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Aldo-keto reductases (AKRs) are a superfamily of enzymes which participate in
redox reactions involving a wide range of carbonyl-containing substrates. Due to their
lack of substrate specificity, AKRs may be involved in widespread toxicant metabolism,
including the reduction of toxic methylglyoxal. Overexpression of OsMYB55 conferred
heat-tolerance on rice and maize while maize lines demonstrated an over-accumulation of
the metabolite 1,2-propanediol and increased expression of a number of AKRs. These
findings point to a biochemical mechanism, linking heat tolerance with the production of
1,2-propanediol by one or more AKRs. This study demonstrates the heat-induced
expression of three Arabidopsis AKRs. T2 generation overexpression lines resisted the
negative effects of paraquat toxicity, a phenotype which correlates with the affinity of
recombinantly-expressed proteins for the substrate methylglyoxal in vitro. Exogenous
application of 1,2-propanediol demonstrated no protective effect but recommendations
are made for a robust, high-throughput method for the quantification of endogenous 1,2propanediol using HPAEC-PAD.
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Introduction
Climate change is becoming an ever growing issue for several reasons including
the effect of increasing global and regional temperatures on the productivity of
significant crop plant species. Global temperatures are predicted to have increased by
1.5°C by the end of the 21st century compared to 1900, while some severe scenarios
predict a temperature increase greater than 2°C if significant actions are not taken
(Intergovernmental Panel on Climate Change, 2013). To exacerbate the issue of limited
crop productivity, the global population reached 7 billion between late 2011 and early
2012 and is expected to reach 9.6 billion by the year 2050 (United Nations, 2013). This
population is heavily dependent on crop species such as rice, corn, and wheat,
necessitating that measures be taken to improve crop productivity if this increasing
demand is to be met.
The combination of plant breeding techniques and the development of nitrogen
fertilizers have been integral to the improvement of crop productivity thus far.
Nitrogen fertilizers, however, represent the single greatest financial input for farmers
and as a result, fertilizer use can only increase productivity as far as it is economically
feasible. In addition, only a small portion of the applied fertilizer (30-40%) is taken up
by the plants while the remainder seeps into nearby waterways and groundwater,
posing a significant environmental concern (Kant et al., 2011). Other factors such as
decreasing acreage of fertile land, water availability, and increasing global
temperatures, necessitate that new measures be taken to secure a sustainable source of
food.
This is where the genetic engineering of plants for improved traits such as
stress tolerance presents a valuable approach to increasing plant productivity in the
face of adversity, particularly increasing global temperatures. The first step is to better
understand what mechanisms are already in place within the plant to help cope with
stress, and understand the innate advantages and limitations of those mechanisms.
Where those mechanisms are limited is where we can begin to modify and manipulate
them for improved efficiency and productivity.

2
The aldo-keto reductase family of enzymes has long been linked to stress
tolerance in several species, with many describing their role in widespread toxicant
metabolism. However, it remains unclear what the exact mechanism is by which this
class of enzymes confers a stress-tolerant phenotype and what the greater implications
of such a mechanism may be. The primary goal of this study was to characterize a
number of these enzymes in the model organism Arabidopsis thaliana in terms of their
ability to confer a stress-tolerant phenotype. Further, it is important to determine
whether there are variations in the relative substrate specificity of these enzymes that
together could shed light on the broader mechanism by which they operate. The
results of these studies may represent a novel approach to develop enhanced stress
tolerance for crop production.
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Chapter 1: Literature Review
1.1 Previous work
In previous work done by the Rothstein group, overexpression of the rice
transcription factor OsMYB55 resulted in a plant that demonstrated greater tolerance to
high temperatures. The increased heat tolerance of these transgenic plants was
demonstrated by improved plant growth and decreased negative effects of high
temperature compared to wildtype plants. At high temperatures, the transgenic plants
demonstrated decreased loss in plant height, dry biomass, and grain yield at harvest
compared to wildtype suggesting that the overexpression of the OsMYB55 gene confers
thermotolerance in rice (El-Kereamy et al., 2012).
The OsMYB55 gene was then overexpressed in maize to investigate tolerance to
high temperatures in another significant crop (data unpublished). Leaf tissue from maize
plants that had been grown under both control and high temperature conditions were
sent to Metabolon for total metabolite analysis. The results of this study indicated a 23fold increase in the accumulation of 1,2-propanediol in the transgenic plants in response
to heat. This result was incredibly significant and worth pursuing further as the study of
1,2-propanediol and its implications for stress tolerance in plants is a novel idea and one
that could provide new insight in the field of abiotic stress tolerance.
Upon closer inspection of gene expression data from these maize plants, a few
key genes demonstrated differential expression, either in response to heat, or due to the
overexpression of OsMYB55, or both. Some of these genes were members of the aldoketo reductase superfamily and taken together, the increased expression of these
enzymes and the significant accumulation of a secondary metabolite, pointed to a
possible biochemical mechanism for the heat tolerance being observed.
The proposed mechanism by which 1,2-propanediol and the aldo-keto reductase
confer heat tolerance upon the plant is two-pronged. The first theorizes that 1,2propanediol acts as an osmoprotectant within the cell, its kosmotropic properties
allowing it to maintain the integrity, stability, and solubility of cellular components
such as proteins, membrane lipids, and DNA. The second suggests that 1,2-propanediol
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is a downstream product of the enzymatic reduction of methylglyoxal, a cytotoxic
byproduct of lipid peroxidation. The metabolism of this cytotoxic reactive aldehyde
and the simultaneous production of 1,2-propanediol would decrease the pool of
methylglyoxal available and thus decrease the negative effects associated with its
accumulation. The enzymatic detoxification of reactive aldehydes has been wellstudied (Oberschall et al., 2000; Turóczy et al., 2011; Wang et al., 2003; Yamauchi et
al., 2011) but little is known about 1,2-propanediol and which AKRs specifically play a
role in the stress response mechanism of plants.

1.2 The plant stress response
Abiotic factors that affect the growth, productivity, and quality of plants include
temperature, water availability, soil salinity, irradiation, and others. When conditions fall
outside their optimal levels, serious molecular and physiological changes take place
which can be damaging and detrimental to the plant’s survival (Oberschall et al., 2000;
Wang et al., 2003). Figure 1.2.1, adapted from Wang et al., outlines the response of
plants to various abiotic stresses including heat and indicates a number of response
pathways that are controlled at the transcriptional level.

1.2.1 Stress response pathways
Initially, studies in the area of heat stress and heat tolerance focused largely on
the heat shock factors (HSFs) and their regulatory targets, the heat shock proteins
(HSPs). These proteins are induced under heat stress conditions and act as molecular
chaperones to maintain and aid with the stability and proper folding of proteins and
cellular machinery (Maestri et al., 2002). However, the HSPs are not alone.
Research has shown that the plant response to heat and other stresses is mediated
by an assortment of overlapping and integrated pathways that are highly regulated and
largely dependent on the types and combinations of abiotic stresses to which the plants
are exposed. For example, exposure to oxidative stresses, such as high light and heavy
metals, resulted in the over-expression of Cu/Zn-superoxide dismutase (CSD1 and
CSD2), key enzymes involved in the scavenging of reactive oxygen species (ROS). ROS
are known to play an integral role in inflicting the damage of oxidative stress. This study

5

Figure 1.2.1 Stress response pathways. Flow chart demonstrates the common overlapping
effects of abiotic stress including damage to lipids, proteins, and DNA by ROS. This
schematic shows how stress response can be initiated at the transcriptional level to induce
expression of genes involved in detoxification and osmoprotection, two of the
mechanisms that are implicated in this study. This diagram adapted from Wang et al.,
2003.
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showed that the temporal and spatial expression of CSD1 and CSD2 were controlled by
the stress-induced down-regulation of microRNA398, and thus describes an intricate
mechanism for the fine-tuned control of this stress response (Sunkar et al., 2006). In
another study, Arabidopsis exposed to heat stress, drought stress, or the combination of
heat and drought stress, expressed three unique transcriptomes, suggesting a partial
combination of pathways with an additional unique one which responds to the effects of
two simultaneous stresses. This pattern is seen in tobacco as well, suggesting that this is
a conserved response among plants (Rizhsky et al., 2004). Due to their sessile nature, it
is advantageous for plants to have developed these highly evolved response pathways in
order to meticulously manipulate their gene expression in response to a variety of abiotic
stresses (Rizhsky et al., 2004; Romero et al., 1998). These response pathways must first
be understood before their components may be manipulated and engineered in the
pursuit of stress-tolerant crops.

1.2.2 Reactive oxygen species
Free radicals and reactive oxygen species are generated within plant cells under
stress conditions due to an imbalance in the flow of metabolites through the cell.
Eventually the accumulation of these species overpowers the capacity of the cell to
scavenge ROS and terminate radical chain reactions (Buettner, 1993; Sies et al., 1985).
The ensuing damage is caused by the interaction of ROS with cellular components such
as proteins and membrane lipids. The reaction resulting from the attack of ROS on
membrane lipids is known as lipid peroxidation and the degradation products of these
lipid peroxides, which include reactive aldehydes, are highly cytotoxic (Turóczy et al.,
2011). They perpetuate further damage through the radical chain reaction mechanism
which carries on continuously until the radicals and ROS are scavenged or the chain is
terminated (Sies et al., 1985). A long term imbalance between the pro-oxidant
(mechanisms that generate ROS) and anti-oxidant (mechanisms that prevent and
terminate ROS chain reactions) capacities of the cell will cause a decrease in the yield
and quality of the plants (Catalá, 2010). One of the major lipid peroxidation breakdown
products is methylglyoxal and this compound has been studied extensively in both
eukaryotes and prokaryotes in the context of stress.
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1.3 Support for 1,2-propanediol as an osmoprotectant
The use of 1,2-propanediol, or propylene glycol, is largely in the world of
industry, for use in lubricants and plastics, aircraft de-icing fluid, anti-freeze, food
additives, drug excipients, cosmetics, cryopreservation, and more (Jung et al., 2011;
Kulo et al., 2012; Rosato and Iaffaldano, 2013). Its role as a platform chemical, a
building block for the synthesis of larger complex molecules, has also been studied
extensively (Zeng and Sabra, 2011). The role of 1,2-propanediol as a protective
molecule in plant cells exposed to abiotic stress has not been previously reported but
knowledge of its behaviour in other applications does help to understand how it could
be modulating effects in this biological context.
For example, the pursuit of environmentally-friendly, “green” alternatives to
harsh organic solvents for use in biological applications has been increasing in
popularity as concerns grow about the planet’s future. The group of Dai et al. works to
identify ionic liquids and deep eutectic solvents that fill this role but has found that there
are still many limitations in this area including high cost, toxicity to humans and the
environment, and the solid state of many eutectic solvents at room temperature. This led
to an investigation of a number of primary metabolites which commonly exist as
mixtures in a liquid state in stress-tolerant plants. They were evaluated based on their
potential use as solvents for industrial applications. These “natural deep eutectic
solvents” (NADES), when mixed in the correct proportions, act as a media alternative to
water that enables biosynthesis and storage of non-water soluble metabolites at high
concentrations. These include high molecular weight molecules such as proteins, DNA,
lipids, and starch, and small molecules such as rutin, quercetin, and cinnamic acid. It
was found that 1,2-propanediol, when mixed with choline chloride and water, resulted in
nearly the highest solubility for many of the tested compounds due to its low polarity
and ability to form a supramolecular structure involving a network of hydrogen bonds.
This mixture was more viscous than water but remained a liquid over a range of
temperatures (Dai et al., 2013). These findings and the fact that the mixture was inspired
by the metabolites of stress-tolerant plants support a role for 1,2-propanediol in both
cold and heat tolerance as an osmoprotectant.
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The use of 1,2-propanediol as a cryoprotectant has also been studied
extensively and the knowledge in this area lends itself well to support a role for this
molecule in temperature stress tolerance in plants. Although the practice of freezing
cells for long-term storage spans several decades, there remains no universal
technique due in part to the complexity of stress response pathways and variability
between species and cell types (Holt, 2000). During the freezing process, the water
in the cytosol begins to form ice crystals, gradually increasing the concentration of
soluble components of the cytosol as they are excluded from the crystal formation.
These crystals are damaging to the cell and its components, representing one of the
main causes of cell death during cryopreservation. Additionally, the increased
concentration of cellular components, including macromolecules and salts, results in
an osmotic imbalance that is detrimental (Holt, 2000). To reduce this effect, 1,2propanediol can be used as a permeable cryoprotectant (Rosato and Iaffaldano,
2013). Cells are incubated with the compound long enough for the molecule to
permeate the cell membrane and establish equilibrium prior to the freezing process.
As the temperature is lowered, the 1,2-propanediol mitigates the negative effects of
the osmotic imbalance by maintaining the solubility of cellular components in their
changing environment. Taken together, these observations support the role of 1,2propanediol as an osmoprotectant capable of mitigating the negative effects of plant
cell stress.

