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Abstract
Seed desiccation and germination have great potential for oxidative stress. Glutathione, one of
the most abundant antioxidants in plant cells, is a crucial to the plant’s defense mechanisms. To
better understand glutathione’s responses during these two stages, we examined its dynamics in
wildtype Arabidopsis seeds and in a transgenic line containing an antisense glutathione
reductase2 (anGR2) cDNA insert. Seeds from the two genotypes were compared
morphologically. Glutathione levels in maturing and germinating seeds were measured by
HPLC, and GR activity by native PAGE. Cytosolic glutathione was measured in situ by confocal
laser scanning microscopy. Stress in the form of natural and accelerated ageing, and germination
at high and low temperature and at low water potential was applied to both WT and anGR2 seeds
to test vigor. Results show similar glutathione levels and GR activity (except during late
imbibition) in WT and anGR2. In both genotypes, GSH/GSSG ratio increased and GR activity
decreased during seed maturation. During imbibition, the glutathione pool becomes very reduced
(<1% GSSG) and in WT seeds, GSH levels increase mostly by GSSG recycling. Cytosolic GSH
in embryonic epidermal cells was estimated to be 1.1-1.6 mM. AnGR2 seeds aged faster, and
were less tolerant of heat and drought stress than WT. Accumulation of glutathione during
maturation indicated that glutathione is a major antioxidant in the seed during storage. Changes
in GSH levels during imbibition coincided with ROS production during radicle protrusion.
Under stress conditions, anGR2 seeds showed lower vigor, indicating perturbations in the ROS
scavenging systems particularly GR2.
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CHAPTER 1: GLUTATHIONE AND SEED PHYSIOLOGY
I. Literature Review
A. Glutathione
Glutathione (GSH; γ-glutamylcysteinyl glycine) is a multifunctional metabolite that has drawn
considerable interest due to unique structural properties, abundance, broad redox potential, and
wide distribution in most living organisms. The single thiol group in the central cysteine
provides its functionality as a cellular reductant and its stability is derived from the uncommon γglutamyl linkage. Along with ascorbate, glutathione is considered as one of the most abundant
redox couple in plant cells (May et al. 1998a).
Numerous physiological functions have been attributed to glutathione in plants (for reviews, see
Noctor et al. 1998; May et al. 1998a). These include serving as the cell’s reservoir of non-protein
reduced sulfur. Glutathione functions in plant defense mechanisms against heavy metal as a
precursor of phytochelatins (Cobbett and Goldsbrough 2002), and in xenobiotic stresses as a
substrate for glutathione-S-transferases (Noctor et al. 1998). Glutathione has also been
implicated as a regulator of gene expression during pathogen attack and environmental stresses
(Noctor et al. 1998; Noctor and Foyer 1998). GSH has also been shown to have redox control of
the cell cycle (reviewed by Potters et al. 2002; May et al. 1998a).
The most well known function of glutathione is as an antioxidant participating in the ascorbateglutathione cycle (Halliwell and Foyer 1976; Alscher 1989; Noctor et al. 1998, 2002). The cycle
functions in the reduction of hydrogen peroxide (H2O2) to water through the action of ascorbate,
glutathione, and participating enzymes. Ascorbate is oxidized during suppression of H2O2 and
forms dehydroascorbate (DHA). Glutathione, in turn, provides the electrons needed to reduce
DHA back to ascorbate through the action of dehydroascorbate reductase (DHAR). Glutathione
reductase (GR), at the expense NADPH, converts oxidized glutathione (GSSG) back to its active
reduced form (GSH) (Foyer and Halliwell 1976; for review, Noctor and Foyer 1998).
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The ascorbate-glutathione cycle is one of the ROS (reactive oxygen species) scavenging
mechanisms in cells. The ROS scavenging systems serve to protect the cell from oxidation
damage caused by reactive oxygen species through regulation of their cellular levels. ROS are
partially reduced forms of atmospheric oxygen and are unavoidable by-products of aerobic
metabolism. They typically arise from the excitation of O2 or transfer of one, two, or three
electrons to O2 to form, respectively, superoxide radical (O2-), hydrogen peroxide (H2O2) or a
hydroxyl radical (OH-) (Mittler 2002). ROS can react with majority of the biomolecules,
resulting in oxidative stress that can be irreversible and disruptive of normal cell processes.
Cellular dysfunction can occur through lipid peroxidation (Halliwell and Gutteridge 1999),
hydrogen abstraction from the deoxyribose sugars of DNA and RNA (Breen and Murphy 1995),
protein oxidation, and enzyme inactivation (Mittler 2002). However, ROS are now being
recognized as more than just toxic molecules that need to be eliminated, but also as important
redox signals that can activate different signaling pathways and affect gene expression. Being
intimately connected to ROS regulation, the antioxidants, ascorbate and glutathione, can function
in mediating the signal through changes in the redox state of the antioxidants (Foyer and Noctor
2003). Redox state is commonly represented as the ratio of the reduced and oxidized forms of the
redox couple (i.e. GSH/GSSG, AA/DHA). The redox state of a redox couple is more completely
defined as the half-cell reduction potential and the reducing capacity of the couple (Schafer and
Buettner 2001).
Evidence is accumulating suggesting glutathione’s participation in redox signaling, particularly
in plant stress response. During abiotic stress, the expression and activity of detoxifying enzymes
are affected by the level and redox state of glutathione. In pine needles, cytosolic CuZnsuperoxide dismutase transcript levels decreased with application of GSH. Application of GSSG
increased activity of GR without accumulation of GR transcripts (Wingsle and Karpinski 1996).
During excess light stress, increase in H2O2 preceded rapid increase in ascorbate peroxidase
(APX1 and APX2) transcripts in Arabidopsis leaves. Treatment with exogenous glutathione
abolished this signal, indicating that changes in redox state of cellular glutathione mediate the
redox signal (Karpinski et al. 1997; Mullineaux et al. 2000). Comparison of two γglutamylcysteine synthetase (γ-ECS) mutants showed 32 genes that were responsive to changes
in glutathione metabolism. Under light stress, a larger number of defense-related genes were
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altered in the mutants (Ball et al. 2004). γ-ECS catalyzes the rate limiting step of GSH
biosynthesis and the mutants, rax1-1 and cad2-1/rml1, contain 20-50% and ~5% of wild type
foliar glutathione levels, respectively. Low temperature is proposed to activate redox signaling
either directly through changes in H2O2 concentration and GSH/GSSG ratio or indirectly by
affecting abscisic acid (ABA), Ca 2+, or salicylic acid concentrations (Kocsy et al. 2001). Redox
signals from H2O2 mediated by glutathione and ascorbate are recognized in cross-tolerance
responses of plants (Pastori and Foyer 2002). Glutathione is also implicated in biotic defense
reactions. Hyper-sensitive response in barley resistant to powdery mildew attack was
characterized by transient glutathione oxidation that coincided with H2O2 accumulation, and a
subsequent increase in total foliar glutathione (Vanacker et al. 2000).
Glutathione affects the activity of several enzymes such as ABI2 – a Ser/Thr phosphatase
considered to exert negative regulation on ABA action (Meinhard et al. 2002), vacuolar H+ATPase (Tavakoli et al. 2001), triose-phosphate isomerase and aldolase (Ito et al. 2003) through
formation of intramolecular disulfide bridges (first two) or glutathionylation (latter two).
Formation of disulfide bridges and glutathionylation are proposed mechanisms for glutathionemediated signal transduction. Regulation of ABI2 activity links glutathione to hormone signaling
pathways (Meinhard et al. 2002). Feedback mechanism is also apparent in glutathione
metabolism as two enzymes connected to GSH synthesis, 5’adenylyl sulfate reductase (Bick et
al. 2001) and γ- ECS (May et al. 1998b), are regulated posttranscriptionally by oxidative stress.
This regulation, again, is mediated through changes in the glutathione redox status. Several
aspects of transcription and translation are also redox regulated by glutathione. Two plant
transcription factors, Hd-ZipII and Hahb-10, are known to have greater DNA binding activity in
the presence of glutathione (Tron et al. 2002). PTK, a subunit of the major chloroplast RNA
polymerase, responds antagonistically to glutathione and phosphorylation (Baginsky et al. 1999;
Baena-Gonzales et al. 2001). Similarly, chloroplast endoribonuclease p54, involved in RNA
3’end processing, is enhanced by phosphorylation and GSSG, and inhibited by
dephosphorylation and GSH (Liere and Link 1997).
There is also evidence of redox control by glutathione on the cell cycle. Levels of GSH in
Arabidopsis root tips correlate positively with greater rate of cell division in the epidermal and
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cortical initials, and with the lower mitotic index in the quiescent center of the root apical
meristem (Sanchez-Fernandez et al. 1997). The Arabidopsis rml1 mutant is unable to establish
active postembryonic root meristems and is rescued by application of GSH (Vernoux et al.
2000). Glutathione has been shown to delay cell cycle in tobacco cell cultures through both its
depletion and exogenous application, suggesting that a set balance of glutathione levels is needed
to maintain normal cell physiology (Potters et al. 2000, 2004). A possible role of glutathione on
the differentiation of tracheary elements has also been proposed (Henmi et al. 2001).
B. Glutathione distribution and abundance
Glutathione is the major non-protein thiol in most animals, plants, and prokaryotes. In animal
cells, GSH concentrations come in the range of 1-11 mM in the cytosol, and nucleus, ~5-11 mM
in the mitochondria, and less than 1 mM extracellularly (Schafer et al. 2001). In plant cells, GSH
concentration outside the chloroplast is 1-2 mM in young wheat leaves (Noctor et al. 2002) and
1.8-4 mM in roots (Arabidopsis: Fricker and Meyer 2001). In the chloroplast, GSH concentration
is estimated to be 1-4.5 mM (Noctor and Foyer 1998). However, the glutathione pool varies
markedly in different cell types (Fricker et al. 2000; Fricker and Meyer 2000; Gutierrez-Alcala et
al. 2000). Glutathione is synthesized in two ATP-dependent reactions catalyzed by γglutamylcysteine synthetase (γ-ECS) and glutathione synthetase (GSH-S) wherein the constituent
amino acids (glutamate, cysteine and glycine) are added stepwise. Rather than the usual αlinkage, cysteine is linked to the γ-carboxyl group of glutamate. Glutathione biosynthesis is
primarily regulated by γ-ECS activity and cysteine levels (Noctor et al. 2002).
The cellular and organellar glutathione level is controlled by several factors including de novo
synthesis, recycling by GR activity, conjugation reactions, transport from the cell, and
degradation (reviewed by Noctor et al. 2002). The GSH/GSSG ratio is considered to be more
influential in the control of gene expression and protein function than the absolute size of the
glutathione pool. Being one of the most abundant redox couples in the cell, the redox state of
glutathione (GSH/GSSG) can serve as an important indicator of the cell’s redox environment.
Changes in the cellular redox environment have been shown to alter signal transduction, DNA
and RNA synthesis, protein synthesis, enzyme activation, and cell cycle progression (Schafer
4

