the tricellular pollen stage with moderate expression occurring at the other 

stages (Table 1). Therefore, overexpressing AtSTP6 under the PSP promoter should 

significantly increase the level of the AtSTP6 transcript at all stages and especially the 

UNM and MPG stages.

In this study, the level of the pollen-specific AtSTP6 transcript in untransformed 

Arabidopsis plants was shown to be much reduced under HTS (Figure 35). This finding 

is consistent with the results from another study which pointed out that cold stress 

repressed the expression of the monosaccharide transporter OsMST8 in rice, leading to 

low sugar level in anther wall and developing pollen grains (Parish et al., 2012). 

Therefore, given the importance of sugar transport to proper pollen development, 

overexpressing AtSTP6 throughout pollen development should help increase or maintain 

the carbohydrate supply in developing and mature pollen to improve pollen performance 

and germination under HTS. It is unknown why three of the four transgenic lines 

appeared to have transgene rearrangements, but PSP-AtSTP6-14, the only transgenic line 

where transgene integration and expression was confirmed, did show considerably higher 

expression of AtSTP6 compared to untransformed lines (Figure 35). Nonetheless, it is 

important to keep in mind that it is possible that many of the PSP-AtSTP6 lines tested
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did not express the transgene.

During To screening, although PSP-AtSTP6-6, PSP-AtSTP6-9, PSP-AtSTP6-10 

showed the highest numbers of healthy looking siliques of all plants tested (Figures 36 

and 37), all transgenic lines had a low value of healthy seed weight per unit plant weight 

(Figure 38). The results indicating no transgenic lines produced more healthy seeds than 

WT lines were confirmed in the Ti progeny of two promising transgenic lines 

PSP-AtSTP6-5 and PSP-AtSTP6-14 (Figure 41). Since PSP-AtSTP6-14 was shown to 

overexpress AtSTP6 in pollen during heat stress, these findings may suggest there is little 

correlation between the level of AtSTP6 and seed production, although a larger sample of 

transgenic plants with confirmed overexpression o f AtSTP6 in pollen would need to be 

studied to validate this possibility.

7.3 Conclusion

It was demonstrated that HTS has a detrimental effect on the expression of AtSTP6 

in Arabidopsis. It was also shown that the PSP promoter can increase the level of this 

transcript in pollen under HTS, although the above results seem to indicate that this does 

not have a big impact on improving heat tolerance of Arabidopsis as measured by seed 

production.
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8. PSP-AtSUSl

8.1 Results

The PSP-AtSUSl construct is meant to overexpress in pollen the Arabidopsis 

sucrose synthase 1, a key enzyme involved in sucrose metabolism. A total of 15 To 

transformant were heat stressed together and evaluated. Four transgenic lines were 

chosen for verification of transgene integration and expression. After To screening, 

promising transgenic To lines PSP-AtSUSl-2, PSP-AtSUSl-8 and PSP-AtSUSl-12 were 

selected for further heat treatment

8.1.1 Verification o f Transgenic Lines

8.1.1 .a Genomic PCR

Genomic PCR was performed to verify the integration of PSP-AtSUSl into 

transgenic Arabidopsis (Figure 42). The presence of PSP-AtSUSl was confirmed in all 

lines except PSP-AtSUSl-7.

8.1.l.b Transgene-specific AtSUSl RT-PCR

RT-PCR was performed to verify AtSUSl transgene expression. Relatively high 

expression was confirmed in all the lines shown above to possess the PSP-AtSUSl 

genomic fragment (Figure 43).
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Figure 42. Agarose gel electrophoresis of genomic PCR fragment from individual 
PSP-AtSUSl (PSP promoter-Arabidopsis thaliana Sucrose Synthase 1, expected size: 
727 bp) To lines. The sizes of some standard DNA fragments are indicated in base pairs.
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Figure 43. Agarose gel electrophoresis of transgene-specific RT-PCR fragments 
(Expected size: 727 bp) obtained with cDNA from heat stressed mature floral buds of 
individual PSP-AtSUSl To lines and WT lines. The sizes of some standard DNA 
fragments are indicated in base pairs.
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8.1.1.C Semi-quantitative AtSUSl RT-PCR

Semi-quantitative evaluation of the combined endogenous and transgene AtSUSl 

expression revealed that the To transgenic lines PSP-AtSUSl-8, PSP-AtSUSl-13 and 

PSP-AtSUSl-14 all displayed relatively higher expression levels than non-transformed 

plants (Figure 44). This fact provides additional support for the expression of the 

transgene.

8.1.2 Phenotypic Analysis of PSP-AtSUSl Transgenic Lines (To Generation)

Comparisons of the number and percentage of healthy looking siliques, as well as 

seed weight for PSP-AtSUSl versus WT and LeFRK lines are shown in Figures 45, 46,

47.

8.1.2.a Silique Number

As seen in Figure 45, the total number of healthy looking siliques produced under 

heat stress by the PSP-AtSUSl To lines was generally inferior to that of the best WT line.