1.4 Methylglyoxal
Methylglyoxal is a naturally occurring byproduct of glycolysis, through the
enzymatic or non-enzymatic dephosphorylation of the triosephosphates, glycerone
phosphate and glyceraldehyde-3-phosphate (Phillips and Thornalley, 1993). It is also one
of the major breakdown products of lipid peroxidation. As described previously, exposure
of plants to abiotic stress leads to increased lipid peroxidation, the breakdown products of
which include methylglyoxal (Grant and Steel, 2003; Turóczy et al., 2011; Yadav et al.,
2005). This compound contains two carbonyl groups – both an aldehyde and ketone – and
is highly cytotoxic due to the reactivity of these two carbonyl moieties. The carbonyl
groups mediate extensive damage within the cell through their interactions with proteins,
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DNA, and lipids. Methylglyoxal specifically has been shown to bind and modify
arginine, lysine, and cysteine residues, ultimately leading to protein degradation (Lo et
al., 1994) while α-oxoaldehydes in general have been shown to form adducts with guanyl
residues in both DNA and RNA (Papoulis et al., 1995). Physiological levels of
methylglyoxal in plant tissues are widely debated due to discrepancies in measurement
techniques. One study shows that cellular concentrations lie on the order of 30-75μM but
have been shown to increase 2- to 6-fold as a result of various abiotic stresses (Yadav et
al., 2005). Under these conditions an effective system must be in place to scavenge and
reduce this reactive aldehyde so as to mitigate damage.
It has been demonstrated that glyoxalase I and glyoxalase II, along with their
cofactor glutathione, play an integral role in moderating the accumulation of
methylglyoxal within the cell (Thornalley, 1998; Yadav et al., 2005) but under severe
circumstances this system may be overwhelmed, necessitating that multiple pathways
be in place for support. One such alternate mechanism involves the enzymatic
reduction of methylglyoxal to 1,2-propanediol by aldo-keto reductases. This proposed
biosynthetic pathway is shown in Figure 1.4.1 and demonstrates the two-step
reduction of methylglyoxal to 1,2-propanediol through an intermediate of either
lactaldehyde or acetol.

Figure 1.4.1 Simplified proposed pathway for the two-step reduction of methylglyoxal to
1,2-propanediol.
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1.5 Aldo-keto reductases
1.5.1 The superfamily
The aldo-keto reductases are a superfamily of oxidoreductases found throughout
all kingdoms of life (Simpson et al., 2009). Over 120 members of the superfamily have
been identified and characterized into fourteen subfamilies. Each family is based on at
least 40% sequence identity at the amino acid level while each subfamily is based on a
minimum 60% sequence identity (de Sousa et al., 2009). The average length of an aldoketo reductase is 320 amino acids and takes on an (α/β)8-barrel confirmation, forming a
hydrophobic core in addition to a nicotinamide co-factor binding site, as shown in Figure
1.5.1. It has been shown that this co-factor binding site is highly conserved among
members of the family, even those that show less than 30% sequence homology
throughout the protein as a whole (Simpson et al., 2009). Due to the extensive
integration of the co-factor binding site from the core through to the surface of the
protein, much of the barrel structure is also conserved amongst family members (Jez et
al., 1997).

Figure 1.5.1 Superimposed ribbon structures of At2g37770 and At2g37760 demonstrate
the (αβ)8-barrel structure as well as the surface loops, A, B, and C (Simpson et al. 2009).

11
Where these family members often differ is in the three loops, named A, B, and
C, on the C-terminal face of the protein. Variation in the size and shape of these loops is
believed to play a role in determining substrate specificity of the enzyme. It is the
genetic diversity within these loop regions that gives the family its significant range in
capacity to participate in redox reactions with a variety of biological molecules
including steroids, sugars, and other carbonyl-containing compounds (Simpson et al.,
2009). The ability of an aldose reductase, a member of the AKR superfamily, to reduce
glucose to its alcohol form, sorbitol, has implicated these enzymes in the development
of cataractogenesis, a secondary complication of diabetes, due to the damaging effects
of high sorbitol concentration in the retinal cells. Initially, this made AKR-inhibitors an
attractive therapeutic for the treatment of these secondary complications (Jez et al.,
1997). However, due to the broad substrate specificity and redundancy amongst AKRs,
it has been suggested that AKR-inhibitors do more harm than good, as AKRs are found
to play a role not only in antioxidant pathways, but in signaling pathways related to
cell proliferation and development as well (Srivastava et al., 2005). These results
clearly illustrate the power of these enzymes in having such broad substrate specificity
and their ability to affect so many cellular processes despite having a high level of
redundancy.

1.5.2 Aldo-keto reductases in plants
Many plant AKRs have been found to be induced under stress conditions or help
to confer a stress-tolerant phenotype. For example, the barley gene AKR4C1 is
upregulated in response to absiscic acid (ABA), a known stress hormone in plants, and
confers desiccation tolerance in the maturing embryos (Bartels et al., 1991). The Bromus
inermis gene AKR4C2 was shown to impart freezing tolerance on suspension cell
cultures in an ABA-dependent manner and showed 92% sequence similarity with the
barley AKR4C1 (Lee and Chen, 1993). The Xerophyta viscosa gene AKR4C4 conferred
desiccation tolerance when overexpressed in a desiccation-intolerant strain of
Escherichia coli suggesting one mechanism for this plant’s ability to withstand severe
drought over long periods (Mundree et al., 2000).
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Several of these genes that are stress-inducible have also been characterized in
terms of their substrate specificity. For example, overexpression of the rice gene
OsAKR1 in transgenic tobacco plants resulted in increased heat and oxidative stress
tolerance. This enzyme demonstrated NADPH-dependent reduction of both
methylglyoxal and malondialdehyde which supports the role of AKRs in the
detoxification of reactive aldehydes (Turóczy et al., 2011). An AKR from alfalfa, with
high sequence similarity to previously identified AKRs, was identified in response to
oxidative and drought stress treatment. It was characterized in terms of its ability to
reduce 4-hydroxynon-2-enal (4-HNE) and methylglyoxal, both of which are known lipid
peroxidation products. It did so in an NADPH-dependent manner in response to
treatment with paraquat, heavy metals, and water deficiency. It was noted that
expression was induced within a number of hours of exposure to chemical treatment
while exposure to drought stress affected gene expression after 4 to 5 days (Oberschall
et al., 2000). Maize AKR4C7 was found to reduce D,L-glycerladehyde in vitro, further
supporting a role in the scavenging of reactive aldehydes described above. It was also
shown to reduce five-carbon sugars, suggesting a secondary role in cell wall
biosynthesis and nucleotide sugar metabolism. While AKR4C7 can catalyze both the
oxidation of sorbitol to glucose in vitro as well as the reverse reduction reaction, it
showed preference for the oxidation reaction. The ability to catalyze both the forward
and reverse reactions suggests that, in vivo, it could be controlled by the relative
concentrations of the co-factor in either its reduced or oxidized state and suggests a
possible mechanism for regulation of the enzyme in response to contrasting
environmental stimuli (de Sousa et al., 2009). It is clear from these results that AKRs are
highly variable in their expression and function, which implicates them in a number of
cellular functions. It is clear though that they play a role in the reduction of aldehydes
and could be integral to the plant stress response. Figure 1.5.2 in the Appendix
demonstrates the evolutionary branching pattern of a number of AKRs from plants
including the AKR4C subfamily of interest.
The Arabidopsis genome codes for at least 21 known aldo-keto reductases and
AKR-like enzymes, several but not all of which are induced under stress conditions
(Simpson et al., 2009). The genes AKR4C8 (At2g37760) and AKR4C9 (At2g37770) are
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both known to be induced under various forms of stress including salt, drought, and cold
stress. Both enzymes demonstrate preferential binding of NADP(H) over NAD(H) as
well as preferential binding of the reduced form of each pair, suggesting a natural role in
the reduction of carbonyls. They also demonstrate the ability to reduce a wide variety of
substrates in vitro including methylglyoxal. AKR4C9 showed less substrate-specificity
than AKR4C8 which could be attributed to variations in their amino acid sequences.
These variations were generally confined to the B loop of the two proteins (Simpson et
al., 2009). While AKR4C9 has demonstrated ability to reduce aldehydes, evidence is
lacking concerning the efficacy of AKR4C9 to reduce ketones (Yamauchi et al., 2011).
Two genes AKR4C10 and AKR4C11 were not found to be stress-inducible but perhaps
play a role in the constitutive regulation of reactive aldehyde accumulation (Simpson et
al., 2009).
Little is known about the Arabidopsis genes At1g59950 and its relative
At1g59960. The maize homolog of At1g59960 was found to be up-regulated in response
to heat stress (data unpublished) in the previous study of OsMYB55-expressing
transgenic maize. This gene shares 86% sequence identity with the At1g59950 gene
which has already been classified as a putative aldo-keto reductase and suggests a
similar function for the At1g59960 relative (Nakano et al., 2013). At1g59960 shares
50% sequence identity with the known tomato gene, AKR38, and both At1g59960 and
At1g59950 are orthologs of a known D-galacturonic acid reductase gene, supporting
their putative roles as AKRs in Arabidopsis (Bulley et al., 2009; Ioannidi et al., 2009).
Their stress-inducibility had not been demonstrated in Arabidopsis and so their role in
the biosynthetic pathway of 1,2-propanediol was worth investigating.
Multiple Arabidopsis AKRs have demonstrated their ability to reduce
methylglyoxal, suggesting a level of redundancy in their functions (Oberschall et al.,
2000; Simpson et al., 2009; Turóczy et al., 2011; Yamauchi et al., 2011). The inability
of plants to physically distance themselves from abiotic stresses may have resulted in
the evolution of these complex, integrated, and often redundant stress response
mechanisms. This allows plants under stress to react quickly, efficiently, and uniquely
to a number of environmental stimuli despite their sessile nature. These particular plant
genes may have evolved from a common multi-functional ancestor, into a number of
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genes all capable of highly similar functions (Jez et al., 1997). This is to say that one or
more aldo-keto reductases may be implicated in the biosynthetic pathway that reduces
methylglyoxal to 1,2-propanediol.