and Buettner 2001; Arrigo 1999). The redox state of glutathione depends on the balance of
oxidative processes and in vivo GR activity.
GR activity has been described in a number of plant species and are localized in one or more
compartments namely chloroplast, mitochondria, peroxisome and cytosol. Pea and Arabidopsis
organellar GR (GR1) is targeted to both chloroplast and mitochondria (Creissen et al. 1995;
Cleary et al. 2002; Chew et al. 2003). Activity of each compartmentalized isoform is dependent
on the plant cell type. Plastid GR from 3-week-old pea plants accounts for 77-82% of GR
activity in mesophyll cells, but only 30% in root cells (Bielawski and Toy 1986). GR activity in
pea leaves is predominantly in the chloroplast (77%) with the remaining activity distributed in
the cytosol and mitochondria (20% and 3%, respectively) (Edwards et al. 1990). In castor bean
endosperm (5 days after anthesis), GR total activity is ~90% cytosolic, 5% plastid, and 4%
mitochondrial (Klapcheck et al.1990). Extraplastidial (may be assumed as cytosolic) GR
comprises 18-20% of total GR activity in green mustard cotyledons (Drumm-Herrel et al. 1989).
These observations indicate greater participation of the cytosolic isoform in non-photosynthetic
tissues (Mullineaux and Creissen 1997).
Studies on transgenic tobacco with elevated GR activity in the different cellular locations
showed higher total glutathione content but not higher GSH/GSSG ratio compared to control
plants (Creissen et al. 1994; Broadbent et al. 1995). Most of the transformed lines (carrying
constructs targeted to either cytosol or chloroplast or mitochondria) have increased tolerance to
paraquat but not to ozone (Creissen et al. 1994). However, half of the lines with increased GR
activity in both chloroplast and mitochondria showed greater tolerance to ozone fumigation.
These observations demonstrate that different defense mechanisms may function in ozone and
paraquat stress, though both cause elevated activity of GR (Broadbent et al. 1995).
C. Metabolism and ROS production in seed physiology
During seed development, the varied functions of glutathione may come into play throughout the
whole developmental process, from the cell division involved in seed formation to protection
against oxidative stress experienced during desiccation of the mature seed. Seed moisture content
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and metabolic activity vary dramatically throughout the lifetime of the seed. Consequently,
sources of ROS may vary considerably in different stages of seed development (reviewed by
Bailly 2004).
Developing seeds undergo both photosynthesis (at the early stages) and respiration, making the
photosystems, the photosynthetic electron transport and the mitochondrial electron transport
system sources of ROS (Mittler 2002). During maturation drying, ROS is said to arise from the
disruption of mitochondrial electron transport chain (Leprince et al. 1994). Desiccation
sensitivity in recalcitrant seeds has been proposed as due to the inability to actively depress their
metabolism during drying, thus increasing the chances of oxidative damage (Leprince et al.
1999).
During storage, non-enzymatic autooxidation of lipids may be a source of ROS in dry seeds
when enzyme activity and metabolism is negligible. The generated ROS would then be trapped
in seed tissues (McDonald 1999). Maillard products, presumably modified proteins, increase
during seed storage. The Maillard reaction may be a consequence of the formation of reducing
sugars through gradual hydrolysis of oligosaccharides during ageing (Sun and Leopold 1995;
Murthy et al. 2002, 2003).
The onset of metabolism during germination has the potential for the greatest production of ROS
in the seed lifetime. Upon imbibition, the seeds resume oxygen uptake and oxidative
phosphorylation (Attucci et al. 1991; Botha et al. 1992; reviewed by Bewley 1997). At this stage,
it is well documented that H2O2 accumulates (Puntarulo et al. 1991; Gidrol et al. 1994; Caro and
Cumming 1998; Hite et al. 1999; Schopfer et al. 2001; Bailly et al. 2002; Morohashi 2002). The
mitochondrial membranes can be the most important source of H2O2 where phosphorylation
efficiency may be impaired due to poor membrane integrity particularly in aged seeds (Puntarulo
et al. 1991; Smith and Berjak 1995; Benamar et al. 2003a, 2003b). Seeds may also undergo βoxidation and glyoxylate cycles to convert fatty acids to carbohydrates before establishment of
photosynthesis. Both processes also serve as sources of H2O2 (Bailly 2004). Other ROS such as
NO (Caro and Puntarulo 1999), hydroxyl radicals (Schopfer et al. 2001), and superoxide radicals
(Puntarulo et al. 1991; Gidrol et al. 1994; Schopfer et al. 2001) are also observed to accumulate
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during imbibition. Thus, the antioxidant compounds and enzymes are widely considered to be of
particular importance during developmental stages (Bailly 2004).
D. Seed stages and glutathione
Seed maturation and desiccation
Acquisition of tolerance to water loss is part of seed maturation in species that produce orthodox
seeds. Seed are considered to be “orthodox” if they can survive dry conditions for long periods
of time. A “recalcitrant” seed is defined as one that is sensitive to desiccation (Vertucci and
Farrant 1995). Water loss in seed tissues generally results in mechanical stress (Vertucci and
Farrant 1995), lipid peroxidation, and build-up of free radicals (Leprince et al. 1990; Hendry et
al. 1992; Hoekstra et al. 2003). Two strategies in coping with water loss have been identified: (1)
accumulation of non-reducing sugars and LEA (late embryogenesis abundant) proteins, and (2)
increased efficiency of free-radical-scavenging systems (Leprince et al. 1993; Vertucci and
Farrant 1995; Leprince et al. 1996). Non-reducing sugars may substitute for water by forming
hydrogen bonds that contribute to the stabilization of proteins and membranes during desiccation
(Crowe et al. 1988; Leprince et al. 1993; Hoekstra et al. 2003). Formation and accumulation of
ROS is associated with desiccation-induced impairment of electron flow within the mitochondria
(Leprince et al. 1996). Protection from free radical damage during desiccation is mediated by the
scavenging system which includes antioxidants glutathione, ascorbic acid and tocopherols, and
free-radical processing enzymes such as superoxide dismutase, peroxidases and catalase (Noctor
et al. 1998; Noctor and Foyer 1998).
During wheat drying maturation, the redox state of glutathione leans towards the oxidized form
lower GSH/GSSG values. However, the highest ratio was found at the end of the desiccation
period (De Gara et al. 2003; Rhazi et al. 2003). In wheat kernels, increase in the number of
proteic –SH groups was observed in the first 21 d of the kernel maturation, but decreased after
the 28th day. Transition of sulphydryl groups to disulfide bridges may explain the decrease in
protein-SH groups and further suggest that GSH redox couple, along with ascorbate, participate
in protein folding and maturation, besides protection against oxidative stress (Hwang et al. 1992;
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De Gara et al. 2003). Protein-glutathione mixed sulfides (PSSG) were reported to accumulate in
desiccated tissues, suggesting a GSH-dependent protection of protein thiol groups via formation
of intermolecular disulfide bonds (Kranner and Grill 1996; Noctor et al. 2002; De Gara et al.
2003). Glutathionylation, the oxidation of protein sulphydryl groups to mixed disulfides, occurs
with the reaction of a GSSG molecule with free thiol groups of proteins producing a proteinglutathione complex and a molecule of GSH (Kranner and Grill 1996; Noctor et al. 2002; De
Gara et al. 2003). GSSG may not only modulate protein function by thiolation, but also protein
synthesis (Fahey et al. 1980). Exogenous application of glutathione has been shown to affect the
composition of seed storage proteins in soybean (Awazuhara et al. 2002).
In bean seeds, acquisition of desiccation tolerance was accompanied by high activities of GR and
catalase (Bailly et al. 2001). GR activity was observed to remain constant in the first stages then
abruptly decrease during desiccation of recalcitrant Quercos embryonic axes (Hendry et al.
1992) and Triticum durum kernels (De Gara et al. 2003).
Seed storage and ageing
Prolonged storage generally reduces seed viability, though the rate of deterioration varies among
species. Deterioration in aged seeds has long been associated with damage by oxidative
reactions. These reactions include free radical oxidations, enzymic dehydrogenations, aldehyde
oxidation, and Maillard reaction (Bernal-Lugo and Leopold 1998; McDonald 1999; Murthy et al.
2002, 2003). Free radical oxidations may reflect the amount of lipid peroxidation, accumulation
of H2O2 and the levels of glutathione in aged seeds. In both artificially and naturally aged cotton
seeds, malondialdehyde (MDA), a product of lipid peroxidation, and total peroxide levels
increased 3-fold within 18 months of storage (Goel et al. 2003; Goel and Sheoran 2003). A
marked loss of GSH and a simultaneous, though usually not proportional, increase in GSSG
levels was observed in aged sunflower (De Paula et al. 1996; Torres et al. 1997), neem
(Azadiracta indica) (Sacande et al. 2000), watermelon cv. Nung Yu-1 (Hsu and Sung 1997), and
tomato seeds (De Vos et al. 1994). However, storage conditions and length greatly influenced the
seed glutathione pool in the seed. Neem seeds stored at 32% RH showed stable levels of GSH
after 24 weeks (Sacande et al. 2000). Prolonged storage (natural ageing) and accelerated ageing
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have similar effects in tomato seeds (De Vos et al. 1994). Accelerated ageing was accomplished
by storing seeds in high humidity and elevated temperature (McDonald 1999).
Activity of the antioxidant enzymes peroxidase, catalase, ascorbate peroxidase, glutathione
reductase, and superoxide dismutase has also been widely examined in ageing experiments.
Decrease in germinability in stored seeds correlates with decrease in the activities of these
enzymes (Goel et al. 2003; Goel and Sheoran 2003). Decline in GR activity during ageing was
observed in seeds of tomato (De Vos et al. 1994), sunflower (Bailly et al. 1996; De Paula et al.
1996; Torres et al. 1997; Bailly et al. 1998) and cotton (Goel et al. 2003; Goel and Sheoran
2003). Non-enzymatic modification of the scavenging enzymes, glutathione reductase, ascorbate
peroxidase, and catalase, through the Maillard reaction increases during seed storing particularly
at high moisture content and temperature. The resulting lower activity of these enzymes
correlates with a decline in seed vigor (Sun and Leopold 1995; Murthy et al. 2002).
The benefits of the post-harvest practice of priming have been attributed to enhanced activity of
the antioxidant system. Priming resulted to increased activity of the different detoxifying
enzymes (SOD, catalase, GR, ascorbate peroxidase, and dehydroascorbate reductase) in seeds of
sunflower (Bailly et al. 1998; 2000) and onion (Basra et al.1994). Priming involves controlled
hydration of dried seeds followed by redrying to their original moisture content (Taylor et al.
1998). This process has been shown to improve germination and vigor of seeds of numerous
species (Bailly et al. 1998).
Seed imbibition and germination
In dry orthodox seeds, onset of aerobic metabolism starts with water uptake. With the
accumulation of ROS, it is generally accepted that the ROS scavenging system is of particular
importance at this stage. During the early hours of imbibition, antioxidants – glutathione,
ascorbate and tocopherols – rapidly accumulate in the seeds (Simontacchi et al. 2003).
Previously undetectable amounts of reduced ascorbate in dry Pinus pinea L. seeds increased by
reactivation of its biosynthesis within 24 hrs of imbibition. Increase in GSH levels was mostly
due to GSSG recycling (Tommasi et al. 2001). In pea seeds, GSH levels was seen to increase
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significantly from 3 to 12 hrs of imbibition and afterwards, return to initial levels (Kranner and
Grill 1993). GSH levels in wheat embryos decreased within the first 2 hours of imbibition, while
GSSG and PSSG decreased within 10 minutes of imbibition (Fahey et al. 1980). In
Chenopodium rubrum seeds, the increase in GSH and total glutathione coincided with radicle
protrusion (Ducic et al. 2003). However, it is also clear that ROS participates in the induction of
germination as several experiments have shown that application of hydrogen peroxide promotes
radicle protrusion of certain seeds (Fontaine et al. 1994; Ogawa and Iwabuchi 2001). Hydrogen
peroxide treatment was accompanied by an increase in the GSH levels (Fontaine et al. 1994).
During germination, increase of activity of ROS-scavenging enzymes including GR has been
observed to counteract ROS production at the onset of aerobic metabolism in seeds (Fahey et al.
1980; Cakmak et al. 1993; Kranner and Grill 1993; Tommasi et al. 2001).
II. GR2 antisense line: seed maturation and germination
To better understand the role of glutathione and glutathione reductase in seed physiology, GR
antisense Arabidopsis lines were developed against two GR genes characterized in the plant
(Donahue et al., unpublished data). GR1 cDNAs encodes the organellar GR, and GR2 the
cytosolic isoform (Kubo et al. 1993, 1998). Preliminary data have shown that nearly a third of
the seeds produced by the two antisense line have abnormal phenotypes. Nonviable seeds were
also found among the abnormal seeds, suggesting that lowered GR levels, and consequently
GSH, may be important for seed viability (Donahue et al., unpublished data). This study will
provide a more detailed examination of glutathione dynamics in developing and germinating
seeds. It will also look into the effect of ageing and germination under stress on both WT and the
antisense line.
Several transformants carrying either GR1 or GR2 antisense DNA inserts were created using
tDNA transformation (Donahue et al., unpublished data). Antisense GR1 (anGR1) line 3 (T2
generation) produced aborted seeds and the T3 plants were initially used in this study. However,
the anGR1 line 3 T4 seeds failed to show a unique phenotype and experiments were discontinued.
Among the GR2 transgenic lines, 1F4 showed the least amount of the GR2 mRNA, low GR2
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activity in leaves, and a large percentage of seed abortions. The GR2 antisense line, 1F4 (T5
seeds), was therefore the only line pursued with detailed experimentation.
Arabidopsis is a winter annual and its seeds are characterized by desiccation tolerance and
dormancy (Koorneef and Karssen 1994). The plant has been the focus of study by plant scientist
because of its small size, short life cycle, and the availability of its sequenced genome. Seed
studies, though, are more limited because of the amount of effort required to isolate sufficient
material (Meinke 1994). This study will provide some insight on the redox changes that occur
during the different seed stages of this model plant. The aims of this study are to characterize the
morphological differences between WT and the GR2 antisense line (1F4) seeds, to describe the
physiological events pertaining to glutathione dynamics during seed maturation, storage and
germination, and to determine germination response of 1F4 seeds to different abiotic stresses.
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CHAPTER 2: ARABIDOPSIS SEED DEVELOPMENT AND AGEING
INTRODUCTION
Glutathione functions as an antioxidant, a redox buffer, a possible participant in redox-mediated
signaling events, and a protector of protein thiol groups during occasions of oxidative stress. As
such, glutathione has long been evaluated for its function during seed development, particularly
during seed desiccation when unregulated oxidative damage during dehydration may affect seed
viability (Leprince et al. 1996). During desiccation, di- and oligosaccharides accumulate and
provide the necessary hydrogen bond interactions needed to maintain phospholipid and protein
structure (Hoekstra et al. 2001). Seeds also have to deal with cell shrinkage, molecular crowding
and active metabolism during dehydration. Membrane folding, vesiculation, and reduced
respiration rates have been observed in desiccation tolerant seeds and seedlings (Leprince et al.
1998; Hoekstra et al. 2003). Timely down-regulation of metabolism reduces the generation of
ROS and minimizes membrane damage during dehydration (Leprince et al. 1999, 2000).
The ROS that nevertheless are produced can be dealt by the free-radical scavengers including
detoxifying enzymes and antioxidant compounds. The ROS-scavenging enzymes such as
superoxide dismutase (SOD), ascorbate-recycling enzymes, catalase and glutathione reductase
(GR) are only active up to a certain low water content, whereas molecular antioxidants such as
glutathione, ascorbate and tocopherols can also be active at air dry state (Hoekstra et al. 2003).
Glutathione is considered the main antioxidant compound during seed maturation and storage
since ascorbate increases during early seed development but decreases during desiccation (De
Tullio and Arrigoni 2003; De Gara et al. 2003).
Loss of seed vigor during storage and ageing has been correlated with the reduced activity of
ROS scavenging enzymes (McDonald 1999; Goel and Sheoran 2003; Goel et al. 2003).
Similarly, the recovering effects of priming on aged seeds were associated with increased
activity of catalase, SOD and GR, along with increase in GSH content (Bailly et al. 1998, 2000).
This chapter examines glutathione redox state and GR activity during Arabidopsis seed
maturation and ageing in both WT and anGR2 (1F4) seeds.
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METHODOLOGY
I.