When the percentage of healthy looking siliques versus the total number of potential 

siliques was calculated (Figure 46), the results led to a very similar conclusion as in 

Figure 45.

8.1.2.b Seed Weight

When comparing the weight of healthy seeds per unit plant weight, one transgenic

line (PSP-AtSUSl-12) possessed the highest values of all lines tested, including the
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Figure 44. Agarose gel electrophoresis of semi-quantitative RT-PCR fragments (expected 
size: 700 bp) obtained with cDNA from mature floral buds of individual PSP-AtSUSl 
(HTS) To lines and untransformed (WT (22°C) and WT1310 (HTS)) lines. Ribosomal 
RNA (18S) was used as an internal control. The sizes of some standard DNA fragments 
are indicated in base pairs.
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Figure 45. The number of healthy looking siliques for individual PSP-AtSUSl To 
transformants compared to untransformed plants (WT) and heat tolerant LeFRK lines 
after 14 days at 33°C. 15 The PSP-AtSUSl, 4 LeFRK and 4 WT lines were located in the 
same flat.
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Figure 46. The percentage of healthy looking siliques for individual PSP-AtSUSl To 
transformants compared to untransformed plants (WT) and heat tolerant LeFRK lines 
after 14 days at 33°C. The 15 PSP-AtSUSl, 4 LeFRK and 4 WT lines were located in the 
same flat.
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LeFRK lines (Figure 47). In spite of producing only one healthy looking silique (Figure 

45), WT1305 had the second highest values of all lines examined. Since the values for 

PSP-AtSUSl-2 and PSP-AtSUSl-8 were higher than most WT lines and LeFRK lines, 

they were chosen along with PSP-AtSUSl-12 for additional HTS treatments.

8.1.3 Phenotypic Analysis of PSP-AtSUSl Transgenic Lines (Ti Generation)

The performance of kanamycin resistant Ti progeny of PSP-AtSUSl-2 (6 lines), 

PSP-AtSUSl-8 (6 lines) and PSP-AtSUSl-12 (7 lines) was evaluated under heat stress. 

The results are described in detail below.

8.1.3.a Silique Number

In general, the majority of the PSP-AtSUSl-12 and PSP-AtSUSl-8 Ti lines 

possessed higher numbers of healthy looking siliques than most of WT lines and the 

average of the 19 LeFRK lines (Figure 48).

When comparing the percentage of healthy looking siliques, 3 of the 7 

PSP-AtSUSl-12 Ti transgenic lines had higher values than all tested lines (Figure 49).

8.1.3.b Seed Weight

Although some PSP-AtSUSl-12 Ti lines produced relatively higher number of

healthy looking siliques, only one line (PSP-AtSUSl-12-1) had higher healthy seed

weight per unit plant weight than all WT lines (Figure 50). Interestingly, 3 of the 6

PSP-AtSUSl-8 lines possessed higher values than all WT lines. Lines PSP-AtSUSl-2-4
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Figure 47. The healthy seed weight per unit plant weight (seed weight/plant weight x 
1000) of each PSP-AtSUSl T0 line is compared to untransformed plants (WT) and heat 
tolerant LeFRK lines after 7 days at 32°C following 14 days heat treatment at 33°C. 15 
PSP-AtSUSl, 4 LeFRK and 4 WT lines were located in the same flat.
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Figure 48. The number of healthy looking siliques for individual Ti progeny of lines 
PSP-AtSUSl-2, PSP-AtSUSl-8 and PSP-AtSUSl-12 is compared to untransformed 
plants (WT) and heat tolerant LeFRK lines after 14 days at 32°C. The number of healthy 
looking siliques for the LeFRK lines was averaged. 19 PSP-AtSUSl and 4 WT lines 
were located in the same flat.
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Figure 49. The percentage of healthy looking siliques for individual Ti progeny of lines 
PSP-AtSUSl-2, PSP-AtSUSl-8 and PSP-AtSUSl-12 is compared to untransformed 
plants (WT) and heat tolerant LeFRK lines after 14 days at 32°C. The percentage of 
healthy looking siliques for the LeFRK lines was averaged. 19 PSP-AtSUSl and 4 WT 
lines were located in the same flat.
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Figure 50. The healthy seed weight per unit plant weight (seed weight/plant weight x 
1000) for individual Ti progeny of lines PSP-AtSUSl-2, PSP-AtSUSl-8 and 
PSP-AtSUSl-12 is compared to untransformed plants (WT) and heat tolerant LeFRK 
lines after 14 days at 32°C. The healthy seed weight per unit plant weight for the LeFRK 
lines was averaged (Standard deviation). 19 PSP-AtSUSl and 4 WT lines were located in 
the same flat.

120



and PSP-AtSUSl-2-5 also performed better than the best WT line.