1.6 MYB transcription factors
1.6.1 The superfamily
Transcription factors are proteins which control promoter strength by binding to
the genome in a sequence-specific manner and in so doing may modulate the expression
of their target gene (Stracke et al., 2001). The study of the MYB transcription factor
superfamily spans many decades and their functions are still loosely understood due to
high variability in their sequences, targets, modes of induction, and the resulting
multitude of cellular processes under their control.
The prototypical MYB transcription factor was identified in the avian
myeloblastosis virus and designated v-MYB. Its human homolog c-MYB was
identified soon after and has been well-studied (Biedenkapp et al., 1988; Ogata et al.,
1992; Sakura et al., 1989). This protein contains three distinct domains: a DNA-binding
domain or MYB domain, a transcriptional activation domain, and a negative regulator
domain (Sakura et al., 1989). The DNA-binding domain of c-MYB consists of three
imperfect repeats which are 51-52 amino acids in length, each with three tryptophan
residues spaced 18 or 19 residues apart (Ogata et al., 1992). Each repeat forms a helixturn-helix motif which is integral to its DNA-binding ability (Ogata et al., 1992). This
MYB domain is highly conserved amongst family members but differences are used to
further classify these transcription factors (Jin and Martin, 1999).
The MYB family of transcription factors is sub-classified by the number of
repeats in the MYB domain. The earliest known MYBs, including c-MYB, contained
three repeats named R1, R2, and R3. Since its characterization, additional MYBs have
been identified which only carry one or two of these repeats (Feldbrügge et al., 1997;
Zhang et al., 2012). The R2R3 class of MYB transcription factors is of particular
interest in plants as they constitute the largest family of regulatory proteins in the
Arabidopsis genome with over 125 identified members (Romero et al., 1998; Stracke et
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al., 2001). It is possible that, due to the sessile nature of plants, this large number of
similar genes evolved to become highly complex and integrated rather than evolving in
such a way that created new and unique genes and pathways (Lee and Schiefelbein,
2001). This has resulted in a high level of genomic plasticity and the ability to alter
phenotype in response to several varied environmental stimuli in a temporally- and
spatially-dependent manner. The overlapping targets of several members of this family
allow for the response to be fine-tuned in response to environmental triggers and
supports the distinct but related functions of many of the genes that have been
characterized thus far (Romero et al., 1998). The presence of several unique but related
factors also suggests a level of redundancy that can be highly beneficial if the proper
function of any one member was lost or modified.

1.6.2 The R2R3-MYB family in plants
Several R2R3-MYB family members from plants have been identified based on
their differential expression in response to abiotic stress. For example, the inhibition of
AtMYB4 increases tolerance to UV-B irradiation through the increased production of
sinaptate ester “sunscreens” (Jin et al., 2000). The wheat gene TaMYB30-B confers
drought tolerance when ectopically expressed in Arabidopsis. Transgenic plants showed
minimal signs of wilting and yellowing after 30 days of drought treatment while
wildtype plants showed a severe water-deprivation phenotype and did not recover when
watering was resumed (Zhang et al., 2012). The Arabidopsis gene AtMYB68 also
demonstrates induction by heat stress and is expressed in the pericycle cells of roots,
suggesting a heat-induced role in root development (Feng et al., 2004) while AtMYB2
is induced by dehydration stress, salt stress, and ABA treatment (Urao et al., 1993).
The OsMYB55 experiments described above suggest a role for both this
transcription factor and 1,2-propanediol in the thermotolerant phenotype described. The
closest Arabidopsis homolog of OsMYB55 is At5g57620 and will be studied in addition
to the above mentioned AKRs in an attempt to replicate the stress-tolerant phenotype
observed previously in both rice and maize.
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Hypotheses
1.

The overexpression of the MYB transcription factor, At5g57620,
in Arabidopsis thaliana will result in a stress-tolerant phenotype
for the plant.

2.

The overexpression of one or more aldo-keto reductases,
At2g37770, At2g37760, At1g59960, or At1g59950, in
Arabidopsis thaliana will result in a stress-tolerant phenotype for
the plant.

3.

The strongest of the aldo-keto reductase stress-tolerant
phenotypes will correlate positively with the enzyme’s in vitro
affinity for the substrate methylglyoxal.

4.

Application of exogenous 1,2-propanediol will confer stresstolerance to the plant when exposed to either heat or herbicide
stress.
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Chapter 2: Materials and Methods
2.1 Selection of genes of interest
For this study, several genes were investigated in order to compare their relative
ability to confer tolerance to high temperature, including four aldo-keto reductases and
one MYB transcription factor. The AKRs were chosen based on their homology to genes
that were found to be upregulated in the OsMYB55 transgenic maize lines as well as
patterns described in the literature. These genes have accession numbers At2g37770,
At2g37760, At1g59960, and At1g59950 and are referred to in this work as AKR3,
AKR4, AKR5, and AKR6 respectively. The MYB transcription factor was chosen as it is
the closest Arabidopsis homolog of the OsMYB55 gene, identified as being integral to a
heat tolerant phenotype. This gene has the accession number At5g57620 and is referred
to in this study as MYB10.

2.2 Plant growth conditions
Arabidopsis thaliana ecotype Columbia (Col-0) was used as a wildtype control in
all experiments as well as the background for the generation of transgenic overexpression
lines. For the majority of experiments, plants were grown in Conviron PGC20 growth
chambers. The normal growth conditions used for growing Arabidopsis were 23°C during
the day and 18°C at night with 16 hour days and 8 hour nights. Relative humidity was
maintained as best as possible at 60% and light levels were on average 150µmol m-2 s-1.
Variability from chamber to chamber as well as from one end of a chamber to the other
was a constant issue, but experimental controls were implemented whenever possible to
normalize for environmental differences.
Aliquots of seeds for planting on soil were transferred to 1.5mL microcentrifuge
tubes and supplemented with enough sterile water to suitably cover the seeds. They were
placed in the dark at 4°C for 2 to 4 days to imbibe and stratify. Immediately before
planting, 1mL of 0.1% agarose was added to each tube to suspend the seeds uniformly
before being sewn on the surface of damp Sunshine 4 soil in appropriate trays or pots
using a P1000 pipette. Trays were covered with clear plastic lids to promote germination
and once suitably germinated, lids were removed and the seedlings were thinned to one
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seedling per well or pot. Plants were watered from the bottom of the tray and were
fertilized approximately once per week.
The heat shock experiment was performed on wildtype Arabidopsis during the
vegetative stage of growth. All plants were grown in the same chamber under the normal
growth conditions described above. On the seventeenth day after planting, half of the
plants were transferred to a new chamber where the temperature was raised to 35°C for
24 hours, ensuring that the light and humidity conditions of the original chamber were
matched as closely as possible.
During a similar heat shock experiment, the effects of application of exogenous
1,2-propanediol were investigated. A 1.37M solution of standard grade 1,2-propanediol
(Sigma) was prepared and liberally sprayed on the above-ground tissues of half of the
control population of wildtype plants and half of the to-be-heat-treated population of
wildtype plants. After the 24 hour period, images of the plants were taken for analysis of
phenotypic differences between the four groups.
The heat stress experiment was performed on both wildtype and transgenic
overexpression lines with wildtype plants dispersed throughout each of the chambers to
account for inter- and intra-chamber variation. Two identical sets of plants were grown in
two adjacent chambers with conditions matched as closely as possible. On the
seventeenth day after planting, the temperature in one of the chambers was raised to 30°C
and maintained for five consecutive 24 hours periods before being returned to normal
growth conditions.

2.3 RNA manipulation and analysis
2.3.1 RNA extraction
Six whole seedlings were collected from the heat shock experiment from each of
the control and heated chambers at 0, 1, 6, and 24 hours after heating commenced,
immediately frozen in liquid nitrogen, and stored at -80°C. RNA was extracted from
these whole seedlings using Trizol reagent (Ambion). Clean mortars and pestles were
treated with RNaseZap (Ambion), chilled with liquid nitrogen, and used to grind frozen
seedlings to a fine powder under additional liquid nitrogen. Approximately 100mg of
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tissue was then transferred to a 1.5mL microcentrifuge tube containing 1mL of Trizol
reagent. RNA was extracted as per manufacturer’s instructions with minor modifications
to increase purity. The tube was shaken thoroughly and left to incubate while the
remaining samples were prepared in this way. To pellet the insoluble cellular debris,
tubes were centrifuged at 12,000 x g for 10 minutes at 4°C. The supernatant was
transferred to a new 1.5mL microcentrifuge tube containing 200μL of chloroform
(Sigma). Tubes were shaken thoroughly for 15 seconds and then incubated at room
temperature for 2 minutes. Samples were centrifuged at 12,000 x g for 15 minutes at 4°C
to separate the organic and aqueous phases. The upper aqueous phase containing the
RNA was then transferred to a new 1.5mL microcentrifuge tube containing a second
200μL of chloroform. Shaking, incubation, and centrifugation were repeated as described
above. Following centrifugation, the upper aqueous layer was transferred to a fourth
1.5mL microcentrifuge tube containing 500μL of 100% isopropanol (Fisher). The
solutions were mixed thoroughly to ensure efficient precipitation of RNA and incubated
for 10 minutes at room temperature. Tubes were centrifuged at 12,000 x g for 10 minutes
at 4°C to pellet isopropanol-insoluble RNA which was then washed twice with 75%
ethanol prepared in DEPC-treated water. Finally, pellets were air-dried and resuspended
in 40μL of DEPC-treated water and incubated at 55°C for 10 minutes. The concentration
and purity of the RNA was measured using the NanoDrop 2000c Spectrophotometer
(Thermo). Purified RNA was treated by DNase digestion using RQ1 RNase-Free DNase
(Promega). The reaction mixture contained 2.5μL of 10X reaction buffer, 2.5μL of
DNase, and 20μL of the RNA sample and was incubated at 37°C for 30 minutes. At this
point, 1μL of RQ1 DNase Stop Solution was added and incubated at 65°C for 10 minutes
to terminate the reaction. All RNA was stored at -80°C.
The above protocol was unsuitable for the extraction of RNA from mature leaves,
producing low yields of a crude product. Instead, for these difficult samples, Trizol was
used exactly as per manufacturer’s instructions, foregoing the additional chloroform
extraction described above. The RNA pellet was resuspended in 40µL of nuclease-free
water and subjected to DNase digestion for one hour at 37°C using 10µL of 10X reaction
buffer and 10µL of DNase. The solution was made up to 100µL with additional nuclease-
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free water before undergoing clean-up with the RNeasy RNA Cleanup kit (Qiagen) as per
manufacturer’s instructions. At this point, samples had a much higher purity.

2.3.2 cDNA synthesis
RNA was converted to copy DNA (cDNA) for downstream applications including
target gene amplification for synthesis of expression vectors as well as quantitative realtime PCR. qScript cDNA Supermix (Quanta BioSciences) was used as per
manufacturer’s instructions to convert 1μg of RNA to cDNA using the following reaction
conditions:
25°C for 5 minutes, 42°C for 30 minutes, 85°C for 5 minutes, hold at 4°C.
The cDNA was stored at -20°C for downstream applications.

2.3.3 Quantitative real-time polymerase chain reaction
Quantitative real-time PCR (qRT-PCR) is a technique used to quantify the relative
changes in transcript abundance in response to various conditions or in different samples.
In the current study, qRT-PCR was used to compare the level of expression of the genes
of interest in leaf tissue under both normal and heat shock conditions over time, so as to
verify their role in a stress response mechanism.
RNA was extracted using Trizol reagent, subjected to DNase digestion, and
converted to cDNA as described above. To determine the efficiency of the primers, a
standard curve and dissociation curve were performed first. The instrument used was the
Applied Biosystems 7300 Real Time PCR System with the accompanying software. Any
primers that showed multiple peaks in the dissociation curve were redesigned.
Each reaction contained 5µL of cDNA, 12.5µL of PerfeCTa SYBR Green
Supermix (Quanta BioSciences), 1µL of each the forward and reverse primer, and 5.5µL
of RNase-free water for a total volume of 25µL. Samples were carefully pipetted into a
96-well plate, with a minimum of three biological replicates per time point and treatment,
two technical replicates per sample, as well as a no template negative control. Primers for
the constitutively expressed ACTIN8 were used as an endogenous control. Data was
analyzed using the 2−∆∆𝐶𝑡 method adapted for this type of experiment (Livak and
Schmittgen, 2001).
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2.3.4 Target gene amplification
The sequences of all genes of interest were obtained from The Arabidopsis
Information Resource (tair.org) and were used to design gene specific primers which
incorporated an XbaI restriction enzyme recognition site at the 5’ end and an ApaI
restriction enzyme recognition site at the 3’ end. All genes of interest except AKR6 were
amplified from cDNA with the appropriate gene-specific primers (Appendix) using
Phusion High-fidelity DNA Polymerase (New England Biolabs). PCR was performed in
a Px2 Thermal Cycler (Thermo) using the following conditions with appropriate
variations in annealing temperatures:
1.