Plant Material

Plant growth conditions. Arabidopsis thaliana ecotype Columbia (WT) and GR2 antisense line,
1F4, plants were grown in a soilless mix (Sunshine Mix) and maintained inside growth chambers
(~90 µmol s-1 m-2 illumination and a 14-hour photoperiod). The plants were watered every 3
days. Humidity was maintained at 70-75% and temperatures were 22°C day/18°C night.
Seed collection and storage. To determine silique ages, flowers were marked with colored ink at
the peduncle axils during the day of full bloom (anthers and stigma at the same height).
Immature seeds from both WT and 1F4 were collected 10, 16 and 18-20 days after flowering
(DAF). Seeds were carefully dissected out of the siliques by slicing through the middle using a
needle and sharp forceps. The collected seeds were frozen in liquid N2 (except those for imaging
and germination assay), and stored at -80°C until the different experiments were performed.
When flowering had ended, all remaining siliques were allowed to mature and dry. The air-dried
seeds were separated from silique material by sieving, and stored in glass vials at ambient
laboratory conditions (22-25°C, 40-60% RH). The resulting water content of the seeds was
approximately 10% (FW basis).
II.

Morphological Characterization

Screening for abnormal seeds. 1F4 seeds were dissected out from 10 or more siliques 10, 16 and
18-20 (dehiscing) days after flowering, and examined for dissimilarity in color and shape as
compared to the WT seeds of the same age. The seeds were examined under a binocular
stereomicroscope (Olympus VMZ stereomicroscope, 10-40x).
Germination assays. For the immature seeds, 9 or more siliques were chosen and divided into 3
replicates for each stage of development (10, 16 and 18-20 DAF). To test for germinability, the
seeds were spread over water-soaked germination paper (Anchor Paper Blue Blotter, St. Paul,
MN, US) inside tri-sectioned Petri dishes (Fisher Scientific, Pittsburg, PA, US). The Petri dishes
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were sealed with paraffin film (American National Can, Greenwich, CT, US) to prevent
desiccation and the seeds were incubated in light (14-hr photoperiod) at 22°C day/18°C night
temperature regime. Similar germination tests were conducted for recently harvested and stored
dry seeds. Radicle protrusion was recorded as germination and checked every day for 10 days.
The same materials (germination paper, Petri dishes, etc.) were used in all germinations tests in
this study.
Fresh and dry weight determination. Seed weights were determined as specified in the
International Rules for Seed Testing (1985). Arabidopsis seeds of designated stages were
dissected from siliques, transferred to pre-weighed aluminum boats and immediately weighed
using an analytical balance (Mettler Toledo AE 240, Columbus, OH, US). The seeds were
counted afterward and then dried at 101 ± 2°C for approximately 17 hr. After drying, seeds were
cooled for 30-45 minutes at 35% RH and then re-weighed.
Seed statistics. Mean time germination (T50) was computed according to the summation equation
provided by Leon and Knapp (2004) for samples with more than 50% germination; otherwise,
probit analysis was employed (Wilson et al. 1989). All computations were done in Microsoft
Excel Professional 2000 (Microsoft Corporation, US).
III.

Glutathione Dynamics

A. Determining levels of reduced and oxidized glutathione by HPLC
Extraction of thiols from seeds: The extraction protocol was adapted from Noctor and Foyer
(1998). The glutathione redox couple, GSH and GSSG, was measured in 10, 14, 16 and 18-20
DAF seeds, and naturally aged seeds from both WT and 1F4 plants Approximately 15-30 mg
seed samples were ground in 1 mL 0.3 N HCl with 1 mM EDTA and 0.1 M ascorbic acid using
glass tissue grinders (7 mL Pyrex brand, Fisher Scientific, Pittsburg, PA, US) and centrifuged for
15 min at 14000xg and 4°C. The supernatant was transferred to fresh Eppendorf tubes and
centrifuged at the same setting for another 30 min.
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Derivatization. Derivatization and chromatography were based on Jones et al. (1998). Three
hundred µL aliquots were mixed with 150 µL iodoacetic acid solution (7.5 mg/mL). pH of the
samples was raised to 9.0 + 0.2 by adding approximately 75 µL of concentrated
KOH/tetrahydroborate solution. The borate solution was prepared by mixing 5.6 g KOH, 50 g
K2B4O7•4H2O, and 100 mL water in a plastic bottle and allowed to stand overnight. The solution
was then filtered and stored at room temperature. After checking the pH (9.0 ± 0.2) of the seed
extracts using short-range pH paper (Hydrion 8.2-9.8, Fisher Scientific, Pittsburg, PA, US), the
extracts were incubated for approximately 15 minutes. Three hundred µL dansyl chloride (Fluka
Biochemica, Buchs, Switzerland) in acetone (20 mg/mL) was then added to all samples and
vortexed. Derivatization proceeded for approximately 20 hours in the dark at room temperature.
Excess dansyl chloride was removed by adding 500 µL chloroform to the seed extracts. The
mixtures were then centrifuged for 5 min at 14000xg to separate the aqueous and chloroform
layers. The samples were stored in the dark at 4°C until HPLC analysis.
Standards: GSH and GSSG standards were dissolved 0.3 N HCl with 1 mM EDTA and 0.1 M
ascorbic acid, and were derivatized similar to the seed samples. Each point in the calibration
curve represented individually derivatized solutions. GSSG and GSH were Sigma (98%) (St.
Louis, MO, US) and Acros Organics products (98%) (Fisher Scientific, Pittsburg, PA, US)
products, respectively. All other chemicals, except the HCl solution (Fisher Scientific, Pittsburg,
PA, US), were obtained from Sigma (St. Louis, MO, US).
Recovery: Recovery was determined by taking separate 300 µL aliquots from the seed extracts
after centrifugation. The seed extracts were spiked with 20 µL of both GSH and GSSG
standards. Dummy samples using 300 µL of the homogenization buffer instead of actual seed
extracts were prepared and the same amount of GSH and GSSG standards were added. Measured
thiols from the dummy samples were used to calculate % recovery in each sample. Percent
recovery was computed using the equation:
% recovery =

measured spiked sample _______ x 100
measured spike + measured sample
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Chromatography: From the aqueous layer of the derivatized samples, 150 µL aliquots are taken
and transferred to labeled injection tubes. The tubes were then arrayed into the autosampler of a
Shimadzu VP series HPLC system (Columbia, MD, US) and kept at 4°C. Injection volume was
20 µL. Two mobile phases were used. Mobile phase A was composed of 80% methanol. Mobile
phase B was acetate-buffered methanol solution prepared by mixing 640 mL methanol, 200 mL
acetate stock, 125 mL glacial acetic acid and 50 mL water. The time program for each run is
described in Table 2-1. The 3-aminopropyl column (4.6mm X 25 cm, 5mm) (from Alltech,
Deerfield, IL, US and Waters, Milford, MA, US) was equilibrated with mobile phase A 30
minutes before the start of the HPLC run. Area integration of peaks in the resulting
chromatograms was calculated automatically by the operating software, Shimadzu Class VP
Version 7.2 (Build 23), of the HPLC system and set for valley-to-valley integration with a
threshold of 50 unit areas. Manual integration was done using the manual integration function in
the HPLC software when peaks were not automatically recognized.
Table 2-1: Chronological time program for HPLC analysis
Minutes

Pump A

Pump B

Event

0

80%

20%

Initial

10

80%

20%

15

20%

80%

32

20%

80%

34

80%

20%

44

80%

20%

44.10

Return to initial
Stop

Total flow = 0.8 mL/min
Pump A = mobile phase A
Pump B = mobile phase B
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B. Glutathione reductase activity gels
Protein extraction. Soluble proteins from 16 and 20 DAF WT and 1F4 seeds were extracted
using glass tissue grinders (7 mL Pyrex brand, Fisher Scientific, Pittsburg, PA, US) from 10-20
mg of 16 and 20 DAF WT and 1F4 seeds in the presence of a homogenization buffer composed
of phosphate-EDTA buffer (pH 7.0; 0.05 M KH2PO4/K2HPO4; 0.001 M EDTA), 0.05% Triton,
0.001 M ascorbic acid and 2% PVPP. The homogenate were centrifuged at maximum speed for 5
min and the supernatant transferred to fresh tubes. The extracts were again centrifuged at
maximum speed for 15 minutes. Extraction and centrifugation were performed at 4°C.
Protein quantification. Amount of protein in the extracts were determined by mixing aliquots of
the extracts with diluted Bio-Rad (Hercules, CA, US) protein dye according to the Bio-Rad
protein assay procedure for 96-well microtiter plates (Fisher Scientific, Pittsburg, PA, US).
Absorbance was measured at 595 wv in a microplate reader (Molecular Devices, Sunnyvale, CA,
US). A new standard curve based on commercial BSA protein (Sigma, Louis, MO, US) was
always created along with each set of samples.
Gels and loading. Fresh discontinuous native acrylamide gels (1.5-2 mm thickness) were
prepared in Bio-Rad upright mini-cells for native gel electrophoresis. The separating gels were
10% acrylamide (without SDS and glycerol) and the stacking gel is 4% acrylamide. The same
amount (50 for 1.5 mm gels or 70 µg for 2 mm gels) of protein from each sample, mixed with
1/4 vol sample buffer (500 µL 0.5 M Tris-HCl, pH 6.8; 400 µL 100% glycerol; 100 µL 0.5%
bromophenol blue) was loaded in each well. The gels were run at 20-22 mA/gel in Laemmli
buffer (0.025 M Tris, 0.2 M glycine) for 1.75-2 hr at 4°C.
Gel staining and analysis. To visualize the bands, the native gels were transferred to 100 mL
staining solution (0.25 M Tris, pH 7.5-8.0) containing 0.4 mM NADPH, 3.4 mM GSSG, 10 mg
DPIP (2,6-dichlorophenol-inophenol), and 10 mg MTT (tetrazolium). The gels were incubated
for 30-45 minutes at room temperature and low agitation. Protein bands were visualized by
precipitation of formazan, the reduced form of MTT. GSH produced in the staining solution by
the activity of the gel-bound GR on GSSG causes reduction of DPIP, which, in turn, reduces
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MTT. Gels were developed for GR activity with and without GSSG. GR isoforms were
distinguished as the bands that were absent in the gels stained without GSSG. GR2 was
identified as the heavier protein compared to GR1 (Donahue et al., unpublished data). Digital
images of the gels were taken using the AlphaImager 2000 system (Alpha Innotech Corporation,
San Leandro, CA, US). Band intensity was quantified using ImageJ 1.32j software (W. Rasband,
NIH, US), utilizing its ‘analyze gel’ function. All stains, GSSG, β-NADPH (enzyme grade) and
other chemicals, unless otherwise stated, were obtained from Sigma (St. Louis, MO, US).
III. Natural ageing and controlled deterioration test for seeds
Controlled deterioration test. The deterioration test used on the Arabidopsis seeds was adapted
from Tesnier et al. (2002) and Clerkx et al. (2004). Four replicates of 80 to 130 WT and 1F4
seeds were placed inside folded weighing paper and equilibrated at 85% relative humidity at
15°C (in the dark). The 85% RH environment was created by suspending the wrapped seeds
over a saturated solution of KCl at certain temperatures (Greenspan 1977). After 3 days, the
seeds were transferred to 40°C and stored for 5 and 7 days. Control 0-day seeds were
immediately transferred after equilibrium to 32% RH, resulting in a seed moisture content of
approximately 6% (Tesnier et al. 2002; Clerkx et al. 2004). Both control and aged seeds were
stored at 4°C (5-7 days) until germination was tested. Germination was tested on water-saturated
germination paper in Petri dishes in conditions of 25°C 14-hr day periods. Seeds were examined
for radicle protrusion using a binocular dissecting microscope (Olympus VMZ
stereomicroscope) twice a day with approximately 12 hr interval for the first 3 days and once
every day afterwards till 14 days from start of imbibition.
Freshly harvested and naturally aged seeds. Dried seeds collected from the WT and 1F4 plants
were air-dried for 3 days and then germinated over water-moistened germination paper in Petri
dishes. The rest of the seeds were transferred into glass vials and stored at ambient laboratory
conditions (22-25°C, 40 -60% RH) for 9 months. The water content in the seeds was 10% (FW
basis). Germination conditions for both freshly harvested and naturally aged seeds were similar
to those used for the immature seeds (Chapter 2, Section II, Germination assays).
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RESULTS
SEED MATURATION:
Weight accumulation and desiccation. Examination of Arabidopsis seeds started 10 days after
flowering (DAF) and commenced until dehiscence of the fruit (20 DAF) (Figure 2-1). In both
WT and 1F4 seeds, no obvious increase in fresh weight was observed from 10 to 18 DAF. WT
seeds reached its heaviest at 18 DAF while 1F4 seeds at 16 DAF. The rapid decline in fresh
weight, losing approximately 0.01 mg between 18 and 20 DAF, described desiccation of the
seeds (Figure 2-2). Accumulation of reserve materials was seen as dry weight increase
throughout 10 to 20 DAF. There was no significant difference between the dry weight of WT
and 1F4 seeds at dehiscence (Figure 2-3). Comparison for the water content of both seed types
showed that WT seeds contain significantly more water through 14 to 18 DAF. At silique
dehiscence (20 DAF), WT and 1F4 seeds have 42 + 4 % and 27 + 8.6 % water content,
respectively. Water content in the seeds was more variable at the time of dehiscence (Figure 24).
Morphology of maturing seeds. Observed within 10 DAF 1F4 siliques were seeds that appear
colorless or white, indicating lack of chlorophyll pigmentation (see Figure 2-1). This seed
phenotype was observed only in 10 to 14 DAF 1F4 siliques and not among WT seeds (Table 22). All WT seeds at the same stages were photosynthesis-capable. Brown, small incompletely
developed seeds, labeled in Table 2-2 as abortions, were also found in both genotypes throughout
the days examined. 1F4 siliques had markedly more abortions than WT siliques.
Development of germinability. Seeds 10, 16 and 20 DAF were collected and incubated on moist
germination paper to enable precocious germination of immature seeds (Figure 2-5). Indications
of delayed maturity in 1F4 seeds were seen in the germination cumulative time courses of the
immature seeds. The most prominent difference was observed with the 10 DAF seeds. Seeds
germination assays for 10 DAF seeds did not reach 100% germination even after a month of
imbibition (80% for WT and 65% for 1F4). 20 and 16 DAF seeds showed almost complete
germinability within 12 days of imbibition (Figure 2-5), with, unsurprisingly, the older seeds
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having a faster rate of germination. In both genotypes, the T50 for 10, 16 and 20 DAF seeds were
approximately 10-14 days, 7-9 days and 4-5 days, respectively (Table 2-3). Rate of germination
was only significantly different between genotypes in 10 and 20 DAF seeds.
Glutathione redox status in maturing seeds. The changes in water content and dry weight of the
seed during maturation render measurement of metabolites on a fresh weight basis misleading in
terms of quantity found in individual seeds. For this reason, glutathione levels were presented on
a per seed basis. From 10 to 14 DAF, the GSH values in both genotypes ranged 5-6 pmol per
seed (Figure 2-6). GSH levels increase (1.4 times for WT and 1.8 times for 1F4 from 14 DAF
levels), though not significantly, at 16 DAF with WT seeds containing 8 pmol per seed and 1F4
9 pmol per seed. Over the course of seed maturation, the highest level of GSH was observed at
the point where the seeds are almost completely desiccated (18-20 DAF). At this point, the GSH
level in both WT and 1F4 was 18 and 14 pmol per seed, respectively. The 18-20 DAF GSH
levels were 3 and 2.5 times higher compared to WT and 1F4 10 DAF seeds, respectively. GSSG
levels throughout maturation remained constant (2-3 pmol per seed) for both genotypes (Figure
2-6). The accumulation of reduced glutathione occurred as the seeds acquired desiccation
tolerance. Concentration of GSH and GSSG due to water loss was accounted for as the
glutathione levels were calculated on a per seed basis. GSH/GSSG ratio during maturation also
increased steadily as the seeds dehydrate (Figure 2-7). The only stage in which the ratio between
WT and 1F4 seeds was significantly different was on 14 DAF where the WT ratio was twice that
of 1F4. The redox state of glutathione in 1F4 became more reduced at 16 DAF but at siliques
dehiscence, WT and 1F4 seeds had similar GSH/GSSG ratio.
Glutathione reductase activity during seed desiccation. Enzyme activity of the two glutathione
reductase isoforms (GR1 and GR2) in Arabidopsis was visualized using native-PAGE. Band
intensities were compared and enzyme activity in WT 16 DAF seeds was set as 100%. A slight
decrease in activity in both GR1 and GR2 occurred in both WT and 1F4 during seed desiccation
(Figure 2-8). At 20 DAF when the siliques dehisce, GR1 and GR2 activity in WT seeds were
only 80% of the activity at 16 DAF. A similar response to water loss was also observed in 1F4.
GR2 activity in 1F4 seeds was not lower as expected.