8.2 Discussion

Sucrose synthase (SUS) is a key enzyme involved in sucrose metabolism by 

catalyzing the reversible conversion of sucrose and UDP to UDP-G (UDP-glucose) and 

fructose (Granot, 2008). Sucrose must be cleaved by either invertase or sucrose synthase 

in order to undergo further metabolism in sink tissues. SUS activity has been shown to 

play a major role in carbohydrate metabolism in many plants by controlling the 

mobilization of sucrose into various pathways important for the metabolic, structural, and 

storage functions o f the plant cell (Baud et a l ,  2004). Its activity also has been found to 

feed sucrose into metabolic pathways in sink tissues, such as pollen grains (Claeyssen & 

Rivoal, 2007). Although abiotic stresses, such as cold stress, and drought stress can have 

negative effects on the reproductive process, leading to poor seed set (Saini & Westgate, 

2000; Thakura et a l, 2010; Zinn et al., 2010), they can induce SUS expression (Baud et 

al, 2004; Dejardin et al, 1999; Kleines et a l, 1999). For example, AtSUS2, AtSUS4, 

AtSUS5, and AtSUS6 mRNA levels in rosette leaves were unaffected under cold and 

drought stress, whereas a significant increase was observed in the expression levels of 

AtSUS3 and AtSUSl (Baud et a l, 2004).

To my knowledge, the effect of overexpressing a sucrose synthase gene during 

pollen development has never been studied in any species. However, overexpressing the

SUS gene was shown to improve plant growth and seed production (Coleman et al, 2006;
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Coleman et a l, 2009; Xu & Joshi, 2010; Xu et al., 2012). For example, overexpression 

of the Gossypium hirsutum SUS gene in poplar trees increased cell wall cellulose content 

per dry weight by 2% to 6% and resulted in thicker xylem secondary cell wall (Coleman 

et al., 2009). Another study showed that doubling the SUS activity in cotton improved 

early seed development with reduced seed abortion, leading to an enhanced seed weight 

of about 30% (Xu et a l, 2012). Overexpressing an aspen SUS gene (PtrSUSl) in 

Arabidopsis plants led to dramatically increased SUS activity, causing early flowering 

and faster growth in root and hypocotyls length. Both fresh and dry weights of whole 

plants were increased in transgenic lines (Xu & Joshi, 2010). Overexpression of SUS in 

tobacco plants was also shown to lead to significant increases in plant height (Coleman et 

al, 2006). Suppression of the SUS gene has also been investigated in several other 

studies. One study showed that cotton with SUS suppression constructs repressed the 

SUS activity by 70% and led to shrunken seeds with 5% of wild-type seed weight, 

inhibiting fiber initiation and elongation (Ruan et al., 2003). However, the result in 

cotton is not consistent with findings in Arabidopsis. Mutant Arabidopsis plants lacking 

individual SUS isoforms or a combination of four SUS isoforms were shown to have the 

same level of starch, sugar and cellulose content, lipid content, seed weight or seed 

composition as wild-type plants, suggesting the loss of SUS was compensated by INV 

isoforms (Barratt et a l, 2009; Bieniawska et a l, 2007).

There are 6 AtSUS isoforms identified in Arabidopsis and they were all shown to

express weakly in seeds (Baud et a l, 2004). Among these sucrose synthase genes,
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AtSUSl is the only one with expression in the anther, albeit at a relatively low level 

(Table 1). The PSP promoter should dramatically increase the level of the AtSUSl mRNA 

at all stages and especially the MPG stage. The level of AtSUSl in WT plants was not 

greatly affected by HTS (Figure 34). The transgene integration and expression in lines 

PSP-AtSUSl-8, PSP-AtSUSl-13 and PSP-AtSUSl-14 was confirmed (Figures 42 and 

43) and the combined expression of endogenous and transgene in those 3 lines was 

indeed shown to be higher than untransformed lines (Figure 44).

During To screening, in spite of the low number and percentage of healthy looking 

siliques produced under heat stress, the weight of healthy seeds per unit plant weight for 

PSP-AtSUSl-8 was higher than most WT lines and LeFRK lines. This finding was 

confirmed again in the Ti screening, as 50% of Ti progeny of PSP-AtSUSl-8 possessed 

higher seed production than all WT lines (Figure 50). Although PSP-AtSUSl-8 

overexpressing AtSUSl mRNA in pollen under HTS (Figure 44) was confirmed to have 

higher seed production than untransformed plants, the correlation between the level of 

AtSUSl mRNA and seed production is still low and needs further confirmation on a 

larger sample of transgenic plants.

8.3 Conclusion

The level of AtSUSl transcript was not greatly affected by HTS in untransformed

plants. The PSP promoter was shown to increase the level of AtSUSl mRNA in pollen

under HTS and results obtained with line PSP-AtSUSl-8 may indicate that
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overexpressing the AtSUSl transcript in pollen could have a positive effect on seed 

production, this may justify further investigation.
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9. PSP-AtHXKl

9.1 Results

The PSP-AtHXKl construct is intended to overexpress hexokinase 1, a pivotal 

enzyme for the initial step of sugar utilization in sink tissues, in the pollen of 

Arabidopsis. A total of 15 To transformant lines (PSP-AtHXKl), 6 untransformed lines 

(WT) and 2 heat tolerant transformant lines (LeFRK) were heat stressed together and 

examined. Four transgenic lines were selected to verify transgene integration and 

expression.