95°C 2 minutes

2.

95°C 10 seconds

3.

58°C 30 seconds

4.

72°C 45 seconds

5.

72°C 10 minutes

6.

4°C hold

30 cycles

AKR6 could not be amplified from cDNA due to its constitutively low expression in all
tissue types. This gene was synthesized and cloned into the pUC-SP storage vector by
BioBasic Inc. (Markham).
PCR products were separated by agarose gel electrophoresis using TAE running
buffer, imaged with the ChemiDoc XRS+ Molecular Imager and Image Lab software
(Biorad), and the appropriately sized bands purified with the PureLink Quick Gel
Extraction Kit (Invitrogen). Phusion taq polymerase naturally produces blunt-ended
fragments which were then ligated into a HincII-digested (Thermo) pUC19 storage vector
using the Rapid DNA Ligation Kit (Fisher) in a 9:1 molar ratio of insert to vector. The
ligation reaction was transformed into DH5α electrocompetent Eschericia coli
(Invitrogen). Positive transformants were selected for on carbenicillin-containing LB
plates and single colonies were used to inoculate 5mL cultures of LB. Each culture was
supplemented with 50μg/mL carbenicillin (Fisher) and grown for 16 hours at 37°C with
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shaking. Plasmid DNA was extracted using the PureLink Quick Plasmid Miniprep Kit
(Invitrogen) and clones were screened for appropriate inserts with PCR using the same
primers used to generate the fragments. Those which were positive for the insert were
sent for sequencing at the University of Guelph Genomics Facility to confirm that no
errors had been introduced.
Genes of interest were then cut from their respective pUC19 vector using Fast
Digest XbaI and ApaI restriction enzymes (Thermo) and ligated into the similarly
digested binary vector, pCAMBIA618, graciously donated by the lab of Dr. Jaideep
Mathur. Binary vectors are unique in their ability to replicate in both bacterial and plant
hosts. This cloning strategy placed the gene of interest downstream of the strong,
constitutive cauliflower mosaic virus 35S promoter and upstream of the nos terminator as
shown in Figure 2.3.1. This cassette lies between the left and right borders of the binary
vector in addition to the plant selectable marker, hpt. The co-expressed Agrobacterium
“helper” plasmid, selected for with rifampicin resistance, carries vir genes responsible for
cleaving the left and right border sequences and facilitating the insertion of the cassette
into the plant genome. The backbone of the binary vector carries the bacterial selectable
marker, as well as a bacterial origin of replication. Constructs were again propagated
through electrocompetent E. coli, using kanamycin resistance for selection, and
confirmed by PCR and sequencing. Finally, confirmed constructs were transformed into
electrocompetent Agrobacterium tumefaciens strain GV3101, also donated by the Mathur
Lab, and successful transformation was confirmed by both resistance to kanamycin
(Bioshop) as well as colony PCR. Glycerol stocks of all constructs were prepared and
stored at -80°C.
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Figure 2.3.1 Binary vector pCAMBIA618 carrying 35S::AKR3 cassette with hygromycin
resistance for plant selection and kanamycin resistance for bacterial selection.

2.4 Generation of transgenic overexpression lines
Transgenic overexpression lines were created from wildtype (Col-0 ecotype)
Arabidopsis thaliana by transformation with Agrobacterium tumefaciens via the floral
dip method (Clough and Bent, 1998). Wildtype plants were grown under normal
conditions as described above. When primary bolts appeared, they were trimmed off to
promote the emergence of many secondary bolts. When the secondary bolts reached a
height of approximately 10cm, they were ready for transformation with Agrobacterium.
The Agrobacterium cultures used for transformation were prepared in parallel to
plant growth. Glycerol stocks were streaked on YEP plates containing both kanamycin
and rifampicin (Caisson Labs) and grown for two days at 28°C. Single colonies were
used to inoculate 5mL cultures of YEP media and grown for another two days at 28°C
with shaking at 200rpm. Early in the day on the day before the transformation, 2mL of
the starter culture was used to inoculate 50mL of fresh YEP in a sterile 250mL flask
which then grew for 24 hours at 28°C with shaking at 200rpm or until an OD600 ≥ 2.0 was
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reached. Cells were pelleted by centrifugation at 6000rpm for 10 minutes and the
supernatant was decanted. The cells were resuspended in a 5% sucrose solution (Fisher)
containing 0.5μL/mL Silwet L-77 (Lehle Seeds) to a final volume of 250mL in sterile
500mL flasks.
Any and all open flowers and siliques were carefully removed from the
inflorescences with forceps. Plants were then inverted and fully submerged in the
solution, swirled for 5 to 10 seconds, then laid down on their sides in a tray. Dipped
plants were covered with a lid to seal in humidity and a second tray to reduce light
exposure before being returned to the growth chamber. The following day, plants were
turned upright and returned to normal light conditions. The entire process was repeated
for a second dip exactly six days later, with the exception that open flowers and siliques
were not removed prior to the second dip.

2.5 Breeding of homozygous mutant T-DNA insertion lines
Mutant lines for each of the AKRs of interest were ordered from the TAIR
database and are listed in Table 2.5.1. One line was available for AKR6 but was not
included in this line of work. Nine plants from each line were grown under normal
conditions as described above and genotyped for the T-DNA insert using a universal LB
(left border) primer and gene specific LP and RP primers (Appendix). The LP (left
genomic primer) and RP (right genomic primer) primers together will only produce a
band if the plant does not contain the insert, so in the wildtype plants, there will be a
single band produced from this reaction, the size of which depends on the distance
between the LP and RP primers designed. The LB and LP/RP primers together will only
produce a band if the plant does contain the insert, so in homozygous mutant plants, there
will be a band produced from one of these reactions, depending on the orientation of the
T-DNA insert. Heterozygous plants will have one wildtype allele and one mutant allele
and so will have two bands, one from each of the reactions. Seeds harvested from those
plants that had been identified as homozygous mutants were used in downstream
experiments.
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Table 2.5.1 Mutant T-DNA insertion lines from TAIR. All lines were grown under
normal conditions and bred to homozygosity before downstream experimentation and
expression analysis by qRT-PCR.
Accession

Gene name

Insertion site

Line number

number
At2g37770

At2g37760

At1g59960

TAIR stock
number

AKR3

AKR4

AKR5

Exon

1-1-2

CS376370

Exon

1-2-3

SALK_119576C

Promoter

2-1-9

SALK_065186C

Promoter

2-2-5

SALK_016668C

Promoter

3-1-3

SALK_147513C

Promoter

3-2-5

SALK_052676C

2.6 Plating seeds
2.6.1 Surface sterilization
Before any seeds were plated, they were surface sterilized in a laminar flow hood.
An appropriate amount of seeds was transferred to a 1.5mL microcentrifuge tube and
washed with 1mL of a 70% ethanol, 0.05% Triton X-100 (Fisher) solution in sterile
MilliQ water. The tubes were vortexed and then placed on an end-over-end tube rotator
or shaker for ten minutes. The supernatant was pipetted off and replaced with 1mL of
100% ethanol. Tubes were left to sit for five minutes, inverting occasionally. The 100%
ethanol wash was repeated a second time followed by two washes with sterile water.
After removing the last water wash, seeds were suspended in 1mL of sterile 0.1% agarose
(Amresco) to facilitate plating.

2.6.2 Plating experiments: hygromycin selection
Positively transformed seeds harvested from the Agrobacterium-dipped plants
were screened on ½ MS media (MP Bio) supplemented with hygromycin (Invitrogen) as
previously described (Harrison et al., 2006). Hygromycin B inhibits cytosolic protein
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synthesis and as a result, wildtype plants grown on hygromycin-containing media exhibit
short hypocotyls and short roots. Transformed plants carrying the hygromycin resistance
gene, hpt, grow long hypocotyls and long roots. Growing the seedlings in the dark helps
to enhance the phenotypic differences between the two populations, as hygromycin
susceptibility is non-lethal.
After plating, seeds were stratified for two days in the dark at 4°C. Plates were
then exposed to light (approximately 150μmol m-2 s-1) at 23°C for six hours in order to
stimulate and synchronize germination before being returned to the dark for 48 hours.
Following this dark treatment, plates were returned to normal conditions until clear
phenotypic differences could be identified. Positive transformants were carefully
removed from the plates using forceps and transferred to soil to continue their growth
under the normal growth conditions described earlier. Each plant was carefully placed in
a glycine bag until completely dessicated before processing and cleaning the seeds of
each plant individually. At that stage, each plant represented a unique insertional line, the
seeds of which were genetically segregating.

2.6.3 Plating experiments: tolerance to paraquat and 3-AT
Paraquat is a fast-acting herbicide that affects the photosynthetic, green tissues of
plants. It inhibits the electron transport chain by accepting electrons from photosystem I.
3-amino-1,2,4-triazole (3-AT) is an inhibitor of catalase, an enzyme which scavenges
hydrogen peroxide. Paraquat (Sigma) and 3-AT (Sigma) were both used as alternatives to
heat stress due to the overlapping symptoms of these three forms of abiotic stress: the
over-accumulation of ROS.
Solutions of paraquat and 3-AT were prepared in water, diluted appropriately, and
filter sterilized using a 0.22µm syringe tip filter (Fisher). Solutions of paraquat could be
stored at -20°C but 3-AT was always prepared fresh. Seeds were plated on control media
defined as ½ MS media containing 1% (w/v) sucrose and 1% (w/v) agarose.
Experimental plates were additionally supplemented with 0.75µM paraquat, 1.5µM
paraquat, 15µM 3-AT, or 50µM 3-AT. Seeds were plated approximately 25-30 seeds per
plate per condition and stratified for 2 to 3 days at 4°C before being transferred to normal
growth conditions in the tissue culture room.
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2.6.4 Plating experiments: exogenous 1,2-propanediol application
Plating experiments were also used to explore the effects of exogenous
application of 1,2-propanediol on the ability of wildtype plants to tolerate abiotic stress.
The design of this experiment was inspired by previous studies done of the protective
effects of polyamines against paraquat stress (Kurepa et al., 1998). Wildtype seeds were
surface sterilized and plated as previously described on ½ MS media, either with stress
(0.75µM paraquat) or without (0µM paraquat). Both the herbicide-treated and control
plates were additionally supplemented with a range of 1,2-propanediol concentrations
from 0 to 10mM with each type of plate made in triplicate. Seeds were stratified in the
dark at 4°C for 2 to 3 days and then grown under normal growth conditions in the tissue
culture room. Germination rate was analyzed daily and leaf area was measured on day
thirteen by analyzing images with imageJ software.
The entire experiment was repeated with the goal of limiting exposure of the 1,2propanediol to UV light. Beginning with the filter sterilization of the 1,2-propanediol and
the pouring of the agar plates, the entire experiment was performed in the dark with only
a red light lamp to facilitate the process. When plating was complete, all seeds were
stratified in the dark for 2 to 3 days. Plates were then moved to the tissue culture room
wrapped in tin foil to grow entirely in the dark, or placed in a dark room with only a red
lamp as a light source to identify differences in the effects of the 1,2-propanediol under
different light conditions. The setup of the red light experiment is shown in Figure 2.6.1
The hypocotyl length of seedlings grown in the dark was measured manually under a
light microscope while the hypocotyl length of seedlings grown under red light was
measured using imageJ software.
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Figure 2.6.1 Red light conditions, representing the absence of UV light, were used to
identify changes in the ability of seedlings to resist paraquat toxicity due to exogenous
1,2-propanediol application. This image represents the setup of the experiment, with
plates being isolated in a dark room and the light source targeting the plates from
approximately 18” above the surface of the plates.