28

12

10

14

18

10

12

14

16

18

16

20

20

WT

1F4 (anGR2)

Figure 2-1: WT and 1F4 (antisense GR2 line) maturing seeds. Numbers refer to the days after
flowering (DAF). The left seed (pale in color) in the 1F4 12 DAF image was a mutant
phenotype. The other 1F4 12 DAF seed was considered similar to WT seeds.
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Figure 2-2: Average fresh weight of WT and 1F4 maturing seeds (mean ± SE; n = 3) at different
days after flowering (DAF). Only 18 DAF was statistically significant (p < 0.05) when
comparing fresh weight between genotypes.
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Figure 2-3: Average dry weight of WT and 1F4 maturing seeds (mean ± SE; n = 3) at different
days after flowering (DAF). Only14 and 16 DAF were significantly different (p < 0.05) when
comparing between genotypes. Error bars are not visible when they are smaller the height of the
point symbol.
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Figure 2-4: Water content of maturing WT and 1F4 seeds on the fresh weight basis (mean + SE;
n = 3). When comparing between genotypes, 10 and 20 DAF are not significantly different while
the rest are at p < 0.05.
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Table 2-2: Morphology of WT and 1F4 maturing seeds at different days after flowering. Seeds
were obtained from 2-3 siliques each random plant in a lot of 36 plants. White or colorless seeds
are labeled below as pale seeds, and brown, incompletely developed seeds are labeled as
abortions.
WT

Total # seeds
examined

normal
green

10d

461

457

0

12d

502

501

14d

750

16d

pale seeds % pale seeds

abortions

% aborted

0

4

0.9

0

0

1

0.2

748

0

0

2

0.3

757

756

0

0

1

0.1

18d

629

628

0

0

1

0.2

≥20d

983

974

0

0

9

0.9

1F4

Total # seeds
examined

normal
green

abortions

% aborted

10d

1201

1080

114

9.5

7

0.6

12d

941

871

60

6.4

10

1.1

14d

1018

985

9

0.9

24

2.4

16d

909

903

0

0

6

0.7

18d

944

931

0

0

13

1.4

≥20d

1001

979

0

0

22

2.2

pale seeds % pale seeds
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Figure 2-5: Precocious germination of WT and 1F4 seeds. In order to assess maturity of seeds
from WT and 1F4, 10 (squares), 16 (diamonds) and 20 (triangles) day old seeds were harvested
from the 2 genotypes, and imbibed over germination paper. For the 10 DAF seeds, germinability
reached 80% for WT and 65% for 1F4 after a month of imbibition. The data presented are the
mean ± SE of 3 experiments.
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Table 2-3: Mean time to germination (T50) for precocious germination (mean + SE; n = 3 with
70-100 seeds each experiment). At 10 and 20 DAF, WT and 1F4 T50 were significantly different
(p < 0.05). The summation equation was used to compute T50 values. The germination
performance of these seeds is seen in Figure 2-5.
T50
(days)

10 DAF

16 DAF

20 DAF

WT

9.7 + 0.7

7.7 + 0.3

5.7 + 0.7

1F4

13.7 + 0.3

7.4 + 0.3

8.7 + 0.3

35
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GSH (nmol/seed)

0.015

0.01

0.005

0
10

14
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14

16
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0.02

GSSG (nmol/seed)

WT
1F4
0.015

0.01

0.005

0
10

DAF
Figure 2-6: GSH and GSSG levels in maturing WT and 1F4 seeds (mean + SE; n = 3) presented
at nmol per seed basis. All values, GSH and GSSG, are statistically similar (p≤ 0.05) when
comparing between genotypes at a given DAF.
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Figure 2-7: GSH/GSSG ratio in WT and 1F4 maturing seeds (mean + SE; n = 3). All values,
except 14 DAF, were statistically similar (p ≤ 0.05) when comparing between genotypes at a
given DAF. The ratio shown here was calculated from GSH and GSSG values present in Figure
2-6.
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Figure 2-8: Glutathione reductase activity in drying seeds (mean ± SE; n =2). Band intensities of
GR1 and GR2 in WT 16DAF were used as norm for each gene and were set as 100%. Values of
the other samples are presented here as percentages of the assigned norm.
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SEED STORAGE AND AGEING:
Germination of fresh and stored seeds. Freshly harvested WT and 1F4 seeds from dehisced
siliques (20-24 DAF) were collected and sown on moist germination paper. Similar germination
experiments were conducted on the same lot of seeds after 9 months of storage (natural ageing)
at ambient laboratory conditions (22-25°C, 40-60% RH, 10% water content). Total percent
germination was determined 9 days after imbibition. For newly harvested seeds, germination
percentage of WT and 1F4 seeds did not reach 100% with WT having only 60 ± 13%
germination and 1F4, 74 ± 3%. This indicated some residual dormancy in the seeds. Mean time
to germination of freshly harvested WT seeds was slightly longer (8.3 ± 1.4 days), though not
statistically significant, compared to 1F4 seeds (6.4 ± 0.3 days) (Table 2-4).
Stored WT seeds, in the other hand, reached 93 ± 3% germination and a mean time germination
of 2.7 ± 0.3 days, suggesting loss of residual dormancy with storage as compared to the newly
harvested seeds. Stored 1F4 seeds had a significantly lower germinability (49 ± 4%) and
decreased T50 (4.5 ± 0.2 days) compared to 1F4 fresh seeds and to both fresh and stored WT
seeds. This response indicated that 1F4 seeds did not tolerate storage at ambient conditions as
well as WT seeds.
Controlled deterioration test. To determine whether 1F4 seeds had reduced storage life,
accelerated ageing or controlled deterioration tests (CDT) were conducted on WT and 1F4 seeds.
Seeds were exposed to 85% RH and 40°C for 5 and 7 days with untreated seeds (0 days) serving
as control. In control seeds, the germination percentage was almost 100%, showing high seed
germinability under optimal conditions. Exposure to 5 and 7 days CDT resulted in lower
germination of both WT and 1F4 seeds. Seven days CDT seeds showed similar <10%
germination in both genotypes (6 ± 1% for WT and 3 ± 1% for 1F4). Controlled deterioration for
5 days affected 1F4 seeds more with 45 ± 2% germination compared to WT seeds (57 ± 4%).
Both germination % and T50 of WT and 1F4 seeds exposed to 5 days CDT (4.4 ± 0.2 days and
6.2 ± 0.3 days, respectively) were statistically different. This supports results in natural ageing
where 1F4 seeds aged faster than WT seeds (Figure 2-10).
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Glutathione redox status in stored seeds. In naturally aged WT and 1F4 seeds shown in Figure
2-9 (labeled as stored seeds), the glutathione pools (GSH + 2GSSG) were almost completely
oxidized with GSSG making up 85% of the pool in WT aged seeds (Figure 2-11). The
GSH/GSSG ratio in WT seeds was 0.1 ± 0.01. In the aged 1F4 seeds, no reduced glutathione was
detected and GSSG values were similar to WT seeds. Germination experiments earlier showed
that the aged 1F4 seeds had lowered seed vigor compared to the WT seeds (Figure 2-9).
Glutathione levels were not measured when the seeds were freshly harvested.
Repeated sampling from the same WT and 1F4 seed lots showed that GSH levels declined with
time of storage. Figure 2-12 shows a comparison of the calculated GSH/GSSG ratio in seeds
from both genotypes between two samplings more than a month apart. The differences in the
ratio were not significant (p ≤ 0.05), however, it can be expected that the difference will increase
with longer storage time between samplings.