9.1.1 Verification o f Transgenic Lines

9.1.1.a Genomic PCR

The integration of PSP-AtHXKl into the Arabidopsis genome was verified and 

confirmed in all transgenic lines except PSP-AtHXKl-1 (Figure 51).

9.1.1 .b Transgene-specific AtHXKl RT-PCR

RT-PCR was performed in order to verify AtHXKl transgene expression. In 

accordance with the presence of the PSP-AtHXKl genomic fragment, lines 

PSP-AtHXKl-2, PSP-AtHXKl-3 and PSP-AtHXKl-4 exhibited transgene expression 

(Figure 52).
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PSP- PSP-
AtHXKl-2 AtHXKl-4

PSP-
AtHXKl-1

Figure 51. Agarose gel electrophoresis of genomic PCR fragment from individual 
PSP-AtHXKl (PSP promoter-Arabidopsis thaliana Hexokinase 1, expected size: 557 bp) 
To lines. The sizes of some standard DNA fragments are indicated in base pairs.
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WT{IS)-7
(HXK1)

PSP-
AtHXKl-3

Kl-4

AtHXKl-1

Figure 52. Agarose gel electrophoresis of transgene-specific RT-PCR fragments 
(Expected size: 557 bp) obtained with cDNA from heat stressed mature floral buds of 
individual PSP-AtHXKl To lines and WT lines. The sizes of some standard DNA 
fragments are indicated in base pairs.
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9.1.1.C Semi-quantitative AtHXKl RT-PCR

The level of AtHXKl in WT was mostly unaffected by HTS and was lower than the 

combined level of endogenous and transgene AtHXKl expression observed in the 

transgenic lines (Figure 53).

9.1.2 Phenotypic Analysis of PSP-AtHXKl Transgenic Lines (To Generation)

Comparisons of the number and percentage of healthy looking siliques, as well as 

seed weight for PSP-AtHXKl versus WT and LeFRK lines are shown in Figures 54, 55 

and 56.

9.1.2.a Silique Number

Figure 54 shows the total number of healthy looking siliques for each individual WT 

and transgenic PSP-AtHXKl and LeFRK lines after 14 days of heat treatment. All 

PSP-AtHXKl To lines yielded relatively low numbers of healthy looking siliques under 

heat stress, with the possible exception of PSP-AtHXHl-13 and PSP-AtHXKl-15.

Presenting the healthy silique data as a proportion of the total number of potential 

siliques yielded similar results (Figure 55).

9.1.2.b Seed Weight

When comparing the weight of healthy seeds as a function of plant weight, only one

To line, PSP-AtHXKl-4 (with confirmed AtHXKl overexpression), showed a higher

value than WT lines, although it was surpassed by two LeFRK lines (Figure 56). In view
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1Kb DNA WT1310 PSP- PSP-
(HTS) psp. AtHXKl-2 

AtHXKl-1
Ladder p jp . AtHXKl-4 

AtHXKl-3

AtHXKl

Figure 53. Agarose gel electrophoresis of semi-quantitative RT-PCR fragments (expected 
size: 530 bp) obtained with cDNA from mature floral buds of individual PSP-AtHXKl 
(HTS) T0 lines and untransformed (WT (22°C) and WT1310 (HTS)) lines. Ribosomal 
RNA (18S) was used as an internal control. The sizes of some standard DNA fragments 
are indicated in base pairs.
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Figure 54. The number of healthy looking siliques for individual PSP-AtHXKl T0 
transformants compared to untransformed plants (WT) and heat tolerant LeFRK lines 
after 14 days at 33°C. The 15 PSP-AtHXKl, 6 LeFRK and 2 WT lines were located in 
the same flat.
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Figure 55.The percentage of healthy looking siliques for individual PSP-AtHXKl To 
transformants compared to untransformed plants (WT) and heat tolerant LeFRK lines 
after 14 days at 33°C. The 15 PSP-AtHXKl, 6 LeFRK and 2 WT lines were located in 
the same flat.
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Figure 56. The healthy seed weight per unit plant weight (seed weight/plant weight x 
1000) of each PSP-AtHXKl To line is compared to untransformed plants (WT) and heat 
tolerant LeFRK lines after 7 days at 32°C following 14 days heat treatment at 33°C. 15 
PSP-AtHXKl, 6 LeFRK and 2 WT lines were located in the same flat.
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of the fact that no PSP-AtHXKl TO line displayed a much improved performance under 

heat treatment when compared to the control plants, no lines were selected for further T i 

progeny analysis.

9.2 Discussion

Hexokinase is a pivotal enzyme for the initial step of sugar utilization in sink tissues.

Sucrose is accumulated in developing pollen grains and will be hydrolysed together with

imported sucrose by invertase and sucrose synthase at the onset of pollen germination.

Before undergoing further metabolism, all liberated glucose and fructose from sucrose

must be phosphorylated by hexokinase (HXK) to produce G6P or F6P (Kami & Aloni,

2002). In addition, HXK was found to control the rate of glycolysis, which not only

provides substrates to fuel energy production and anabolic processes of living cells, but

also is very important for adaptation to stress conditions (Xue et al., 2008).