2.7 Genomic DNA extraction and genotyping
2.7.1 Genomic DNA extraction
Genomic DNA was extracted from leaf tissue using TPS extraction buffer. Very
little tissue is required for this protocol, making it advantageous when genotyping a
sample as small as a new seedling. The maximum amount of tissue required would be a
1” long rosette leaf of Arabidopsis thaliana. Tissue samples were harvested and frozen
immediately in liquid nitrogen for longer term storage at -80°C or immediately subjected
to DNA extraction.
To the tissue sample, 400µL of TPS extraction buffer was added in a 1.5mL
microcentrifuge tube, and the sample homogenized using a sterile plastic micropestle.
Once sufficiently homogenized, the sample was incubated at 65°C for 15 minutes with
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shaking at 400rpm before being centrifuged at 12,000 x g for 10 minutes. The supernatant
was transferred to a fresh tube containing 400µL of 100% isopropanol, mixed, and
centrifuged again at 12,000 x g for 10 minutes. The isopropanol was pipetted off and the
pellets air dried for 10 to 15 minutes before being resuspended in an appropriate amount
of water, 30-100µL depending on the size of the initial tissue sample. DNA was stored at
-20°C.

2.7.2 Genotyping of transgenic plants
Genotyping of transgenic plants was done by PCR using primers specific to the
hygromycin resistance gene, hpt, provided by a fellow lab member (Appendix).
Reactions were carried out as described above with the modification of a 50°C annealing
temperature. PCR products were separated by agarose gel electrophoresis and imaged to
determine which plants carried the selectable marker.

2.8 Plant phenotype interpretation
2.8.1 SPME and mass spec for detection and quantification of 1,2propanediol
Initial attempts to detect and quantify 1,2-propanediol from plant material made
use of solid-phase microextraction (SPME) and tandem mass spectrometry with the help
of the University of Guelph Advanced Analysis Facility. Despite significant effort,
several columns, and various mass spectrometry instruments, an accurate standard curve
could not be produced using serial dilutions of standard grade 1,2-propanediol. Despite
the enormous advantages of SPME in terms of rapid sample preparation and that it lends
itself well to a high throughput operation, it is not recommended that SPME be used in
future for the analysis of this metabolite.

2.8.2 HPAEC-PAD for detection and quantification of 1,2-propanediol
High pH anionic exchange chromatography follows the general principles of
conventional anion exchange chromatography; a positively charged stationary phase
within the column interacts with and retards negatively charged, anionic, analytes within
the sample, thus physically separating them from each other. Using a high pH eluent such
as sodium hydroxide results in the ionization of hydroxyl groups on molecules which
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would be neutral at lower pH, allowing for effective separation of these molecules as
well.
For this study, the Dionex CarboPac MA1 column was used along with the
accompanying MA1 guard column on a Dionex instrument. The resin of this column is
composed of a pH stable macroporous substrate functionalized with an alkyl quaternary
ammonium group. It is designed specifically for the separation of sugar alcohols and
glycols, making it suitable for the detection of 1,2-propanediol, also known as propylene
glycol.
An isocratic separation was performed using 480mM sodium hydroxide at a flow
rate of 0.4mL/min under ambient temperature conditions. Preparation of the eluents
involved thoroughly degassing all MilliQ water to substantially limit the introduction of
dissolved carbonates to the column. The eluent was prepared by mixing 52mL of 50%
w/w sodium hydroxide solution (Fisher) with 948mL of degassed MilliQ water. All
eluents were maintained under 5-8psi helium. An injection volume of 10µL and a run
length of 12 minutes were used when generating the standard curve and 100 minute runs
for sample runs.
A standard curve was generated using a serial dilution of standard grade 1,2propanediol in MilliQ water. Diluted standards were transferred to conical vials with
screw caps in 250µL aliquots. 1,2-propanediol demonstrated a retention time of 7.7
minutes using the MA1 column. Additional standards were run including glycerol,
sorbitol, sucrose, and maltose to test the separation efficiency of the column as well as to
potentially identify additional peaks in subsequent sample runs.
Plant samples were prepared by grinding whole seedlings under liquid nitrogen
with a clean mortar and pestle then transferring the resulting fine powder to a
microcentrifuge tube containing 300µL of MilliQ water. At this time, the amount of
tissue was weighed and recorded. The sample was then shaken thoroughly or sonicated
before centrifuging at 18,000 x g for 5 minutes in a benchtop centrifuge. Finally, the
supernatant was filtered through a 0.2µm filter, then 250µL was transferred to a conical
vial with screwcap. All samples were kept in the autosampler carousel in the dark at 4°C
to limit the potential breakdown of 1,2-propanediol.
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The detection method in this instrument is pulsed amperometric detection using a
gold working electrode. As molecules of analyte come off the column, they come in
contact with the working electrode. The set potential of the working electrode results in
oxidation of the analyte molecule generating a measurable change in current. The
estimated detection limit for 1,2-propanediol using the CarboPac MA1 column is
approximately 400µg/L or approximately 5µM.
To confirm the identity of observed peaks in the chromatogram, plant extracts
were additionally spiked with known amounts of standard 1,2-propanediol and run again.
If this resulted in an increase in the size of the same peak, it could reasonably be assumed
that the peak was correctly identified.

2.9 Recombinant protein work
2.9.1 Protein expression
For expression and purification of recombinant proteins, the sequences of each of
the four AKRs of interest were cloned into the pET28a(+) vector, an expression system
that adds an N-terminal His-tag to recombinant proteins (Figure 2.9.1). Primers were
designed to amplify each of the genes with appropriate restriction enzyme sites at the 5’
and 3’ ends and amplified from their respective pUC19 storage vector, as described
above. Rather than sub-cloning the new sequences, the gel purified PCR fragments were
immediately digested with the appropriate restriction enzymes and from there, were
cloned directly into the similarly digested and gel purified pET28a(+) vector to produce
an N-terminally His-tagged recombinant protein. In order for this direct digestion step to
work, additional nucleotides were designed at the 5’ ends of the primers in order to place
the restriction enzyme recognition site within the sequence rather than at its end. Vectors
were propagated through DH5α electro-competent E. coli before being transformed into
chemically-competent ArcticExpress E. coli cells (Agilent), graciously donated by the lab
of Dr. Ian Tetlow. Sequences were confirmed by sequencing at the University of Guelph
Genomics Facility.
A 5mL aliquot of liquid LB was inoculated from a glycerol stock of the
appropriately transformed ArcticExpress cells, supplemented with 50µM kanamycin, and
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grown overnight at 37°C with shaking. Early the following day, two 100mL LB cultures
in 250mL flasks were each inoculated with 1mL of the previous night’s culture. One of
these cultures would be induced and the other would serve as an uninduced control. Both
were grown at 37°C with shaking until they reached an OD600 between 0.4 and 0.6. At
this time, one culture was induced by adding IPTG (Bioshop) to a final concentration of
1mM and all flasks were transferred to a 15°C cold room to continue shaking for the next
24 hours.

Figure 2.9.1 The N-terminally His-tagged recombinant protein expression system,
pET28a(+), with kanamycin resistance for bacterial selection and the lacI operon for
IPTG-inducible expression (http://www.helmholtzmuenchen.de/fileadmin/PEPF/pET_vectors/pET-28a-c_map.pdf).

2.9.2 Protein purification
Cells were pelleted by centrifugation at 5,000 x g for 10 minutes at 4°C in 500mL
plastic bottles using the JLA10.500 rotor and accompanying canisters. All but 3mL of the
supernatant was removed and the pellet resuspended in the remaining liquid. After
transferring to a number of pre-weighed microcentrifuge tubes, the cells were centrifuged
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again at 5,000 x g for 10 minutes and the last of the supernatant removed. The total
weight of the pellet was recorded for future purification and pellets were stored at -80°C.
Soluble protein was isolated using B-PER, bacterial protein extraction reagent
(Thermo). To lyse cells effectively, 4mL of B-PER were used for every gram of bacterial
cells and 2µL each of lysozyme and DNaseI (both Thermo) were used per milliliter of BPER. DTT (Sigma) was added to the B-PER solution to a final concentration of 1mM.
Pellets were resuspended in the appropriate amount of B-PER and left to incubate on an
end-over-end rotor at 4°C for 15 to 30 minutes followed by room temperature for 10 to
15 minutes. These conditions were highly variable, but efficient lysis could be detected
when the solution began to take on a slight transparency. Following lysis, cell debris was
pelleted by centrifugation at 12,000 x g for 15 minutes at room temperature, leaving all
soluble protein in the supernatant. This soluble fraction was transferred to new
microcentrifuge tubes and the protein concentration determined using a NanoDrop by
measuring the absorbance at 280nm. The soluble fraction was divided into 150 to 200µL
aliquots and stored at -80°C.
His-tagged proteins were purified from the total cell lysate using HisPur Cobalt
Resin (Life Technologies) and a batch method approach as per manufacturer’s
specifications. A 250µL aliquot of suspended resin amounted to approximately 200µL of
settled resin and so 200µL was used as the resin bed volume for the remainder of the
protocol. An aliquot of 150 to 200µL of soluble protein was thawed on ice and mixed
with an equal amount of equilibration buffer before proceeding with the remainder of the
protocol. Both the equilibration and elution buffers were supplemented with DTT at a
final concentration of 1mM to ensure that enzymes maintained their reduced state. Eight
washes were generally sufficient to remove all non-recombinant and non-specifically
bound protein, determined by monitoring the protein concentration of the washes by A280.
His-tagged proteins were eluted in three, 200µL volumes of elution buffer and stored on
ice. At this point, proteins could no longer be stored at -80°C and maintain their integrity
so the rest of the protocol was carried out on the same day.
The presence of imidazole in the elution buffer was extremely inhibitory to the
proper functioning of the enzyme during the in vitro assay and so it was necessary to
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remove it before proceeding. This was done in one of two ways. The first was by using
dialysis tubing with a molecular weight cutoff of 12kDa and a width of 13mm (Thermo).
This tubing allows the passive diffusion of molecules less than 12kDa through the tubing
itself, resulting in a significant dilution of small molecules in the sample, with negligible
effects on protein concentration. Imidazole has a molecular weight substantially less than
12kDa while each of the AKRs of interest have a molecular weight of approximately 3540kDa. Tubing was cut to an appropriate length and equilibrated in 50mM sodium
phosphate buffer, pH 7.4, containing 1mM DTT. The tubing was clipped securely at one
end, 600µL of eluted enzyme solution was carefully pipetted into the tube, and another
clip fastened at the opposite end. All tubes were placed in the same 800mL of sodium
phosphate buffer to equilibrate for a minimum of two hours before carefully removing the
protein solution from each tube. Filtration through a 0.2µm syringe tip filter removed any
precipitated protein and the final concentration was measured using A280. Occasionally,
an additional round of dialysis would immediately follow the first by transferring the
dialysis tubes to a fresh batch of buffer and leaving at 4°C overnight.
The alternate protocol made use of PD-10 desalting columns (GE Healthcare).
These columns use gel filtration chromatography to separate high molecular weight
compounds such as proteins from low molecular weight compounds such as imidazole.
Because the proteins of interest are greater in size than that of the largest pores in the
Sephadex G-25 Medium, they pass through the column more quickly, eluting first.
Smaller molecules such as imidazole move in and out of these pores, delaying their
passage through the column and causing them to elute later. Columns were equilibrated
with the same phosphate buffer described above as per the manufacturer’s instructions for
the Gravity Flow Protocol. Use of this protocol resulted in a dilution of the protein
sample but yielded a high level of purity for both AKR3 and AKR4.