Table 2-4: Mean time germination in days for fresh and stored seeds (mean ± SE; n = 3).
For both genotypes, T50 was significantly different (p ≤ 0.05) when comparing fresh and
stored seeds. T50 of stored 1F4 seeds was also statistically different from that of the WT
stored seeds. Germination percentage of these seeds is shown in Figure 2-10.
T50
(days)

Fresh

Stored

WT

8.3 ± 1.4

2.7 ± 0.3

1F4

6.4 ± 0.3

4.5 ± 0.2

40

100

% Germination

80

fresh
stored

60
40
20
0
WT

1F4

Figure 2-9: Germination percentage of freshly harvested and stored WT and 1F4 seeds. Seeds
were stored at ambient conditions (10% water content) for 9 months. Results presented are the
mean + SE of 3 experiments with 90-100 seeds each. Germination percentage was obtained after
9 days from start of imbibition. Germination percentages between fresh and stored WT seeds
were not statistically different (p < 0.05).
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Figure 2-10: Controlled deterioration of WT and 1F4 seeds (mean + SE; n = 4). The seeds did
not receive a cold pre-treatment. At 5 days of CDT, % germination was statistically different at p
≤ 0.05. T50 of WT and 1F4 seeds for 5 days CDT were 4.4 ± 0.2 days and 6.2 ± 0.3 days,
respectively and were also statistically different.
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Figure 2-11: Glutathione levels in naturally aged WT and 1F4 seeds. The seeds were stored at
ambient conditions for 9 months. No detectable GSH was found in 1F4 seeds (n.d. means not
determined). Results are presented as mean ± SE of 3 experiments. The GSH/GSSG ratio of WT
seeds was 0.1 ± 0.01. The germination performance of these seeds is reported in Figure 2-9 as
stored seeds.
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Figure 2-12: Changes in the GSH/GSSG ratio in WT and 1F4 seeds during storage. WT and 1F4
seeds were stored at ambient conditions (10% water content) for 55 and 43 days, respectively
(mean ± SE; n = 3). Filled columns refer to the first sampling while white columns refer to
values obtained in the later sampling. Differences between fresh and stored seeds of both
genotypes were not significant (p ≤ 0.05).
Table 2-5: Decrease in GSH and GSSG levels during storage. The GSH/GSSG
ratio computed from the values below are presented in Figure 2-12. WT and 1F4
seeds were stored at ambient conditions (10% water content) for 55 and 43 days,
respectively.
Sampling

GSH

GSSG

GSH/GSSG ratio

WT: 1st

360

226

1.6

WT: 2nd

329

244

1.3

1F4: 1st

90

220

0.4

1F4: 2nd

85

293

0.3
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DISCUSSION
Seed maturation in Arabidopsis can be divided into two parts: seed filling (10-16 DAF) and seed
desiccation (16-20 DAF). There were limited differences observed between WT and anGR2
(1F4) seeds during seed development. Seed abortions (Table 2-2), difference in seed dry weight
and water content (Figures 1-3 and 1-4), and delay in maturation of 1F4 seeds as seen in the low
germination percentage and large T50 of 10 DAF seeds (Figure 2-5 and Table 2-3) suggest the
effects of the GR2 antisense may be more prevalent in earlier stages of seed development or
during the seed filling stage. The pale seeds observed in 1F4 10-14 DAF might become the
aborted seeds observed in older 1F4 siliques. The pale seed phenotype has been associated with
mutant seeds containing globular embryos (Meinke 1994). The greater dry weight of 1F4 seeds
indicated a change in the storage accumulation pattern of 1F4 seeds compared to WT (Figure 23). Dry weight measurements show that 14 DAF and 18 DAF to be the mass maturity of 1F4 and
WT seeds, respectively. The slow precocious germination of 1F4 10 DAF seeds could be the
result of a delay in the maturity of the seeds or greater dormancy of the seeds.
During seed maturation, GSH and GSSG levels were similar between the two genotypes (Figure
2-6). GSH/GSSG ratio was also identical between WT and 1F4 except at 14 DAF where 1F4
seeds had a significantly lower ratio than WT (Figure 2-7). This difference in the GSH/GSSG
ratio coincided with a greater increase in dry mass of 1F4 compared to WT seeds (Figure 2-3). It
is interesting to speculate about the relationship of redox state of glutathione and seed filling but
a possible correlation was not investigated experimentally. In soybeans, change in seed protein
composition has been observed with exogenous application of GSH or GSSG (Awazuhara et al.
2002).
These differences between WT and 1F4 seeds show slightly lower efficiency of the 1F4 seed
development but not enough to greatly reduce the number of viable seeds produced. This may be
because both GR1 and GR2 activity in WT and 1F4 were identical during seed desiccation,
except for slightly higher GR1 activity in 1F4 16 DAF seeds (Figure 2-8). The GR2 antisense
mechanism may be active only at certain stages of plant development such as during seed
germination (see Chapter 3) and vegetative growth as GR2 activity was lower in the leaves of
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1F4 plants (S. Mane, unpublished data). It is also important to note that the phenotype
comparison were of WT and 1F4 seeds produced at optimal conditions. A more distinguishable
phenotype in 1F4 may be observed when the plants are grown under stress.
The results in this study show that GSH levels increase while GSSG levels remain constant
during the last days of dehydration of wildtype Arabidopsis seeds. The GSH/GSSG ratio,
consequently, was a value greater than 2 and increased during seed desiccation. When the
siliques dehisced (20 DAF), the seed GSH/GSSG ratio was high. This is surprising given that
GR activity was reduced during dehydration. High levels of GSH during late maturation have
also been observed in wheat (De Gara et al. 2003; Rhazi et al. 2003). Glutathione biosynthesis
and transport into the seed may be possible. However, the water content at 18 and 20 DAF was
between 55-30% (Figure 2-4). Unregulated catabolism occurs and respiration stops at 45% water
content in seeds (Vertucci and Farrant 1995). It is not known how active the glutathione
biosynthetic enzymes and transport proteins are at 55-30% water content.
GSH levels in maturing wheat kernels were almost twice that of GSSG at the end of the
maturation period (45-53 DAF) (Rhazi et al. 2003). The GSH/GSSG ratio at desiccation of wheat
grain was 1.6 (De Gara et al. 2003). De Gara et al. (2003) and Rhazi et al. (2003) found that
GSSG levels are at one point very high during kernel maturation (28 DAF and 48 DAF,
respectively). The increase in GSSG coincided with increased disulfide bonds in storage proteins
in wheat kernel. Rhazi et al. (2003) found increased protein-glutathione mixed disulfide (PSSG)
in the kernels during with grain desiccation rather than during accumulation of storage proteins.
In this study, Arabidopsis seeds had constant GSSG levels and increasing GSH levels during
seed maturation (Figure 2-6), and this raises questions about the role of the glutathione pair in
sulphydryl to disulphide transition in storage proteins of Arabidopsis, which has not been
examined here. The glutathione pair, through reduction of cyteine groups and forming reversible
disulfide bridges, is involved in protein folding (Orsi et al. 2001), in the assembly of polymeric
proteins (Jung et al. 1997) and protection of specific thiol groups from irreversible formation of
intramolecular disulphide bonds in seeds (Butt and Ohlrogge 1991; Kranner and Grill 1996). The
thioredoxin and glutaredoxin systems are also capable of reduction of disulfide bridges in plants
(Rouhier et al. 2002). Measurement of PSSSG during seed maturation and germination would
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clarify the relationship between the glutathione pool and disulfide bond formation in Arabidopsis
storage proteins.
In some species, activities of several free-radical scavenging enzymes decrease with dehydration
of the seed (Vertucci and Farrant 1995; Greggains et al. 2000; Bailly et al. 2001; De Gara et al.
2003; Rhazi et al. 2003) while antioxidants such as tocopherols and glutathione accumulate. This
also appears to be the case during the desiccation of Arabidopsis seeds in this study as shown by
the accumulation of GSH (Figure 2-6). The high levels of GSH and inactivation of GR (Figure 28) during Arabidopsis seed dehydration may reflect a shift in the free-radical scavenging system
from detoxifying enzymes to antioxidant compounds. The enzymatic oxidants such as ascorbate
peroxidase, catalase, glutathione reductase and superoxide dismutase can only be active under
conditions of sufficient water content. Antioxidant compounds such as glutathione, ascorbate,
polyols, carbohydrates, tocopherol, quinines, flavonoids and phenolics can be active in the airdry state (Hoekstra et al. 2003).
The decline of activity in the mitochondria and chloroplast during seed desiccation also provides
an explanation for the high GSH/GSSG ratio in drying Arabidopsis seeds (Figure 2-7). The
decline in respiration during seed dehydration removes one source of ROS in seeds (Leprince et
al. 2000) and that may contribute to maintaining a more reduced glutathione pair at desiccation.
Photosynthesis is another source of ROS. Arabidopsis seeds are only photosynthetically active
from 10 to 16 DAF color and start to accumulate a flavonoid brown pigment as the seeds dry
after 16 DAF (Figure 2-1) (Meinke 1994). Thus, during seed dehydration, less ROS may be
produced compared to the seed filling stage and this may contribute to a high GSH/GSSG ratio at
desiccation.
The effect of ageing on seeds of WT and 1F4 was examined by natural ageing and by a
controlled deterioration test (CDT). 1F4 had a lower germination percentage after 9 months of
storage at ambient conditions (22-25°C, 40-60% RH, 10% water content) (Figure 2-9) and after
5 days of CDT (Figure 2-10). Germination of WT seeds (Columbia ecotype) after 5 days of CDT
was similar to those results reported for Arabidopsis Landsberg erecta ecotype by Tesnier et al.
(2002) and Columbia ecotype by Clerkx et al. (2004). After 7 days of CDT, the germination
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percentage of our WT seeds was much lower than the previous studies. Clerkx et al. (2004)
examined seed longevity in various Arabidopsis mutants including cad2-1 (Columbia
background), which accumulates only 15-30% glutathione of WT levels. When stored for 4
years under ambient conditions, cad2-1 did not show any reduction in germination. After CDT,
germination patterns of cad2-1 were similar to WT, suggesting that glutathione levels are not
crucial in determining sensitivity to ageing in seeds. GSH/GSSG ratio was not determined in the
cad2-1 seeds. In the case of the GR2 antisense line, GSH levels in the 1F4 seeds after desiccation
(Figure 2-6) and during natural ageing were similar to WT seeds (Figure 2-11), but 1F4 showed
lower vigor than WT (Figure 2-9). Since ageing cad2-1 and WT was similarly affected by ageing
but 1F4 was sensitive to storage, the GSH/GSSG ratio may then be of greater importance than
the actual GSH levels itself during germination. In this case, GSSG recycling by GR may prove
crucial in recovery of aged seeds. We do not have data on GSH/GSSG nor GR activity ratio in
germinating aged seeds but our results in seed stress experiments (Chapter 3) showed that 1F4
seeds were less tolerant of heat and drought stress, suggesting either an insertion artifact or that
the redox status of glutathione in stressed 1F4 seeds did not recover adequately or fast enough
during germination. Lower GSH/GSSG ratio may decrease enzyme activity and affect cell
signaling and gene expression in the germinating seed. Lowered germination percentage was
correlated with decline in GR activity with natural and artificial ageing in cotton (Goel and
Sheoran 2003; Goel et al. 2003) and sunflower seeds (Bailly et al. 1998; Torres et al. 1997). The
presence of the antisense mechanism may have a further debilitating effect on the reduced GSSG
recycling capacity of aged seeds and result in a lower GSH/GSSG ratio. The restorative effects
of priming on aged seeds were correlated with increase in GR activity along with other
detoxifying enzymes (Bailly et al. 1998, 2000).
GSH was observed to oxidize as the seeds aged, either by long-term storage or accelerated aging
in sunflower (De Paula et al. 1996; Torres et al. 1997), watermelon (Hsu and Sung 1997) and
tomato seeds (De Vos et al. 1994). In the current study, GSH levels in dry Arabidopsis seeds
were observed to decrease within approximately 6 weeks of storage (Figure 2-12 and Table 2-5)
and were almost completely oxidized after 9 months of storage under ambient conditions (2225°C, 40-60% RH, 10% water content by FW) (Figure 2-11). Lowered GSH levels may indicate
active oxidation of GSH, and thus, oxidative stress in seeds during storage. Oxidative damage in
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seeds during storage is likely in the form of lipid peroxidation, sugar hydrolysis and Maillard
reactions (McDonald 1999; Murthy et al. 2002, 2003). Seed vigor cannot be correlated with GSH
values since both naturally aged WT and 1F4 seeds had similar GSH levels but different
germination percentage. De Vos et al. (1994) also had a similar conclusion since aged and
control tomato seeds contained, after 2 days of imbibition, comparable glutathione content and
redox state, but the times of start of germination were markedly different. Regardless,
autooxidation of glutathione by trace metal ions in the cell cannot be completely discounted as
the cause for lower GSH levels in ageing seeds (Albro et al. 1986). Looking between genotypes,
naturally aged 1F4 seed contained significantly lower glutathione redox states compared to aged
WT seeds. The lowered 1F4 GSH/GSSG ratio may suggest that these seeds experience more
oxidative stress during storage given that WT and 1F4 glutathione redox state was similar during
desiccation (Figure 2-8). A reason for this may be that 1F4 seeds accumulated more ROS during
desiccation than WT seeds, thus resulting in a greater amount of oxidized glutathione during
storage. Accumulation of ROS may indicate more physiological perturbations during seed
maturation in 1F4 than WT.
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CHAPTER 3: ARABIDOPSIS SEED GERMINATION AND STRESS TOLERANCE
INTRODUCTION
Seed germination starts with the uptake of water – imbibition – and is completed when a part of
the embryo, usually the radicle, emerges from its protective structures (reviewed by Bewley
1997). Imbibition results in temporary structural perturbations, particularly to membranes, which
leads to rapid leakage of solutes and low molecular metabolites. Respiration can be detected
within minutes of imbibition. The initial high oxygen consumption declines until radicle
protrusion where another burst of respiratory activity occurs (Bewley 1997).
Given the damage brought about by desiccation and storage and the respiratory burst during
imbibition, Bailly (2004) succinctly describes germination as a potentially harmful process.
Reactivation of metabolism after seed imbibition may bring in a large influx of ROS, a factor
that can affect success of germination. Therefore, antioxidants and detoxifying enzymes are
considered to be of particular importance during germination. Onset of metabolism upon
imbibition brings in an influx of ROS that has to be dealt with to ensure smooth resumption of
cell processes (Bailly 2004). During seed germination, ROS scavenging enzymes such as SOD,
catalase, peroxidase, GR (Leprince et al. 1990; Leprince et al. 1993; Bailly et al. 2001, 2003) and
ascorbate recycling enzymes (Cakmak et al. 1993) increase in activity and antioxidants such as
glutathione, ascorbate, and tocopherols accumulate (Tommasi et al. 2001; Simontacchi et al.
2003).
Glutathione and glutathione reductase has invariably been associated with stress responses in
plants, working as part of the defense mechanisms against oxidative stress. Glutathione has been
correlated to adaptation of plants to extreme temperatures, light and drought stress (May et al.
1998; Noctor et al. 1998). In this chapter, focus is directed on glutathione dynamics and GR
activity during Arabidopsis seed imbibition and germination in both WT and 1F4 lines. This
chapter will also examine the effect of the GR2 antisense insert on germination at high and low
temperature, and under drought stress.
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METHODOLOGY
I.