HXK isoforms in different species have been shown to respond to abiotic stresses

differently. In wheat, the expression level of TaHxK8 and TaHxK9 mRNA increased in

the leaves during drought stress, whereas TaHxKl, TaHxK3 and TaHxKS showed a slight

reduction (Xue et al., 2008). HXK was shown to play an essential role in anther

dehiscence, pollen germination and grain filling in rice (Xu et al., 2008). This study

showed that suppressing OsHXKlO expression in rice using RNAi reduced the level of

OsHXKlO transcript leading to an increased number of flowers with non-dehiscent

anthers, significantly decreased pollen germination capacity and to a marked increase in
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empty seeds (Xu et al., 2008). Overexpression of AtHXKl has been studied in different 

species, such as tomato, arabidopsis (Dai et al., 1999; Jang & Sheen, 1994; Pourtau et a l, 

2006). In Arabidopsis, overexpressing AtHXKl not only inhibited photosynthesis and 

seedling development and growth, but also accelerated leaf senescence (Jang & Sheen, 

1994; Pourtau et al., 2006). Similar results were also reported in tomato plants with no 

visible effect in roots (Dai et al., 1999). More importantly, tomato plants overexpressing 

AtHXKl were also shown to result in an increased number of pollen grains with 

significantly higher viability under HTS (Dai et al., 1999).

In Arabidopsis, 4 HXK isozymes were identified and AtHXKl displayed the highest 

level o f expression in the stamen and pollen grain (Claeyssen & Rivoal, 2007) with 

relatively high transcript levels in the bicellular and tricellular pollen, and moderate 

levels at the other stages (Honys & Twell, 2004). Therefore, given its expression pattern 

and the results in tomato pollen described above, AtHXKl was selected to be 

overexpressed by the PSP promoter which should enhance its expression level 

throughout pollen development.

In this study, the integration and expression of PSP-AtHXKl were confirmed in 3 of

4 selected transgenic lines (Figures 51 and 52) and those three lines were shown to have

higher levels of AtHXKl than WT lines (which showed no huge difference under HTS)

(Figure 53). Generally, the PSP-AtHXKl To lines did not perform better than WT lines

with only two lines yielding a higher number or percentage of healthy looking siliques

and a single line having a greater seed production. These results were unexpected in view
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of the positive effect of overexpressing AtHXKl in tomato pollen (Dai et al., 1999). It is 

possible that the high level of expression obtained with the PSP promoter is detrimental 

to the pollen although additional investigations will be necessary to test this hypothesis.

9.3 Conclusion

The level of AtHXKl in WT Arabidopsis did not appear to be greatly altered by HTS. 

The majority of the PSP-AtHXKl plants performed poorly under HTS with many not 

producing seeds at all. This may indicate that beyond a certain level of expression 

AtHXKl could have a detrimental effect on pollen development and function.
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10. PSP-AtcwINV2i

10.1 Results

The PSP-AtcwINV2i construct should overexpress in pollen the Arabidopsis 

cell wall invertase 2. The cell wall invertase has been shown to be critical to 

carbohydrate metabolism in pollen. A total of 17 To transformant lines (PSP-AtcwINV2i) 

were heat stressed and evaluated. Four transgenic lines were chosen for verification of 

transgene integration and expression.

10.1.1 Verification of Transgenic Lines

10.1.1 .a Genomic PCR

Genomic PCR was performed to verify the integration of PSP-AtcwINV2i into 

transgenic Arabidopsis and the expected fusion-specific fragment was clearly observed in 

all 4 lines (Figure 57).

10.1.1 .b Transgene-specific AtcwINV2 RT-PCR

AtcwINV2 transgene expression was verified using construct-specific RT-PCR and 

the transgene-specific fragment was observed in 3 of 4 transgenic lines (Figure 58). 

Given that all four lines possessed the transgene, the lack of expression in line 

PSP-AtcwINV2i-9 could be due to a gene rearrangement beyond the genomic region 

amplified above or may reflect an integration event in a poorly transcribed region of the 

genome.
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Figure 57. Agarose gel electrophoresis of genomic PCR fragment from individual 
PSP-AtcwINV2i (PSP promoter-Arabidopsis thaliana cell wall Invertase 2 + intron, 
expected size: 1188 bp) To lines. The sizes of some standard DNA fragments are 
indicated in base pairs.
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Figure 58. Agarose gel electrophoresis of transgene-specific RT-PCR fragments 
(Expected size: 946 bp) obtained with cDNA from heat stressed mature floral buds of 
individual PSP-AtcwINV2i To lines and WT lines. The sizes of some standard DNA 
fragments are indicated in base pairs.
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10.1.1 .c Semi-quantitative AtcwINV2 RT-PCR

To verify the variation in expression level of AtcwINV2, semi-quantitative RT-PCR 

(measuring simultaneously the expression of the endogenous gene and the transgene) 

was performed (Figure 59). Interestingly, the level of endogenous AtcwINV2 was 

drastically reduced in WT under heat stress. The transgenic lines (PSP-AtcwINV2i-10, 

PSP-AtcwINV2i-ll and PSP-AtcwINV2i-12) appeared to express more AtcwINV2 than 

WT under HTS condition, but less than WT under normal temperature.