2.9.3 Enzyme assay
Aldo-keto reductases have been shown to reduce a wide range of carbonylcontaining compounds, including methylglyoxal, using a nicotinamide cofactor (Simpson
et al., 2009). An enzymatic assay was performed using methylglyoxal as a substrate and
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the rate of the reaction was monitored by measuring the decrease in absorbance of
nicotinamide diadenine phosphate (NADPH) at 340nm over time.
NADPH (Sigma) was dissolved in 50mM sodium phosphate buffer, pH 7.4, to a
final concentration of 1.5mM fresh on the day of the assay. Methylglyoxal (Sigma) was
diluted in the same buffer to a final concentration of 10mM. Each reaction contained
150µM NADPH and 10µg/mL of enzyme. The amount of substrate was varied between 0
and 12.8mM and the total volume made up to 250µL with additional sodium phosphate
buffer. Master mixes of the appropriate volumes of buffer, substrate, and cofactor were
prepared and then transferred to the appropriate wells of a 96-well plate. The reactions
were initiated simultaneously by the addition of enzyme using a multichannel pipette.
Absorbance measurements began immediately and were taken every 3 seconds for 5
minutes in a Multiskan Go Platereader (Thermo). Data was collected and represented as
the average of three technical replicates with the entire experiment being repeated three
times.
Firstly, absorbance was plotted against time and the slope of the reaction rate
curve calculated using Microsoft Excel. The slope of each curve was converted to a
reaction rate using the following formula:
𝑣0 =

𝑠𝑙𝑜𝑝𝑒 × 250 × 10−6
6.23 × 103 × 0.6

where 250 is the volume of the reaction, 6.23x103 is the extinction coefficient of NADPH
and 0.6 is the path length. The reaction rates were then plotted against substrate
concentration and data fit to the Michaelis-Menten model of enzyme kinetics in order to
determine the Km and Vmax of each enzyme.

2.9.4 SDS PAGE chromatography and western blot analysis
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS PAGE) was
used throughout the recombinant protein expression, purification, and assay stages. To
prepare two, 1.5mm SDS PAGE gels, the protocol described in Table 2.9.1 was followed.
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Table 2.9.1 Preparation of two, 1.5mm 8% resolving SDS PAGE gels
Volume for 8% resolving

Volume for 5% stacking

gel (µL)

gel (µL)

8.05mL

4.5mL

3.04mL

0.75mL

4mL

0mL

0mL

0.75mL

10% APS (Bioshop)

0.15mL

0.06mL

TEMED (Biorad)

0.009mL

0.006mL

Component
dH2O
40% acrylamide/bisacrylamide mix
(Bioshop)
Tris HCl pH 8.8 with 0.4% SDS
1.5M
Tris HCl pH 6.8 with 0.4% SDS 1M

Once gel rigs were immaculately cleaned and assembled, all liquid components
for the resolving gel, excluding TEMED, were mixed in a clean beaker. One milliliter of
the resulting solution was transferred to a fresh beaker, to which 4µL of TEMED was
added and mixed. The solution was quickly transferred to the assembled gel apparatus,
500µL per gel, in order to seal the bottoms. This small volume was given 10 to 15
minutes to set, before 9µL of TEMED was added to the remaining resolving gel mixture
and pipetted carefully into the gel apparatus. A layer of deionized water was very
carefully pipetted across the top of the gel to ensure that the top surface of the gel set
evenly and left on the bench for 30 minutes. At this time, the water was carefully poured
off and any excess water removed with a clean piece of filter paper. The stacking gel was
prepared by mixing all components, initiating the polymerization with TEMED, and
quickly pipetting the solution over the resolving gel. Ten-well combs were inserted into
the top of the apparatus and left for 20 minutes. Once set, the combs were carefully
removed, the gels rinsed with water, and assembled in the gel running rig. SDS-PAGE
running buffer was poured to a level flush with the top of the gels. Gels were run at 100V
for approximately two hours using 5µL of PageRuler Prestained Protein Ladder (Fisher).
Alternatively, the combs were left in the gel, the plates wrapped in damp paper towel and
plastic wrap, and stored at 4°C for up to five days.
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Protein samples were diluted in Laemmli Sample Buffer (Biorad) containing 5%
β-mercaptoethanol (Sigma) and boiled at 95°C for 5 to 10 minutes. Tubes were spun
down to collect the samples and once cool, loaded into the wells of the gel. Gels were
often loaded in duplicate, one for Coomassie blue staining and the other for western blot
analysis. Gels to be stained were transferred to plastic dishes, covered in approximately
20mL of GelCode Blue Safe Protein Stain (Thermo), and left to stain overnight. The
following day, gels were destained in water, replacing the stain with fresh water each
hour.
For western blot analysis, the iBlot Dry Blotting System and the iBlot PVDF Mini
Transfer Stacks (Invitrogen) were used to transfer proteins from the second SDS PAGE
gel to a membrane. This method saves considerable time, taking only seven minutes for
the transfer process, and is highly efficient. Once transferred, the relevant area of the
membrane was cut out and incubated in 30mL of TBST buffer containing 1.5% w/v
bovine serum albumin (Sigma) for a minimum of 15 minutes to block the membrane. To
this solution, 10µL of the Pierce 6x-His Epitope Tag Antibody (mouse), representing a
1:3000 dilution, was added and the blot left to incubate overnight at 4°C.
The following day, the antibody solution was transferred to a 50mL conical tube
and stored at -20°C for future use. The membrane was subjected to three, fifteen minute
washes with TBST buffer before being incubated with the secondary antibody, AntiMouse IgG - alkaline phosphatase antibody (Sigma), using a 1:30,000 dilution in TBST
buffer. The membrane was incubated with secondary antibody for one hour before being
subjected to an additional three, fifteen minute washes with TBST buffer. The blot was
developed using the BCIP/NBT Substrate Kit (Invitrogen) as per manufacturer’s
instructions.
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Chapter 3: Results
3.1 Expression of AKRs of interest is induced by heat stress
During the vegetative stage of their growth, wildtype plants were exposed to
either control or heat shock conditions for a 24 hour period. Whole seedlings were
harvested throughout the 24 hour period from both treatment conditions and high-quality
RNA was extracted. Quantitative real-time PCR was then performed on these samples in
order to determine whether the genes of interest identified earlier were differentially
expressed under control versus high temperature conditions over the course of the 24
hour period.
Unique and high efficiency primers for three of the four aldo-keto reductase genes
– AKR3, AKR4, and AKR5 – were designed and characterized in terms of their optimal
cDNA concentration by performing a standard curve. Primers for AKR6 and MYB10
could not be designed due to high sequence similarity to other genes. These primers
produced multiple peaks in the melt curves performed, indicating multiple binding sites.
One can be sure that the primers for AKR5 are binding AKR5 and not AKR6 due to the
constitutively low expression of AKR6 in all tissue types, making it nearly impossible
that the latter gene is being recognized over the former.
As shown in Figure 3.1.1, AKR3, AKR4, and AKR5 showed increased expression
in response to high temperature compared to the control condition, using ACT8, a nonheat inducible housekeeping gene, as an endogenous control. The expression of AKR3
demonstrated a four-fold increase in expression after one hour at high temperature and
maintained that level of expression up to the six hour time point. Expression had
diminished to two-fold of control expression by the end of the 24-hour heat shock. AKR4
and AKR5 expression peaked at the one hour time point at a three-fold increase over the
control condition before returning to normal levels by the six- and 24-hour time points.
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Figure 3.1.1 Fold change in expression of AKR3, AKR4, and AKR5 under heat shock
conditions relative to control temperature conditions in Col-O ecotype Arabidopsis.
qPCR data demonstrates induced expression of all three genes in response to a short
period of heat shock with AKR3 showing the strongest response to heat shock.

3.2 Mutant T-DNA insertion lines
3.2.1 Phenotype
Mutant T-DNA insertion lines for each of the AKRs of interest were ordered from
The Arabidopsis Information Resource and were bred to homozygosity. Two insertion
lines were selected for each gene in order to account for effects of the site of insertion and
are listed in Table 2.5.1. Genotyping for homozygosity was performed using a number of
LB primers specific to the sequence of the T-DNA insert as well as gene-specific primers
on either side of the predicted insertion site. Homozygous lines were plated on paraquatcontaining media and observed for an altered phenotype in response to abiotic stress.
Germination was scored on the twelfth day after moving plates to the tissue culture room
and is documented in Figure 3.2.1 while leaf area was measured on day seven and is
documented in Figure 3.2.2.