Plant Material

Plants were grown as described in Chapter 2. Similarly, seeds were harvested and stored as
described in Chapter 2. The seeds were stored inside glass vials at ambient laboratory conditions
(22-25°C, 40-60% RH) for approximately 2-3 months. The resulting water content of the seeds
was approximately 10% (FW basis).
Seeds were imbibed in water for 1, 4, 12, 24, 48 and 72 hr. For the latter 3, seeds were imbibed
over moistened germination paper covered with a piece of dialysis membrane. For 1, 4 and 12 hr,
seeds were imbibed in Eppendorf tubes containing 100 uL of water. The seeds were imbibed in
the presence of light and at 22-25°C. No cold pre-treatment was applied on the seeds.
II.

Glutathione Dynamics

A. HPLC methodology
The determination of levels reduced and oxidized glutathione by HPLC was as described in
Chapter 2. GSH and GSSG were measured in dry seeds (0 hr), and in seeds imbibed for 1, 4, 12,
24, 48 and 72 hr. The imbibed samples were prepared as described above.
B. Glutathione reductase activity gel
Seeds imbibed as described above for 4 and 12 hr, and dry seeds were used for GR activity gels.
Determination of GR activity was done as described in Chapter 2.
C. CLSM imaging
Fluorescent dyes. Stock solutions of 100 mM monochlorobimane (MCB; in ethanol), 100 mM
monobromobimane (MBB; in ethanol) and 30 mM propidium iodide (PI; in water) were

51

prepared and stored at –20°C in 1 mL aliquots until use. Aliquots were thawed and smaller
portions used to prepare a 100 µL MCB; 30 µL PI aqueous solution. Dyes were prepared
immediately prior to use. All dyes were obtained from Molecular Probes (Eugene, OR, US).
Seed dissection and embryo staining. Dry Arabidopsis seeds from both WT and 1F4 lines were
imbibed over filter paper saturated with 5 mM sodium azide for 4 hr at 22 to 24°C. The embryos
were dissected out of the imbibed seeds and transferred to prepared slides containing a drop of
the dye solution with final concentrations of 100 µM MCB, 30 µM PI and 5 mM sodium azide.
Improvised wells were created on the glass slides used by covering the slides with a strip of
plastic tape, approximately 170 µm thick, and carving out a rectangular section in the middle.
Cover slips were carefully placed over the slides and the embryos were stained for 30 minutes in
the dark (Fricker et al. 2000). Cover slips were secured using adhesive tape to prevent the
embryos from being damaged by movement. Excess stain was removed by replacing the solution
in the slide with 5 mM sodium azide. The slides were immediately placed on ice before imaging.
Staining kinetics of MCB is described in Fricker et al. (2000).
Confocal imaging of glutathione S-bimane fluorescence. The embryos were imaged using a
Carl Zeiss LSM 510 META (Oberkochen, Germany) inverted confocal laser scanning
microscope. The glutathione-bimane conjugate (GSB) was excited at 405 nm by a diode laser set
at 2% of maximum output. Fluorescence emission for GSB was collected at 470 to 525 nm using
a Zeiss 5x Plan-Neofluar lens or 63x C-Apochromat water-immersion lens. PI labeling was
excited at either 514 nm (HeNe laser) (26% output) or 543 nm (Argon laser) (17% output) and
emission collected at >600 with a 560 nm dichroic mirror. Pinholes for both collecting channels
were maintained between 60 to 78 µm.
Low magnification (5x lens) images were taken of the embryos to determine the amount of
damage as indicated by excessive PI staining. High magnification (63x) images were used to
measure of GSB fluorescence in the different parts of the embryo. Only images of epidermal
cells in the root tip region, hypocotyls and cotyledons were obtained to simplify analysis. Images
of epidermal cell do not require computation to compensate for signal attenuation with
increasing depth as images from deeper tissues would. The “Find” function in the software LSM
52

Image Examiner (Carl Zeiss AG, Oberkochen, Germany) and manual adjustments were applied
to obtain the optimal detector settings. This ensured that pixel intensity in the images did not
saturate beyond the detectable range. The same settings were used for all samples to be
compared. Images were captured at a depth where GSB fluorescence was brightest and most
defined. For both WT and 1F4 embryos, 3 samples were imaged per embryonic tissue (i.e.
cotyledon, hypocotyl and root tip). Tissue and cell integrity was examined in all the samples
chosen by PI staining.
A test for auto-fluorescence was performed by staining several dissected embryos with only
propidium iodide (30 µM). No auto-fluorescence was detected across all embryo tissues (Figure
3-7), so all signals received in the 470-525 channel were assumed to be from GSB fluorescence.
Similar observations were found in intact Arabidopsis roots (Fricker et al. 2000).
GSB fluorescence intensity was calibrated against varying concentrations of GSB standards
imaged under the same conditions as the embryos. GSB standards were prepared by mixing 590
µL 20 mM GSH in 200 mM Tris-HCl buffer (pH 8.3) and 10 µL 100 mM monobromobimane
(MBB). The mixture was incubated in the dark at room temperature for 15 minutes. The reaction
was stopped by addition of 400 µL 10% acetic acid, allowing the pH to drop between 3 and 4.
The resulting solution was assumed to contain 1 mM GSB. Dilutions of standard stock solution
were prepared and a drop from each solution was transferred to slides similar to those used for
the samples. Images of the standards were taken using all the lenses employed in the
experiments.
Measurement of glutathione levels in cells. To determine the cytosolic GSH levels in the
epidermal cells of the embryonic regions, GSB was quantified by delineating an area of MCB
fluorescence in 2 or more cells per image and calculating the mean intensity in the selected areas.
Three images corresponding to 3 different samples (embryos) were taken each for the hypocotyl,
cotyledon and root tip. Intensity units were converted to mM by using the calibration curve from
the GSB standards.
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Fluorescence microscopy of MCB-stained embryos. To see overall differences in GSB
fluorescence during imbibition and germination, images of GSB-PI stained embryos and
seedlings were taken using a Leica MZ FLIII fluorescence stereomicroscope (Bensheim,
Germany). Whole embryo images were also taken using the 5x/0.15 Plan-Neofluar lens of the
CLSM system. Stains used were the same as above (100 mM MCB and 30 mM PI).
Software. Image processing and analysis were performed using LSM Image Examiner (Carl
Zeiss AG, Oberkochen, Germany) and ImageJ 1.32j (W. Rasband, NIH, US) with LSM plug-in.
Microsoft Excel Professional 2000 (Microsoft Corporation, US) was used for computations.
III.