10.1.2 Phenotypic Analysis of PSP-AtcwINV2i Transgenic Lines (To Generation)

There were no control plants for the To screening due to contamination o f all WT and 

LeFRK plants during the selection process preceding the heat treatment. The number and 

percentage of healthy looking siliques, as well as seed weight could only be compared 

among the PSP-AtcwINV2i transgenic lines themselves. Results are shown in Figures 60, 

61,62.

10.1.2.a Silique Number

The total number of healthy looking siliques for each individual transgenic 

PSP-AtcwINV2i To line following 14 days of heat stress at 32°C is shown in Figure 60. 

PSP-AtcwINV2i-13 possessed the highest number of healthy looking siliques of all lines 

examined. However, when the percentage of healthy looking siliques versus the total 

number of potential siliques was calculated (Figure 61), PSP-AtcwINV2i-13 had a lower 

value than most of tested lines and lines PSP-AtcwINV2i-l and PSP-AtcwINV2i-16 had
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Figure 59. Agarose gel electrophoresis of semi-quantitative RT-PCR fragments (expected 
size: 919 bp) obtained with cDNA from mature floral buds of individual PSP-AtcwINV2i 
(HTS) To lines and untransformed (WT (22°C) and WT1310 (HTS)) lines. Ribosomal 
RNA (18S) was used as an internal control. The sizes of some standard DNA fragments 
are indicated in base pairs.
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Figure 60. The number of healthy looking siliques for individual PSP-AtcwINV2i To 
transformants after 14 days at 32°C.
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Figure 61. The percentage of healthy looking siliques for individual PSP-AtcwINV2i To 
transformants after 14 days at 32°C.



the highest values.

10.1.2.b Seed Weight

In spite of the fact that PSP-AtcwINV2i-12 did not produce a relatively high 

number of healthy looking siliques, it largely surpassed all other PSP-AtcwINV2i lines in 

healthy seed weight per unit plant weight (Figure 62). Most PSP-AtcwINV2i To lines did 

not produce any seeds and this was also true of other lines present in the same growth 

cabinet (results not shown). Accordingly, the results obtained with PSP-AtcwINV2i may 

not truly reflect transgene overexpression in the pollen.

10.2 Discussion

There are three INV isoforms in plants: vacuolar invertase (vINV), cytosolic

invertase (cINV) and cell wall invertase (cwINV). The activity of cwINV was shown to

determine if apoplastic sucrose or hexoses is transferred into the cell (Sherson et al.,

2003). The transported sucrose must be cleaved into glucose and fructose by a cwINV

before undergoing further metabolism in pollen grains. A study showed that suppressing

a tapetum- and pollen-specific cwINV gene in tobacco reduced the starch level in the

developing pollen grain resulting in pollen sterility (Goetz et a l, 2001).

The effect of abiotic stresses on INV during reproduction has been well investigated.

For example, the activity of cwINV was shown to be inhibited in maize ovaries under

drought stress (Zinselmeier et a l, 1995). Similarly, wheat anther-specific cwINV and
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Figure 62. The healthy seed weight per unit plant weight (seed weight/plant weight x 
1000) of each PSP-AtcwINV2i To transformant after 14 days at 32°C.
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vINV activity was reduced under drought stress leading to pollen sterility and low seed 

production (Koonjul et al., 2005). Several studies demonstrated that cold stress reduces 

the expression level of cwINV and vINV mRNA in rice, causing male sterility and grain 

abortion (Oliver et al., 2007). For example, a study in rice showed that cold stress 

inhibited the transcription of the tapetum-specific invertase gene OslNV4, hindering the 

sugar supply to the tapetum and pollen grains and leading to reduced grain set (Oliver et 

al., 2005). Heat stress was also shown to repress INV activity, disturbing carbohydrate 

metabolism in the developing pollen grains and leading to male sterility and fruit 

abortion in pepper and tomato (Aloni et al., 2001; Pressman et al., 2002). Another study 

pointed out that the anther-specific cwINV in sorghum didn’t function properly under 

heat stress, inhibiting sucrose hydrolysis and causing starch deficiency in developing 

pollen grains (Jain et a l, 2007). Ji et al. (2010) proposed that maintaining the sucrose 

and hexose supply is critical to male fertility and seed production under all abiotic 

stresses. Lastly, the comparison between heat tolerant and heat sensitive tomato lines 

under HTS revealed that the heat tolerant lines had a higher level of transcript of a 

cwINV gene, Lin7, leading to higher sucrose level in young fruit (Li et a l, 2012). These 

data suggested that higher activity of cwINV could enhance the heat tolerance of plants.