40
AKR3 line CS376370 showed no significant changes in germination or leaf area
under either control or stress conditions compared to wildtype. This line also showed no
change in the level of gene expression, as shown in Figure 3.2.3 which would account for
the lack of phenotype.
AKR3 line SALK_119576C showed no difference in germination under either
control or stress conditions compared to wildtype. It did demonstrate a very small but
significant increase in leaf area under the stress condition, but further investigation would
be necessary to confirm this result. Expression data for this line indicates that it is a true
knockout, but no striking phenotype is evident. This could be accounted for by the level
of redundancy in function amongst Arabidopsis AKRs. Knocking out a single AKR
would have no noticeable effect as its role would be covered by another AKR.
AKR4 line SALK_065186C demonstrated a substantial decrease in germination
under stress conditions compared to wildtype, suggesting an increased susceptibility to
paraquat toxicity. Leaf area was unaffected under the stress condition, but it is unclear
whether this is due to the already poor growth of the wildtype control. Lower
concentrations of paraquat may shed light on whether the T-DNA line actually performs
differently from the wildtype control.
AKR4 line SALK_016668C demonstrated reduced germination under both
control and stress conditions, suggesting an increased susceptibility to paraquat toxicity.
Leaf area was significantly reduced under control conditions but was equal to that of
wildtype under the stress condition. Again this may be due to the already poor growth of
the wildtype control, and lower concentrations of paraquat may better illustrate the
phenotypic differences of this line.
AKR5 line SALK_147513C demonstrated reduced germination under both the
control and stress condition. Leaf area was also substantially reduced under the stress
condition compared to wildtype. These results suggest a high degree of susceptibility to
paraquat toxicity as well as poor growth under control conditions. Expression data for
this line indicates no change in transcript abundance compared to wildtype despite this
very striking phenotype. Further investigation should be done to confirm the expression
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data, as more 3’ primers may yield different results based on the putative T-DNA
insertion site.
AKR5 line SALK_052676C demonstrated an even greater reduction in
germination rate than SALK_147513C under both control and stress conditions. Leaf
area was much smaller under the control condition, but was similar to wildtype under
stress conditions. As seen with the AKR4 lines, this may be due to the already poor
growth of the wildtype at this concentration of paraquat, and investigating a lower range
of concentrations may show a more striking difference for this trait. Again, expression
data for this line does not indicate a change in expression from wildtype which does not
account for the striking germination and growth phenotypes observed. It is possible that
further investigation with additional primer pairs may clarify this issue.
Overall, the AKR4 and AKR5 lines show interesting phenotypic responses to
paraquat toxicity but expression data for these lines does not account for the changes
observed. The simplest explanation for this disparity is that the T-DNA insertion sites for
these are down-stream of the primer pairs used and this needs to be checked with new
more 3’ primers. The AKR3 lines showed no variations in phenotype, but demonstrated
a huge contrast in level of gene expression, results which may point to a level of
redundancy amongst Arabidopsis AKRs.
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Figure 3.2.1 Germination of mutant T-DNA insertion lines on control and paraquatcontaining media was scored on day twelve after moving plates to the tissue culture
room. AKR3 lines showed no stress-induced phenotype affecting their ability to
germinate. AKR4 lines responded differentially to stress and demonstrated reduced
germination compared to wildtype on paraquat plates although AKR4-2 also
demonstrated reduced germination on control media. Germination of AKR5 lines was
similar to AKR4 lines but much more striking and indicative of increased susceptibility to
abiotic stress. Values are proportions and thus no error bars are generated (n = 33).
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Figure 3.2.2 Leaf area of mutant T-DNA insertion line seedlings on control and paraquatcontaining media was measured on day seven after moving plates to the tissue culture
room. AKR3 lines and wildtype demonstrated no difference in growth on control media.
However, AKR3-2 seedlings were slightly larger than wildtype seedlings (p<0.05) when
grown on paraquat-containing media. AKR4 and AKR5 T-DNA lines had significantly
stunted growth compared to wildtype (p<0.001) when grown on control media. Stunted
growth was only exaggerated by abiotic stress for line AKR5-1. All others were no more
susceptible to paraquat than wildtype seedlings. Values are means and error bars
represent standard error (n = 10).
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3.2.2 Expression of AKRs of interest
As noted above, the level of gene expression for these lines was determined using
quantitative reverse transcription PCR to confirm the extent of the knockdown of
expression. These experiments used the same primers as described earlier and as
discussed, additional primers will have to be used in some cases where the T-DNA
insertion is possibly down-stream of the primers used. Shown in Figure 3.2.3, qRT-PCR
data indicated that only one of the lines for AKR3, SALK_119576C, was a true
knockout, exhibiting approximately 3.9% of the expression of wildtype. The other line
for AKR3, CS376370, demonstrated an increase in expression compared to that of
wildtype. The AKR4 line SALK_065186C demonstrated a decrease in expression to
44.5% of wildtype, which can be considered a knockdown but not a true knockout. The
AKR4 line SALK_016668C and both AKR5 lines showed no decrease in expression
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Figure 3.2.3 Expression of AKR3, AKR4, and AKR5 in homozygous mutant T-DNA
insertion lines. AKR3 line 1-2-3 is the only line to show significant knockout of
expression. AKR4 line 2-1-9 shows knockdown while all other lines show no significant
decrease in expression from wildtype.
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3.3 35S::AKR and 35S::MYB overexpression lines
3.3.1 Expression of AKRs of interest
The coding sequences for each of the genes of interest were individually cloned
into the pCAMBIA618 binary vector, provided by the lab of Dr. Jaideep Mathur. This
binary vector places the coding sequence downstream of the CaMV 35S promoter, for
constitutively high expression, and upstream of a nos terminator. The constructs were
confirmed by DNA sequencing at the University of Guelph Genomics Facility and were
transformed into wildtype Arabidopsis plants via the floral dip method (Clough and Bent,
1998). Positively transformed plants were screened using hygromycin resistance and bred
to the T2 generation where they currently stand. A final round of selection will need to be
performed in order to identify stable homozygous lines. However, due to time constraints,
stable lines could not be screened in time to be analyzed.
Seeds of the T2 generation for all lines were planted on soil and grown under
normal conditions. During the final stage of their life cycle, rosette leaf tissue was
harvested from six plants from each of the independent lines. The six samples were
pooled and RNA was extracted from the pooled sample. qRT-PCR was performed on a
number of these RNA extracts in order to verify a trend of overexpression, despite the
segregating nature of the population. Pooling of the biological replicates made statistical
analysis unfeasible but the experiment aimed to shed light on the tendency of these plants
to overexpress their gene of interest.
Three lines were selected at random carrying the 35S::AKR3 cassette and
designated AKR3-2-9, AKR3-1-11, and AKR3-2-4. Shown in Figure 3.3.1, these lines
demonstrated 58.8, 33.3, and 69.6% of wildtype expression respectively, suggesting that
none really demonstrate a trend for overexpression. Of course the lack of biological
replicates makes it impossible to statistically confirm these numbers. It should also be
kept in mind that a segregating population will consist of approximately 25% wildtype
seeds which would dilute the level of overexpression in each population.
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Figure 3.3.1 Expression of AKR3, AKR4, and AKR5 in 35S::AKR overexpression lines
relative to wildtype expression. Six biological replicates from segregating populations
were pooled, resulting in no statistical relevance. AKR4 lines 4-2-2 and 4-2-6 are likely
both overexpression lines while the others will have to be reassessed to state
conclusively.

Four lines were selected at random carrying the 35S::AKR4 cassette and
designated AKR4-2-3, AKR4-2-4, AKR4-2-2, and AKR4-2-6. Shown in Figure 3.3.1,
these lines demonstrated 76.7, 64.3, 255.8, and 123.5% of wildtype expression
respectively, suggesting that the two latter lines are most likely overexpressing the AKR4
transcript.
Four lines were selected carrying the 35S::AKR5 cassette and designated AKR52-14, 5-1-9, 5-2-9, and 5-2-16 (data not shown). These lines demonstrated very low
expression, all less than 2% of wildtype expression. This is highly unusual and points to a
possible flaw in the experiment, perhaps with the primer pair used. Alternatively, it is
possible that in all cases there was suppression of the wildtype gene expression. New
cDNA was synthesized and the PCR was repeated. However, the same results were
obtained and more experimentation is necessary to clarify these results.
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3.3.2 Phenotype
As a preliminary screen of a small number of lines, T2 generation seeds of
overexpression lines were plated on paraquat-containing media. From this preliminary
screen, evidence was gathered to suggest some degree of stress-tolerance. Shown in
Figure 3.3.2, a number of the seedlings of the AKR3-1-8 line remained greener than
wildtype seedlings when grown on plates containing 0.75µM paraquat. To a lesser extent
the same can be said for line AKR4-1-2. The AKR5 lines observed did not show any
phenotypic differences compared to wildtype seedlings (not shown).
Lines overexpressing MYB10, the Arabidopsis homolog of OsMYB55, were
plated similarly and one of the independent lines was found to resist the toxic effects of
paraquat as well. As seen in Figure 3.3.3, a number of seedlings of line MYB10-1-3
remain greener than wildtype seedlings on media containing 0.75µM paraquat,
suggesting that they have an increased tolerance for this form of stress. The obvious
drawbacks to this experiment are that these lines are only at the T2 generation and that
there is only one independent line for each of these genes that demonstrate such a
phenotype.
Segregating populations of the same lines described in Chapter 3.3.1 were
subjected to heat stress conditions as described in Chapter 2.2. Upon visual inspection of
the overexpression lines, none appeared to demonstrate an obvious visible phenotype in
terms of plant growth or development when compared to normal conditions and wildtype
controls grown on soil. Of course this experiment was performed on T2 seed which is not
the ideal generation to be analyzed in this way.
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Figure 3.3.2 Resistance to paraquat toxicity observed during preliminary screen of
overexpression lines. 35S::AKR3 line 3-1-8 and 35S::AKR4 line 4-1-2 seed of the T2
generation were plated on ½ MS control media (A), 0.75µM paraquat (B), and 1.5µM
paraquat (C). A number of seeds of the 3-1-8 line appear to resist paraquat toxicity by
remaining greener than wildtype seedlings on 0.75µM paraquat. The same is seen with
the 4-1-2 seedlings to a lesser extent.

Figure 3.3.3 Resistance to paraquat toxicity observed during preliminary screen of
overexpression lines. 35S::MYB10 line 10-1-3 seed of the T2 generation were plated on
½ MS control media (A), 0.75µM paraquat (B), and 1.5µM paraquat (C). A number of
seeds of the 10-1-3 line appear to resist paraquat toxicity by remaining greener than
wildtype seedlings on 0.75µM paraquat.
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3.4 Application of exogenous 1,2-propanediol and stress tolerance
3.4.1 Protection against paraquat stress by exogenous 1,2-propanediol
This study looked at whether the application of exogenous 1,2-propanediol could
confer any level of stress-tolerance on plants grown on plates supplemented with
paraquat, a fast-acting herbicide. The experimental set-up is demonstrated in Figure 3.4.1.

Figure 3.4.1 Experimental design for assessment of the protective role of 1,2-propanediol
when applied exogenously. Plates were prepared with ½ Murashige and Skoog plant
salts, 1% agar, and 1% sucrose and were either stressed (0.75µM paraquat) or unstressed
(0µM paraquat). Triplicate plates were then additionally supplemented with a range of
concentrations of 1,2-propanediol and plated with surface-sterilized wildtype seeds.

Wildtype Arabidopsis seeds were plated and stratified for two days before
transferring the plates to normal growth conditions in the tissue culture room. The day the
plates were moved to the light will be referred to as day zero. Germination was scored on
days two, three, and four (Figure 3.4.2 and Figure 3.4.3), by which point germination had
peaked. On day two (Figure 3.4.2), germination of seedlings on plates containing
herbicide was significantly lower than those plated on control media. The difference
between the herbicide-containing plates containing the highest and lowest concentrations
of 1,2-propanediol was not statistically significant meaning that, of the seedlings
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germinated on 0.75µM paraquat plates, there was no observable ability of 1,2propanediol to rescue seedlings from the effects of this dose of herbicide. If there was,
one would expect the germination rate of these seeds to resemble more closely that of the
control plates.
On the control plates, there was a statistically significant difference between the
germination rates on the highest and lowest concentrations of 1,2-propanediol. However,
there does not seem to be an obvious trend correlating germination rate with 1,2propanediol concentration making this an unlikely effect of the propanediolsupplemented media. By days three and four (Figure 3.4.3), the germination rates of all
plates had equalized, making germination no longer a viable measure of susceptibility to
stress.
Instead, on day thirteen, the leaf area of these seedlings was measured by taking
pictures of the plates and analyzing them using imageJ software. Results show that
seedlings grown on paraquat were significantly smaller than those grown on control
media, regardless of the concentration of 1,2-propanediol in either set of plates (Figure
3.4.4). The average size of the seedlings grown on control media was 0.054cm2 and there
was no statistical difference between plates, regardless of their concentration of 1,2propanediol. The average size of the seedlings grown on paraquat-containing media was
0.026cm2 and again, there was no statistical difference between plates with different
concentrations of 1,2-propanediol. The difference between 0.054cm2 and 0.026cm2 is
statistically different and indicates that the seedlings were sufficiently stressed. It was
clear that under these conditions, 1,2-propanediol was not able to confer a level of stress
tolerance to wildtype seedlings exposed to paraquat stress.
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Figure 3.4.2 Germination rate scored on day two of wildtype Col-0 seedlings grown on
stressed versus unstressed plates supplemented with 1,2-propanediol. Stressed plates
contained 0.75µM paraquat while unstressed plates contained no paraquat. Seedlings
grown on stressed plates had significantly lower germination than those on unstressed
plates, indicating the significant effects of paraquat on wildtype seeds. No significant
difference was observed amongst the stressed plates to suggest a protective role for, or
any effect of, 1,2-propanediol. Unstressed plates did indicate a significant difference in
germination rate between the highest and lowest concentrations of 1,2-propanediol.
However, no dose-dependent trend was observed. Values are the average of triplicate
plates and error bars represent standard error (n ≥ 36 per plate).
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Figure 3.4.3 Germination rate scored on days three (top) and four (bottom) of wildtype
Col-0 seedlings grown on stressed versus unstressed plates supplemented with 1,2propanediol. Stressed plates contained 0.75µM paraquat while unstressed plates
contained no paraquat. By days three and four, germination rate of seedlings on stressed
plates had caught up to that of seedlings on unstressed plates. Paraquat did not prohibit
seedlings from germinating, but rather delayed germination by approximately one day.
No significant difference was observed amongst any of the plates, suggesting that
germination rate was no longer a useful measure of susceptibility to stress. Values are the
average of triplicate plates and error bars represent standard error (n ≥ 36 per plate).