Germination under Stress

Germination assays. For control, 80-100 seeds of WT and 1F4 that has been stored for 5 months
(22-24°C, 40-60% RH, 10% water content) were spread uniformly on water-saturated
germination paper and germinated at 25°C with 14 hr photoperiod. Four replicates were prepared
for all experiments. Replicates were set in tri-section Petri dishes sealed with paraffin film. Seeds
were examined for radicle protrusion using a binocular dissecting microscope (Olympus VMZ
stereomicroscope) every 12 hr for the first 3 d and once every day afterwards till 14 d from start
of imbibition. No cold treatment was applied on any of the seeds. T50 was computed by using the
summation equation provided by Leon and Knapp (2004) for samples with more than 50%
germination; otherwise, probit analysis was employed (Wilson et al. 1989). All computations
were done in Microsoft Excel Professional 2000 (Microsoft Corporation, US).
Germination at high and low temperatures. The seeds were spread over water-saturated
germination paper and exposed to 30°C day/25°C night for high temperature treatment and 10°C
for the low temperature treatment. 14 hr day lengths were provided for both experiments.
Germination at low water potential. PEG 8000 (Sigma, St. Louis, MO, US) solution of -0.56
MPa was prepared according to Michel (1983) (Equation 5) and verified by osmometry (25°
C;Wescor, Logan, UT, US). WT and 1F4 seeds were spread over germination paper soaked in
the PEG solution and grown at 25°C and 14 hr photoperiod.
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RESULTS
SEED IMBIBITION AND GERMINATION
Seed germination. WT and 1F4 seeds germinated to almost 100% after storage for 4 months in
ambient (22-25°C, 40-60% RH, 10% water content) conditions (Figure 3-1). However, WT and
1F4 seeds differed significantly in their speed of germination with WT seeds germinating faster.
The T50 of WT seeds was 1.2 ± 0.1 compared to 1.7 days for 1F4 seeds.
Glutathione pool during imbibition. The levels of reduced (GSH) and oxidized (GSSG)
glutathione were examined using HPLC during imbibition (0 to 72 hr) of WT and 1F4 seeds
(Figure 3-2). In dry seeds, WT seeds had approximately 4 times more GSH (270 ± 23 nmol/g
DW) than 1F4 seeds (64 ± 16 nmol/g DW). After 1 hr imbibition, GSH levels doubled in WT
seeds and increased more than 10 times for 1F4. GSSG levels decreased in both seed types to
approximately 40% of the dry seed value after 1 hr imbibition. After 4 hr of imbibition, WT and
1F4 had similar amounts of GSH. Both WT and 1F4 seeds reached their highest GSH levels
1055 ± 85 nmol/g DW and 1202 ± 31 nmol/g DW, respectively, after 12 hr imbibition. At 24 and
72 hr imbibition, the majority of the seeds were either still imbibing (24 hr) or germinated (72
hr). Similar to early imbibition, seeds exposed to water for 24 to 72 hr show a highly reduced
glutathione pool with GSSG comprising less than 1% of the redox couple. At 24 hr, GSH levels
in both WT and 1F4 seeds were in the same range (306 ± 182 and 507 ± 73 nmol/g DW,
respectively). The GSH values in the 24 hr imbibed seeds were lower compared to the 12 hr
imbibed seed values in both genotype. At 72 hr, GSH levels in both genotypes increased
approximately twice from 24 hr, 1F4 was significantly higher than of the WT.
GSSG levels in dry WT and 1F4 seeds were similar (216 ± 23 and 189 ± 51 nmol/g DW,
respectively), and decreased by the same percentage (40%) after 1 hr imbibition (Figure 3-2).
Four hours of imbibition reduced GSSG levels to approximately 1% of its value in dry seeds.
Both WT and 1F4 seeds maintained the low GSSG levels as far as 72 hrs of imbibition.
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Looking at the total glutathione pool (GSH +2GSSG), WT dry seeds contained a larger pool
compared to 1F4 dry seeds (701 ± 74 and 442 ± 115 nmol g/DW, respectively) (Figure 3-3).
After 1 hr imbibition, glutathione pool in 1F4 seeds tripled (1297 ± 206 nmol g/DW) while the
change in the glutathione pool in the WT seeds was not significant (852 ± 52 nmol g/DW). Four
hours of imbibition showed a lower pool in 1F4 seeds but almost equal amount in WT seeds (871
± 96 dn 967 ± 108 nmol g/DW). The glutathione pool in both genotypes increased, though not
significantly, after 12 hr imbibition (WT: 1070 ± 95 nmol g/DW; 1F4: 1211 ± 33 nmol g/DW),
but declined in parallel after 24 hr (424 ± 156 and 509 ± 72 nmol g/DW respectively). At 48 hr
imbibition, the pool in WT seeds increased and at 72 hr imbibition was similar to dry seed
values. In 1F4 seeds, the pool was twice the 24 hr value at 48 hr imbibition. At 72 hr imbibition,
the 1F4 glutathione pool was 3 times the value in dry seeds.
In dry seeds, WT dry seeds have a significantly higher GSH/GSSG ratio (1.3 ± 0.2) compared to
1F4 (0.4 ± 0.06) (Figure 3-4). The GSH/GSSG increased 1 hr imbibition and were statistically
similar in both genotypes (6.4 ± 0.7 for WT and 8.8 ± 1 for 1F4). After 4 to 72 hr imbibition, WT
seeds maintained a seemingly higher GSH/GSSG ratio, though the difference between WT and
1F4 was not statistically significant (p ≤ 0.05).
Glutathione reductase activity during imbibition. To compare of GR activity in imbibing seeds,
intensities of the bands from the GR activity gels were quantified by densitometry. GR bands
from WT dry seeds were chosen as the norm (100%). GR1 activity in WT seeds increased with
longer time in imbibition (Figure 3-6). In 1F4 dry seeds, GR1 activity was higher compared to
WT dry seeds. This level of GR1 activity was maintained throughout imbibition. GR2 activity in
WT remained relatively constant throughout the 24 hr imbibition period. GR2 activity in 1F4 dry
seeds and 4 hr imbibed seeds was slightly lower compared to WT seeds. GR2 activity in 1F4
seeds further reduced to 50% of WT dry seeds GR2 activity after 24 hr imbibition.
CLSM imaging of glutathione in Arabidopsis seeds. To facilitate quantification of glutathione
from different parts of the embryo, only the epidermal tissue was examined and its glutathione
pool measured. Images of cells from the hypocotyl, cotyledon and root tip were taken and used
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for analysis (Figure 3-8). For seeds imbibed in sodium azide and incubated at 4°C, GSB
measured was assumed to correspond to the concentration of GSH in the cytoplasm of cells of a
quiescent embryo or at the very start of imbibition. The embryos were exposed to a short period
of imbibition (4 hr), to the metabolic inhibitor – sodium azide, and to low temperature to repress
metabolism in the cells and prevent sequestration of GSB conjugates to the vacuole. After
dissection, the embryos remained largely unharmed as manifested by the lack of large red PI
staining (Figure 3-7). No auto-fluorescence was seen when embryos were stained with only PI
(Figure 3-7). In Figure 3-8 and 2-8, GSB was observed to remain in the cytosol in the above
conditions. When the seeds were imbibed in water and at 22-25°C, GSB conjugates were
sequestered into the vacuole (Figure 3-10). The chloroplastic pool was assumed to be negligibly
labeled by MCB (Hartmann et al. 2003). GSB intensity was calibrated against standards and
cytoplasmic glutathione in embryonic epidermal tissue was estimated to be 1.1 to 1.6 mM
(Figure 3-11). There were no large differences in glutathione concentration between the different
embryonic parts, or between tissues of WT and 1F4 embryos.
To assess whether there was an increase in cytosolic GSH levels during imbibition, overall GSB
fluorescence was compared between embryos imbibed in water and 0.1 mM BSO for 3 hr and 36
hr (Figure 3-12). No radicle protrusion was observed in the seeds used. BSO (L-buthionine[S,R]-sulfoximine) is an inhibitor of GSH biosynthesis. GSB fluorescence increased slightly,
though not significantly, after 36 hr of imbibition for both embryos in water and in BSO (Figure
3-13). No difference was found in bimane fluorescence between seeds imbibed in water and
those in BSO at 3 or 36 hr imbibition, indicating that the increase in GSH levels during
imbibition may not be due to glutathione biosynthesis. It was observed that GSB fluorescence
increased to cover the whole root tip during imbibition. On the other hand, Arabidopsis seedlings
germinated in water had greater GSB fluorescence than those germinated in BSO (Figure 3-14),
suggesting that significant glutathione biosynthesis may occur after radicle protrusion.
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Figure 3-1: Germination pattern of dry WT and 1F4 seeds (mean ± SE; n = 4; 70-100 seeds
each). These seeds had been stored at ambient conditions for 4 months. No low temperature pretreatment had been done to the seeds. WT T50 was equal to 1.2 ± 0.1 days and for 1F4, 1.7 ± 0.1
days. The two T50 were significantly different at p ≤ 0.05.
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Figure 3-2: GSH and GSSG levels during seed imbibition: 0, 1, 4, 12, 24, 48 and 72 hrs (mean
± SE; n = 3). Seeds were imbibed in distilled water at room temperature. With the GSH values,
only 0 and 72 hrs are significantly different (p ≤ 0.05) between genotypes. All GSSG values are
statistically similar (p ≤ 0.05) between genotypes. No GSSG was detected in WT seeds imbibed
for 48 hr.
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Figure 3-3: Changes in the glutathione pool (GSH+2GSSG) during seed imbibition. Results are
pesented as mean ± SE of 3 experiments, except 0 hr where the data are the mean ± SE of 6
experiments. The data above were calculated from the values presented in Figure 3-2.
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Figure 3-4: GSH/GSSG ratio during seed imbibition: 0, 1, 4, 12, 24, 48 and 72 hrs (mean ± SE;
n = 3). The above figures were calculated from values in Figure 3-2. At 48 hrs, no GSSG was
detected in WT seeds (n.d. = not determined), hence no ratio can be calculated. Inset shows 0
and 1 hr values in detail.
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Figure 3-5: GR activity in WT and 1F4 seeds after 4 hr (A and B), and 24 hr (C and D)
imbibition (mean ± SE; n = 2). Seeds were imbibed in distilled water at room temperature. Each
lane represents a single separate extraction.
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Figure 3-6: Comparison of GR activities in WT and 1F4 seeds during imbibition presented as
relative percentages with WT 0 hr values set as 100%. Results shown are the mean ± SE of two
experiments At 24 hrs, WT seeds reached T50 germination.
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Figure 3-7: Propidium iodide (PI) fluorescence in whole embryo and cells. A, Image of an
Arabidopsis embryo stained with 30 uL PI. Lack of large red patches indicate that the embryo
was undamaged. B, Root tip cells (X-Y section) with PI staining, showing no autofluorescence.
C, Z section of the epidermal layer stained with only PI. These images were captured using
similar settings as samples stained with both MCB and PI. PI stains the cell wall and the nucleus.
Absence of staining in the nucleus and the intact walls indicate tissue and cellular integrity of the
sample. All subsequent samples were stained with PI and checked for damage before being
imaged.
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Figure 3-8: Images used for image
analysis and quantification of
glutathione S-bimane (GSB). A,
cells of the hypocotyl; B, cells of the
cotyledon; and C, cells of the root
tip. Images were taken from WT
embryos imbibed for 4 hrs in 0.1 M
sodium azide and kept at 4°C.
Yellow green color refers to GSB
fluorescence while red color
corresponds to PI fluorescence.
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Figure 3-9: Analysis of CLSM images. This is a screenshot of an image where GSB
fluorescence is being quantified. Quantification was performed by delineating areas of GSB
fluorescence and measuring the average intensity in the chosen areas. The inset is the output
from LSM Image Examiner. Final values were obtained from the mean of three images (i.e. 3
samples).
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Figure 3-10: Vacuole sequestration of
GSB. Images of epidermal cells from
different embryonic tissues, imbibed
without sodium azide and kept at room
temperature. GSB was seen sequestered in
the vacuoles of the cells. A, cells of the
hypocotyl; B, cells of the cotyledon; and C,
cells of the root tip. Images were taken from
WT embryos imbibed for 4 hrs. Yellow
green color refers to GSB fluorescence
while red color corresponds to PI
fluorescence.
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Figure 3-11: Measured glutathione pool from epidermal cells of different embryonic organs of
WT and 1F4 seeds. Results presented are mean ± SE of 3 samples.
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Figure 3-12: Overall GSB fluorescence in WT and 1F4 embryos. GSB fluorescence was
measured for embryos imbibed in water to determine changes in size of the glutathione pool
during imbibition. Cellular measurement was not done due to sequestration of the GSB to the
vacuole. Low temperature and sodium azide were used in the previous experiments to prevent
movement of GSB to the vacuole, but these do not allow for normal imbibition of the seeds. The
same stains were used on these embryos as with the samples imaged at higher magnification.
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Figure 3-13: Comparison of GSB fluorescence in imbibed embryos. Overall GSB fluorescence
in the different embryonic tissues of WT seeds, measured as shown in Figure 6. The WT
embryos were imbibed for 3 and 36 hrs in water and 0.1 mM BSO at 24°C. Results presented are
mean ± SE of 9 samples.
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Figure 3-14: Images of WT seeds germinated in 0.1 mM BSO (A) and water (B) using a
fluorescence stereomicroscope. The seedlings were stained with MCB and GSB
fluorescence was seen as the blue color in the images (images on the left). The same
seedlings were also imaged using reflected light (images on the right). The smaller
images in A are close ups of a seed germinating in BSO solution.
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GERMINATION UNDER STRESS
Germination at high and low temperature. Germination of WT and 1F4 seeds at 10°C had a
similar effect to stratification, wherein the seeds were imbibed at a low temperature for several
days before they were sown to induce germination. Germination at low temperature was uniform
in WT and 1F4 seeds (Figure 3-16). Both genotypes reached 100% germination and a mean
germination time of 3.01 days. Germination in high temperature (30°C/25°C) reduced 1F4 seeds
germination percentage to 48 ± 2% while WT seeds showed 95 ± 2% germination (Table 3-2).
WT seeds reached mean time germination (T50) in less than a day (0.78 ± 0.2 days) (Table 3-1).
1F4 seeds, on the other hand, had a mean germination time of 4.28 ± 0.5 days and only 48 ± 2%
germination. This suggests that the GR2 antisense line is more sensitive to heat stress.
Germination at low water potential. To simulate drought stress, WT and 1F4 seeds were
germinated on -0.56 MPa PEG solution. Germination in both genotypes slowed and the
germination percentage was lowered (Figure 3-15). Total germination of WT seeds was 70 ± 3%
(Table 3-2). Germinated WT seedlings developed slowly and looked unhealthy with thin roots
and cotyledons. Since only 21 ± 1% of the 1F4 seeds germinated, probit analysis was used to
calculate mean time germination (T50) (Figure 3-17). Mean time germination was significantly
different between the genotypes with WT T50 equal to 3.1 ± 0.3 days and 1F4 9.6 ± 1.4 days
(Table 3-1).
As shown earlier, WT and 1F4 controls (25°C in water) showed almost complete germination
(Figure 3-1). T50 of WT and 1F4 seeds were statistically different (p ≤ 0.05) with 1F4 longer (1.7
± 0.1 days) compared to WT (1.2 ± 0.1 days) (Table 3-1).
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Figure 3-15: Germination of WT and 1F4 seeds at low water potential (-0.56 MPa). All seeds
were germinated in light, at 25°C and without cold pre-treatment. Values shown are the mean ±
SE of 4 replications containing 80-100 seeds each. Error bars are not visible when they are
smaller the height of the point symbol.
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Figure 3-16: Germination of WT and 1F4 seeds at high and low temperatures. Seeds grown at
high temperature were exposed to 30°C/25°C regime, while those germinated at low temperature
were exposed to 10°C. Seeds were germinated in light and without cold pre-treatment. Values
shown are the mean ± SE of 4 set-ups containing 80-100 seeds. Error bars are not visible when
they are smaller the height of the point symbol.
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Table 3-1: Mean germination time (T50) of WT and 1F4 seeds in stress conditions (mean ± SE).
Four replicates of 60-100 seeds each were used. Figures in italics indicate less than 25%
germination. Non-similar letters indicate significant difference when comparing between
genotypes at each stress condition.
Seed
genotype

25°C
water

10°C
water

30°C
water

25°C
-0.56 MPa

WT

1.2 ± 0.1a

3.01 ± 0c

0.78 ± 0.2a

3.1 ± 0.3a

1F4

1.7 ± 0.1b

3.01 ± 0c

4.28 ± 0.5b

9.59 ± 1.4b

Table 3-2: Total germination of WT and 1F4 seeds at different stress conditions (mean ± SE; n
=4; 50 to 100 seeds per replicate) 14 days after start of imbibition. All assays were done in 14 hrs
photoperiod and no cold pre-treatment. Seeds for control, low temperature and high temperature
set-ups were germinated in distilled water. Means are significantly different (p ≤ 0.05) between
genotypes at 30°C and –0.56 MPa experiments.