To my knowledge, overexpression of AtcwINV2 during pollen development under

HTS has never been studied. However, overexpressing invertases in other plant tissues

has been attempted. For example, a study showed that overexpression of cwINV under a

root-specific promoter in Arabidopsis plants enhanced the apoplastic cwINV activity,
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leading to more developed secondary roots, higher plant biomass and early flowering 

(Schweinichen & Buttner, 2005). Overexpressing extracellular INV under the SAG12 

promoter increased the INV activity in the leaves prior to yellowing, thus delaying leaf 

senescence (Balibrea-Lara et al., 2004). Another study demonstrated that elevating 

activity of cwINV by inhibiting INVINH1 (an invertase inhibitor) led to delayed leaf 

senescence and enhanced seed weight and fruit hexose level (Jin e ta l,  2009).

In Arabidopsis, 6 cwINV genes have been identified and AtcwINV2 is the only 

anther-specific cwDSTV showing high expression in the tricellular and mature pollen 

(Honys & Twell, 2004; Tymowska-Lalanne & Kreis, 1998). Based on the literature, 

abiotic stresses can reduce cwINV expression, it is therefore expected that the PSP 

promoter will serve to maintain AtcwINV2 expression during the late stages of pollen 

development.

In this study, the level of the pollen-specific AtcwINV2 transcript in untransformed 

Arabidopsis plants was shown to be drastically reduced under HTS (Figure 59). These 

results are consistent with other studies (Aloni et al., 2001; Jain et al., 2007; Pressman et 

al, 2002). Transgenic lines PSP-AtcwINV2i-10, PSP-AtcwINV2i-l 1 and 

PSP-AtcwINV2i-12 showed higher expression of AtcwINV2 transcript than 

untransformed lines under HTS, but not quite to the level observed in WT under normal 

growth conditions (Figure 59). Although silique production did not appear to differ 

greatly from that obtained for transgenic lines containing the other candidate gene
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constructs, the seed yield for PSP-AtcwINV2i and other lines present in the same cabinet 

was generally very low due to an unknown reason.

10.3 Conclusion

The level of AtcwINV2 in untransformed Arabidopsis was dramatically reduced 

under heat stress. Overexpression of this gene with the PSP promoter appeared to recover 

much of the transcript’s level. However, in the absence of the WT and LeFRK control 

plants and given the unexplained poor performance of other plants sharing the 

PSP-AtcwINV2i cabinet, the results for the overexpression of AtcwINV2 in pollen are 

inconclusive and will require additional investigations.
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11. General Discussion

The purpose of this study was to investigate the effect of increasing or maintaining 

the level of expression of key carbohydrate metabolism genes on pollen heat tolerance. 

Candidate genes were chosen based on (1) their expression pattern in developing pollen, 

(2) the importance of their role in pollen carbohydrate metabolism and (3) the available 

information regarding their behaviour during heat stress. In most cases, this was the first 

time such genes had ever been overexpressed in pollen. More than 140 To and 120 Ti 

plants were analyzed individually following a heat treatment. Generally, no genetic 

construct conveyed an evident increase in heat tolerance to the transgenic plants. A 

number o f possibilities that might explain these results and some future research 

directions are discussed below.

Firstly, the heat treatment conditions might not have been optimal. Transgenic 

Arabidopsis plants overexpressing LeFRKl (L. esculentum fructokinase 1) under the 

control of the relative weak LeFRK4 pollen-specific promoter were recently shown to 

produce siliques at 30°C whereas they were absent in untransformed plants (Granot, 

personal communication). Although much effort was devoted to the optimization of the 

heat treatment conditions, these results could not be faithfully reproduced with the 

LeFRK plants. Furthermore, the LeFRK seeds provided by Dr. D. Granot were 

homozygous which should have reduced plant to plant variation during heat treatment 

experiments. However, the performance of the LeFRK transgenic lines was found to vary 

considerably from flat to flat and within the same flat as measured by seed production.
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This may indicate that certain aspects of the HTS treatment, such as temperature, 

humidity or plant developmental stage, could be further optimized.

Secondly, silique and seed production may not have been the best assays. The impact 

of HTS on the reproductive process has often been demonstrated using seed production 

(e.g. Firon et al., 2006; Zinn et al, 2010) and this approach was certainly appropriate in 

the experiments with the LeFRK plants described above. However, this assay may be 

more suitable when the transgene has a large impact on pollen function and viability 

under HTS. Pollen is usually produced in vast excess with respect to the number of 

ovules and this may limit the ability to detect more subtle differences brought about by 

the transgenes. Attempts were made to evaluate the effect o f the candidate transgenes 

directly on pollen germination but it is difficult to obtain consistently high in vitro pollen 

germination with Arabidopsis and more work will be required to optimize this assay. 

Performing these assays on transgenic plants in which transgene expression has been 

previously quantified would also be useful. Quantitative PCR (qPCR) experiments were 

attempted to measure the quantity of transgene transcript but in most cases the expression 

level was too low to obtain consistent data. This is one of the challenges of working with 

a limited supply of biological material such as pollen. Nonetheless, further optimization 

of the qPCR assay may be warranted. Selecting homozygous plants may also help 

increase transgene expression levels and reduce plant to plant variation.

Thirdly, the timing and level of expression driven by the PSP promoter may not have

been optimal for all candidate genes. Overexpression is a very common approach used to
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study the role of a gene of interest in plant development. However, in this case it is 

possible that overexpressing a candidate gene may have had an effect on carbohydrate 

metabolism that was detrimental to pollen development and this may explain the poor 

performance of some transgenic lines. Pollen viability and germination tests following 

the heat treatment might address this concern. The PSP promoter might also overexpress 

a gene at a time when it is no longer needed (e.g. AtAPSl and AtSUSl). Alternatively, the 

PSP promoter might not have made a sufficient difference to the endogenous gene’s 

expression level. For example, it is well established that the early stages of pollen 

development are the most susceptible to HTS (Sakata et al., 2010) and these are the 

stages where the PSP promoter is the weakest (Table 1). Accordingly, the PSP promoter 

could have had a limited impact on the level of expression of AtAPSl or AtHXKl at the 

UNM stage. This may explain why no evident improvement was observed with the 

PSP-AtHXKl construct while AtHXKl overexpression in tomato pollen improved heat 

tolerance (Dai et al., 1999).

The semi-quantitative RT-PCR data showing the differences in expression level

among untransformed and transgenic plants did not always match the microarray

expression data predictions (Table 1). Generally, the combined level of the endogenous

gene and transgene appeared lower than expected given the strength of the PSP promoter.

It is possible that a longer HTS treatment had a negative effect on the activity of the PSP

promoter and this could be tested using the PSP-GFP fusion or by monitoring the PSP

transcript itself. Alternatively, transgene expression variation might have been caused by
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different copy numbers, post-transcriptional gene silencing or epigenetic position effects 

(Butaye et a l, 2005).

Fourthly, some of the genes selected might not be greatly affected by HTS. 

Consistent with earlier findings on sugar transporters and cell wall invertases (Aloni et 

al, 2001; Jain et al., 2007; Parish et a l, 2012; Pressman et a l, 2002), the expression 

level of AtSTP6 and AtcwINV2 was shown to be greatly reduced in WT plants following 

the HTS treatment. However, little impact was observed on the expression level of 

AtAPSl, AtPFK3, AtSUSl and AtHXKl. It is therefore possible that the latter 4 genes are 

not limiting under HTS and further increasing their expression level has a minimal effect 

on their contribution to pollen carbohydrate metabolism. However, semi-quantitative 

PCR was only performed on mature buds and it is also possible that the activity of the 

genes that express primarily early in pollen development (e.g. AtAPSl and AtSUSl) 

might have been affected by HTS. A thorough quantitative developmental analysis of the 

expression level of all the genes used in this study under HTS should address this 

question.

Fifthly, it is possible that overexpressing a single gene in pollen is insufficient to

have an impact on the pollen’s overall carbohydrate metabolism. For example,

overexpressing AtHXKl should lead to more glucose being converted to G6P which

could then be used as a starting material for starch synthesis. However, the low level of

AtcwlNV2 under HTS may greatly repress glucose production and this in turn may

become limiting for starch production in spite of high AtHXKl activity. A similar
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limiting scenario could be envisaged if sugar transport was reduced due to the HTS effect 

on AtSTP6 expression. Therefore, simultaneously overexpressing more than one 

carbohydrate metabolism gene in pollen may have a better chance to improve plant 

performance under HTS.

Lastly, in line with much of the published data reporting the effect of abiotic stress 

on carbohydrate metabolism, molecular analyses in this study were only performed at the 

mRNA level and it is possible that the quantity and activity of the candidate proteins are 

regulated under HTS in a manner which is not influenced by increased gene expression.
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12. Conclusion

In conclusion, six key carbohydrate metabolism genes were overexpressed in pollen 

to investigate whether they could bring about an improvement in seed production under 

high temperature stress. For most of the candidate genes, this study not only confirmed 

earlier findings or provided new insight into the role of these genes in anther/pollen 

development and the effect of heat stress on their expression level, but also contributed 

novel information on the effect of overexpressing certain carbohydrate metabolism genes 

on pollen heat tolerance. The effect of overexpressing candidate genes AtAPSl, AtPFK3, 

AtSTP6, AtcwINV2 and AtSUSl in pollen grains under heat stress had never been 

studied. Moreover, ADP-glucose pyrophosphorylase small subunit 1 and 

phosphofructokinase 3 had never been overexpressed in any species. This study also set 

the stage for future experiments. For example, based on the results obtained, increasing 

sucrose synthase expression in Arabidopsis pollen may deserve further attention. 

Similarly, given the demonstrated involvement of cwINV in the stress response of male 

reproductive tissues and the fact that AtcwINV2 pollen expression was mostly restored by 

the PSP promoter, it may be worthwhile repeating the PSP-AtcwINV2i experiment that 

failed. Lastly, overexpressing more than one candidate gene simultaneously, for example 

by crossing plants with good AtHXKl and AtcwINV2 transgene expression may also be a 

venue worth pursuing.
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