Seed genotype

25°C
water

10°C
water

30°C
water

25°C
-0.56 MPa

WT

100

98 ± 1

95 ± 2

70 ± 3

1F4

98 ± 1

99

48 ± 2

21 ± 1
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Figure 3-17: T50 calculation for 1F4 seeds germinated at –0.56 MPa by probit analysis. The first
3 or 4 data points in the germination curves of each sample were transformed to probit values
and the equivalent day for probit value 5 (T50) was computed using linear regression.
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DISCUSSION
This study shows that Arabidopsis seed imbibition and germination is characterized by a very
reduced glutathione pool. GSSG levels declined to less than 1% of the pool after 4 hr of
imbibition and remained at this level throughout germination (Figure 3-2). During the first 12 hr
of imbibition, GSH levels in Arabidopsis seeds were between 600 to 1200 nmol/g DW. Higher
GSH values were reported in imbibing pea seeds where GSH levels ranged from 1000-1500
nmol/g DW 0 to14 hr of imbibition. GSSG levels in pea seeds started as 24% of the total
glutathione pool in dry seeds, declined rapidly after 5 hr and were only 3% after 14 hrs
imbibition (Kranner and Grill 1993).
The decline in GSH levels at 24 hr imbibition coincided with the T50 of WT Arabidopsis seeds
(Figure 3-1 and 2-2). A similar pattern was also observed with C. rubrum seeds wherein the GSH
levels and the glutathione pool rose just before radicle emergence and then declined back to
values similar to dry seeds (Ducic et al. 2003). In pine seeds (without teguments), an increase in
GSH levels was also observed after 24 hrs of imbibition and after 48 hr, GSH levels declined to
less than dry seed values (Tommasi et al. 2001). In this study’s results and those cited above, the
decrease in GSH levels during or immediately before radicle protrusion cannot be accounted for
by an increase in GSSG concentration since GSSG remained at very low quantities (Figure 3-2).
The absence of an upsurge in GSSG levels suggests that not only is oxidative stress magnified
during germination, but that glutathione is also being utilized in other processes. Production of
ROS such as H2O2 (Puntarulo et al. 1991; Gidrol et al. 1994; Caro and Cumming 1998; Hite et al.
1999; Schopfer et al. 2001; Bailly et al. 2002; Morohashi 2002), NO (Caro and Puntarulo 1999),
hydroxyl radicals (Schopfer et al. 2001), and superoxide radicals (Puntarulo et al. 1991; Gidrol et
al. 1994; Schopfer et al. 2001) was associated with imbibition and germination. The increase in
GSH levels just before germination may then serve as buffer against oxidative stress in
germinating seeds. Alternatively, regulation of ROS levels in seeds is important as ROS can
serve as a signaling molecule during germination and as protection against pathogen attack
(Schopfer et al. 2001). Glutathione may still function mainly as an antioxidant during
germination, but the loss of glutathione to other processes such as glutathione breakdown and
conjugation reactions should also be taken into account. Little is known of glutathione
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catabolism in plants, though one of the proposed pathways is breakdown of the tripeptide to its
component amino acids (Foyer et al. 2001). Glutathione-S-transferase mRNA is known to be
upregulated during germination (Bailey et al. 1996) and its overexpression is associated with
better stress tolerance in seeds (Roxas et al. 1997). Glutathionylation, catalyzed by glutaredoxin,
may be one avenue for GSH when lower GSH levels do not correspond with a marked
accumulation of GSSG (Starke et al. 2003). Though glutathionylation was not measured in this
study, it can be one of the sources of GSH besides de novo synthesis during germination.
Glutathionylation refers to formation of a mixed disulfide bond between glutathione and a target
protein and is considered an important mechanism for sensing redox perturbation in cells (Foyer
and Noctor 2003).
GSSG recycling may account for most of the increase in GSH levels in WT seeds during
imbibition, as the total glutathione pool remains similar to that of the dry seeds (Figure 3-3).
GSSG recycling, along with GSH biosynthesis, was also observed in pine seeds during
germination (Tommasi et al. 2001). An increase in GR activity was correlated with germination
of wheat seeds (Cakmak et al. 1993), Hordeum vulgare (Fontaine et al. 1994), sunflower (Bailly
et al. 2002), and maize (Leprince et al. 1990). In 1F4 seeds, the 3-fold increase in the glutathione
pool may be due to glutathione synthesis and/or release of GSH from PSSG (protein-glutathione
conjugates) (Figure 3-3). Preliminary data with in vivo imaging of glutathione have shown that,
in WT seeds, GSH synthesis seems to occur to a large extent after radicle protrusion (Figure 314). Glutathione biosynthesis may account for the increase in GSH levels in 1F4 seeds, though
we cannot confirm that in this study. Conjugation of glutathione to proteins (glutathionylation)
was observed in wheat (Rhazi et al. 2003; Li et al. 2004a, 2004b) and spinach seeds (Butt and
Ohlrogge 1991) and accumulation of PSSG was associated with seed desiccation (Kranner and
Grill 1996). Conversely, PSSG content declined with imbibition (Fahey et al. 1980; Butt and
Ohlrogge 1991).
The 3-fold increase in the glutathione pool in 1F4 seeds may be a form of compensation for
lowered GR2 activity caused by the antisense insert, a response to oxidative stress during
germination or an insertion artifact. GR2 activity in 1F4 declined to 50% percent of WT after 24
hr imbibition, and this may induce glutathione biosynthesis as compensation. The increase in
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1F4 GSH levels may also be induced by increased oxidative stress caused by differences in
experiment conditions such as drying of the germination paper on which the seeds were sown. It
also interesting to note that during storage, GSH was more oxidized in 1F4 seeds compared to
WT, indicating that 1F4 seeds were experiencing greater oxidative stress than WT. It may be a
similar case during germination of 1F4 seeds where the greater stress was reflected in induction
of high GSH levels. The oxidative stress may be a position effect that causes perturbations in the
metabolic processes of the cell. A mapping experiment is needed to determine if the antisense
insert has disrupted expression of a gene or genes.
In WT imbibing seeds, GR1 activity increased during germination, perhaps in preparation for
onset of photosynthesis in seedling, while GR2 activity remained constant. On the other hand,
1F4 seeds had constant high GR1 activity but a decreasing GR2 activity during imbibition
(Figure 3-6). This difference in GR activity suggests that the antisense mechanism may not be
constitutively active in seed tissues, though the plant seems to compensate for it by increasing
the activity of the other GR isoform. Another factor may also be that the seeds used were T5
generation. Though the 1F4 line is homozygous, repeated planting eliminates the weakest
individual plants, leaving plants with a phenotype similar to WT to survive. During imbibition,
the GR system in 1F4 is capable of reducing oxidized glutathione at the same rate as WT seeds
given that all GSSG was reduced within 4 hours of imbibition in both genotypes (Figure 3-2).
In situ labeling of GSH in seed embryos estimate cytosolic GSH to be 1.1 to 1.6 mM. Several
plant tissues (i.e. Arabidopsis intact root, trichome cells, suspension culture cells), have been
examined using this technique and different values were obtained (approximately 0.2 mM
culture cells and trichome cells to 2-3 mM in most root cells), emphasizing the physiological
differences between tissue types (Fricker et al. 2000; Gutierrez-Alcala et al. 2000; Meyer et al.
2001). Between WT and 1F4 embryos, no significant difference in the GSH levels was observed
using CLSM (Figure 3-11). This was not reflected in the HPLC data of dry WT and 1F4 seeds
where WT seeds had significantly higher GSH levels (Figure 3-2). The discrepancy may be
because the MCB stain in the CLSM technique labels only cytosolic GSH. In poplar leaves, only
50% of the glutathione pool measured in vitro was labeled by MCB in situ (Hartmann et al.
2003). However, both CLSM (Figure 3-13) and HPLC (Figure 3-2) results show that no
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significant GSH biosynthesis occurs during Arabidopsis seed imbibition. This is seen in the lack
of effect of BSO on embryo GSB fluorescence and the relatively steady state glutathione pool as
determined by HPLC during imbibition. The CLSM method offers a lot of possibilities in seed
and seedling studies such as determining the location of GSH synthesis and GSH transport in
seedlings and glutathione dynamics including degradation in plant embryos during development
and germination.
Germination at low water potential simulates germination under drought stress. Imbibition at low
water potential affected both WT and 1F4 seeds, resulting to lower germination percentage. Less
than 25% of the 1F4 seeds showed radicle protrusion, compared to WT’s 70% germination
(Figure 3-15). This shows that 1F4 seeds have greater sensitivity to drought stress. Many studies
have reported changes in GR activity in drought stressed plants or cells (Bueno et al. 1998;
Anderson and Davis 2004; Keles and Unyayar 2004,), however, there is less information on
germinating Arabidopsis seeds under drought stress. Helianthus anuus seedlings exhibited lower
GR activity when subjected to drought stress (Keles and Unyayar 2004). No changes in GR
activity were observed in BY-2 cells grown on high osmoticum (Bueno et al. 1998). WT
Arabidopsis seedlings grown at moderate water deficit showed stimulation of root elongation and
rate of cell production, and lateral root initiation and elongation were unaffected (van der Weele
et al. 2000). Most of these characteristics were suppressed at lower water potential (-1.2 MPa).
Stimulation of root growth under mild stress is a coping mechanism that allows roots to plumb
the soil for water (van der Weele et al. 2000).
As glutathione is proposed to participate in acclimation of plants to abiotic stress including low
(Kocsy et al. 2001) and high temperatures (Dat et al. 1998), germination of both WT and 1F4
seeds at 10 and 30°C was examined. 1F4 seeds reacted differently when germinated at these
temperatures with only approximately 40% germination at high temperature and almost 100% at
low temperature. Germinating WT and 1F4 seeds at 10°C resulted in a germination pattern
similar to stratified Arabidopsis seeds for both genotypes, suggesting that the given temperature
was not enough to be stressful to both WT and 1F4 seeds. Germination at 30°C, however,
showed a significant difference in performance between WT and 1F4 seeds. Germination of 1F4
seeds was reduced to about 50% while WT seeds were not affected. Several studies of plants
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subjected to heat stress have shown that H2O2 accumulated and lipid peroxidation increased in
stressed plants (Sairam et al. 2000; Rivero et al. 2004). GR activity was observed to decrease in
tomatoes and the chilling-sensitive maize line ‘Pen’ grown at 35°C and 40°C, respectively
(Rivero et al. 2004; Kocsy et al. 2004).
One reason for the lower germination percentage of 1F4 seeds under stress conditions may be
inadequate activity of GR2 to cope with the GSSG recycling needs in the stressed seeds. This
may cause longer mean times germination and even seed death. Another possibility may be that
lowered stress tolerance of 1F4 seeds is due to an insertion artifact wherein the GR2 antisense
insert disrupted one or more genes resulting in this phenotype. Other GR2 antisense lines or a
GR2 knockout have to be studied to confirm this phenotype. We have obtained GR2 knockouts
and observed that they are very sensitive to stress, indicating the importance of the gene in stress
responses of plants. We have not been able grow the plants to fruiting stage and thus, their seed
physiology was not examined in detail.
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CHAPTER 4: RETROSPECTION AND POSSIBILITIES
SUMMARY
Seed desiccation and germination is characterized by high potential for oxidative stress.
Numerous studies have been done on the activity of the ROS scavenging systems both the
detoxifying enzymes and the antioxidant compounds during seed dehydration and germination,
but few have been conducted on Arabidopsis thaliana seeds. With the number of crop plants and
large seeded species available, Arabidopsis seeds are generally not considered an ideal model for
genetic and molecular studies on seed development (Meinke 1994). The amount of effort
required to obtain enough material for biochemical assays usually proves to be discouraging.
However, the advent of genomic information on the plant made Arabidopsis an attractive model
organism for molecular and genetic analysis of different stages of plant growth, including seed
development.
To better understand antioxidant responses during plant stress, antisense lines against the two
glutathione reductase genes were created. Evidence of high percentage of seed abortions in
anGR2 (1F4) lead to the start of this project. The biggest stumbling block in this study was the
unavailability of seeds from the early generation of transformed antisense plants. T4 seeds were
obtained from anGR1 T3 plants, and T5 seeds from anGR2 (1F4) T4 plants. WT and anGR1 seeds
were indistinguishable from each other, both having similar precocious germination percentages,
germination rate and percentage in dry seeds, seed abortions and seed weight (data not shown).
Focus was then placed on 1F4, which deviated more clearly from WT phenotype in the above
features.
There are two novel techniques used in this study. One was the HPLC method we have adapted
for studying Arabidopsis seeds. The methodology allowed for simultaneous measurement of
GSH and GSSG using a fluorescent detector, which has higher accuracy than UV detection. The
derivatized samples can be stored for a year when kept at 4°C and in the dark (Jones et al. 1998).
The HPLC method can also be modified to allow measurement of glutathionylation in seed
proteins. As far as we know, this is the first study done on glutathione dynamics in Arabidopsis
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seed maturation and germination. The second method is the in vivo imaging of glutathione by
confocal laser scanning microscopy (CLSM). Though the use of this technique in seeds is still in
its preliminary stages, this study has shown that it is feasible. Using CLSM, changes in cytosolic
glutathione of the different tissues such the root apical meristem and the developing vascular
tissues in the seed embryo can be determined. Native PAGE gels were used to determine GR
activity in the seeds because measures of activity of individual isoforms. However, a
disadvantage of native PAGE gels is that they cannot show with great accuracy small differences
in activity between isoforms.
Examination of GR activity in seeds maturing and germinating under optimal conditions showed
slightly higher GR1 activity in 1F4 compared to WT and similar GR2 activity except after 24 hr
of imbibition when 1F4 had only 50% of WT activity. GSH and GSSG levels in WT and 1F4
were also similar during seed maturation and germination. However, a unique phenotype was
very apparent when the 1F4 seeds were exposed to stress, namely natural and artificial ageing,
and germination at high temperature and at low water potential. Unfortunately, we do not have
data on the GR activity and glutathione pool during germination of aged or stressed seeds.
Among the results obtained in this study is (1) that during Arabidopsis seed desiccation,
glutathione accumulates and GR activity decreases. Glutathione may then function as the major
antioxidant in stored seeds. (2) Ageing of Arabidopsis seeds entails oxidation of GSH, indicating
oxidative stress during storage. (3) 1F4 seeds to age faster in ambient and CDT conditions
indicating higher oxidative stress in these seeds and perhaps a debilitating effect of GR2
antisense insert during recovery at imbibition. (4) During imbibition and germination, the
glutathione pool dynamics in Arabidopsis seeds follow a similar pattern to other seeds. The
glutathione pool becomes very reduced and GSH levels in WT seeds increase mostly by GSSG
recycling during imbibition. (5) A peak in GSH concentration just before germination indicated
high capacity of the glutathione system to deal with ROS production associated with radicle
protrusion. (6) Our results showed that 1F4 seeds are less tolerant of heat and drought stress,
indicating perturbations in the ROS scavenging systems particularly GR2.
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Several aspects of this study need to be examined in further detail such as the glutathione levels
in aged and stressed seeds during germination, and GSH biosynthesis during germination and
seedling growth. Experiments focused on disulfide bridge formation and reduction during seed
maturation and germination may provide insight on storage protein accumulation in Arabidopsis
and the function of thiols in these key stages. Glutathione has been proposed to serve as part of
redox signal transduction in plants (Foyer and Noctor 2003). Further studies of glutathione
during stress may provide understanding, at the molecular level, the induction of acclimation and
stress tolerance in seeds.
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