53
0.07

Leaf Area (cm2)

0.06
0.05
0.04
0.03

Unstressed

0.02

Stressed

0.01
0

0

100
1000
2000
5000
Concentration of 1,2-propanediol (µM)

Figure 3.4.4 Leaf area measured on day thirteen of wildtype Col-0 seedlings grown on
stressed versus unstressed plates supplemented with 1,2-propanediol. Stressed plates
contained 0.75µM paraquat while unstressed plates contained no paraquat. Leaf area of
seedlings on stressed plates was significantly lower than that of seedlings on unstressed
plates, indicating the significant effects of paraquat on wildtype seeds. No significant
difference was observed amongst the stressed plates to suggest a protective role for, or
any effect of, 1,2-propanediol. Unstressed plates also did not indicate a significant
difference in leaf area between the highest and lowest concentrations of 1,2-propanediol,
suggesting that there is also no negative effects of 1,2-propanediol on seedling growth.
Values are the average (n ≥ 26) and error bars represent standard error.

In order to limit exposure to UV light, and the potential subsequent breakdown of
1,2-propanediol, the experiment was repeated entirely in the dark. In this case, hypocotyl
length of seedlings was measured as an indication of susceptibility to the herbicide stress
(Figure 3.4.5). Just as in the previous experiment, the hypocotyl length of seedlings
grown on 0.75µM paraquat was significantly decreased compared to those grown on
control media. Again, the presence of 1,2-propanediol demonstrated no ability to rescue
seedlings from this stress-induced phenotype, nor did it have any differential effects on
seedlings grown on control media. This is indicated by the lack of statistical significance
between plates containing different concentrations of 1,2-propanediol in either the control
or herbicide-treated groups. Finally the experiment was performed as above but plates
were grown under constant red light in a dark room (Figure 3.4.6). Hypocotyl length was
once again measured and the same results were observed, with 1,2-propanediol
demonstrating no ability to confer tolerance to the abiotic stress induced by paraquat.
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Figure 3.4.5 Hypocotyl length of wildtype Col-0 seedlings grown in the dark on stressed
versus unstressed plates supplemented with 1,2-propanediol. Stressed plates contained
0.75µM paraquat while unstressed plates contained no paraquat. The experiment
described above was repeated in the dark to limit the exposure of 1,2-propanediol to UV
light, and thus reduce its degradation. Despite the added precautions, the same results
were obtained as described above. Values are the average (n ≥ 27) and error bars
represent standard error.
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Figure 3.4.6 Hypocotyl length of wildtype Col-0 seedlings grown under red light on
stressed versus unstressed plates supplemented with 1,2-propanediol. Stressed plates
contained 0.75µM paraquat while unstressed plates contained no paraquat. The
experiment described above was repeated under red light to limit the exposure of 1,2propanediol to UV light, and thus reduce its degradation. Despite the added precautions,
the same results were obtained as described above. Values are the average (n ≥ 17) and
error bars represent standard error.
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3.4.2 Protection against heat stress by exogenous 1,2-propanediol
A subsequent experiment investigated application of the 1,2-propanediol to the
above ground tissues of wildtype Arabidopsis plants, as opposed to the roots.
Immediately before a 24 hour period of heat shock at 35°C, plants were sprayed
copiously with 1.3M 1,2-propanediol. Photographs were taken at the end of the 24 hour
heat shock period and can be seen in Figure 3.4.6. All plants that had been exposed to the
high temperature stress demonstrated curled, wilting inflorescences and the rosette leaves
were in a vertical orientation, an indication of a plant’s attempt to limit transpiration. All
plants demonstrated this phenotype, regardless of the presence of 1,2-propanediol. Those
plants not exposed to the high temperature stress, did not demonstrate these changes in
appearance, regardless of the presence of 1,2-propanediol, suggesting that there are at
least no negative implications of 1,2-propanediol application.

Figure 3.4.7 Susceptibility of plants sprayed with 1.3M 1,2-propanediol prior to heat
shock. Immediately prior to a 24-hour period of heat shock at 35°C, plants were liberally
sprayed with 1,2-propanediol. At the end of the 24-hour period, plants that had been
under control conditions, either not sprayed (A) or sprayed (B), remained upright with
rosette leaves roughly parallel to the surface of the soil. Plants that had been exposed to
heat shock conditions, either not sprayed (C) or sprayed (D), had a curled, wilted
appearance and rosette leaves were in a vertical orientation. The 1,2-propanediol had no
observable effect on the response of the plants to heat and demonstrated no ability to
protect the plants from the effects of heat. The bottom images depict unsprayed plants
that had been exposed to control (E) or heat shock (F) conditions, presenting a closer
view of the effects of heat on rosette leaves.
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3.5 Method development for the detection and quantification of
endogenous 1,2-propanediol in plant tissues
3.5.1 SPME and mass spectrometry
Solid-phase microextraction (SPME) is a recently developed technique for rapid
and efficient sample preparation as well as sample injection for downstream gas
chromatographic analysis. A fiber with a porous polymer coating is inserted into the
headspace of a vial containing the sample or analyte. Volatile and semi-volatile analytes
within the sample partition and reach equilibrium within the headspace and the polymer
coating itself, at concentrations proportional to those in the original sample. The fiber can
then be removed from the vial and inserted into the gas chromatography (GC) instrument
for injection into the column and downstream mass spectrometry analysis. The simplicity
of this technique reduces the need for messy and time-consuming solvent extraction and
derivatization and increases accuracy due to reduced loss of analyte during the sample
preparation process.
SPME was investigated in terms of its efficacy for the detection and
quantification of the semi-volatile metabolite 1,2-propanediol. Serial dilutions of standard
grade 1,2-propanediol were prepared in MilliQ water and sealed in glass vials with septa.
These standards were then stored in the climate-controlled auto-sampler carousel of the
GC-mass spec instrument. Several columns were tested, as well as a variety of
instruments; however a reliable standard curve could not be produced. The peaks
observed often identified as 1,2-propanediol, as determined by tandem mass
spectrometry. Unfortunately, the size of these peaks did not correlate with concentration.
To rule out poor pipetting accuracy, successive injections were made from the same vial,
and yet consistent decreases in the size of the resulting peaks was not observed.
Derivatization with the trimethylsilyl (TMS) functional group was also investigated but
due to the volatility of the analyte and the sensitivity of TMS to water, significant loss of
analyte was encountered during the freeze-drying process. Despite extensive
troubleshooting, it was determined that SPME is not a feasible technique for the analysis
of 1,2-propanediol and further investigating is not recommended.
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3.5.2 HPAEC-PAD
High pH anion exchange chromatography (HPAEC) with pulsed amperometric
detection (PAD) was investigated for its utility in the detection and quantification of
endogenously produced 1,2-propanediol by Arabidopsis thaliana. Although this
instrumentation has been used previously for the detection of 1,2-propanediol, it has
never been used previously for its detection in a plant sample. As such, significant
method development was done in order to determine its efficacy for this particular
application.
The first task was to verify the retention time of 1,2-propanediol from the
CarboPac MA1 column under the conditions described above in Section 2.8.2. Serial
dilutions of standard grade 1,2-propanediol were prepared in MilliQ water and run as
described previously. The retention time of 1,2-propanediol from this series of runs was
determined to be 7.712±0.004 minutes (Figure 3.5.1) and a highly accurate standard
curve was prepared.

Figure 3.5.1 HPAEC chromatogram indicating a single peak representing the 1000 times
dilution of standard grade 1,2-propanediol. An isocratic separation was performed using
480mM sodium hydroxide at a flow rate of 0.4mL/min under ambient temperature
conditions through the CarboPac MA1 column. The retention time of 1,2-propanediol is
7.7 minutes when run under these conditions.
To verify that the column was capable of separating a variety of analytes, and not
simply eluting all compounds at the seven minute mark, a number of standards including
glycerol, sorbitol, sucrose, and maltose were also run under the same conditions.
Concentration curves for these standards were not prepared but the analytes were found
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to have retention times of approximately 9.3, 16.8, 46.7, and 59.9 minutes respectively
when run individually. A mixture of several of these analytes was also run. Taken
together, these results clearly demonstrate the column’s ability to separate a number of
related analytes efficiently.
At this point, it was clear that the column would be suitable for the detection and
quantification of 1,2-propanediol and the focus of method development moved to sample
preparation and analysis. As described previously, wildtype plant samples were ground
using a chilled mortar and pestle under liquid nitrogen until they had formed a fine
powder. The extraction was performed using water as the solvent, as had been described
in the literature, and both shaking and sonication were tested for their ability to increase
extraction efficiency. Based on the chromatograms obtained, it was determined that
sonicating the sample after manual homogenization did not increase the efficiency of the
extraction. Sonication is an unnecessary step in the sample preparation process and
simply grinding and shaking the leaf tissue in water is sufficient.
Another concern was the removal of protein from the sample, so as to avoid
clogging the column and reducing its separation efficiency. Filtration through a 0.2µm
filter was not intended to efficiently remove all protein, but at the very least, remove any
crude precipitate. There has also been some literature to suggest that such filters can bind
an amount of protein, much to the biochemist’s chagrin, and so this was deemed
sufficient for the task at hand. Monitoring the back pressure of the column over several
successive runs and observing no noticeable change in pressure indicated that the column
was not becoming clogged due to protein accumulation. As a precaution, the MA1 guard
column was always in place to prevent substantial damage being done to the analytical
column.
The extraction using water as a solvent resulted in a very busy chromatogram and
one that was difficult to interpret. While a peak was observed with a retention time of
seven minutes, it was flanked on both sides by significantly larger peaks, making the
baseline highly irregular (Figure 3.5.2). However, in order to ascertain the identity of this
peak, the biological samples were run, subsequently spiked with a known amount of
standard grade 1,2-propanediol, and run again. Overlaying the two related
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chromatograms showed an increase in the size of the same peak, suggesting that the
original peak was indeed 1,2-propanediol. Unfortunately, discrepancies in the baseline
made it impossible to interpret the size of these peaks in any quantifiable way.

Figure 3.5.2 HPAEC chromatogram of water-soluble plant extract. An isocratic
separation was performed using 480mM sodium hydroxide at a flow rate of 0.4mL/min
under ambient temperature conditions through the CarboPac MA1 column. The
chromatogram indicates the presence of many compounds in the extract and poor
separation between these unknowns and the peak believed to represent 1,2-propanediol,
highlighted in peach. The distortion of the baseline by these adjacent peaks makes it
impossible to accurately quantify the size of the peak at 7.7 minutes.
To confirm the detection of 1,2-propanediol, the same process was carried out on
corn samples previously frozen and stored at -80°C. These were the wildtype and
35S::OsMYB55 corn samples that had been exposed to heat stress conditions, the same
samples that had been analyzed by Metabolon. After running the samples under the same
conditions described above, the issue of the irregular baseline was again encountered,
with the chromatogram containing too many peaks to effectively analyze the size of the
peak believed to represent 1,2-propanediol. The peak in the appropriate location to
identify as 1,2-propanediol was also small and, based on visual inspection, did not appear
to vary drastically between the four sample types: wildtype control, wildtype heated,
transgenic control, and transgenic heated. Considering that Metabolon reported a 23-fold
increase in the accumulation of 1,2-propanediol in the heated transgenic samples over
unheated controls, one would expect to see more variation in this area of the
chromatogram. Figure 3.5.3 shows the chromatogram obtained for the 35S::OsMYB55
heat treated corn sample. These results suggest that the 1,2-propanediol in the sample,
assuming it is present, is not being extracted efficiently when water is used as the solvent.
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Figure 3.5.3 HPAEC chromatogram of the 35S::MYB55 heat treated corn sample. Peaks with an
approximate retention time of 7 minutes are small and poorly separated from adjacent peaks,
making accurate quantification impossible. This chromatogram also suggests poor extraction of
1,2-propanediol, as this sample should represent the greatest accumulation of 1,2-propanediol,
according to Metabolon’s data but does not show any variation when compared to the
chromatograms of the unheated and wildtype controls.

3.6 Relative substrate affinity of recombinant aldo-keto reductases
3.6.1 Expression and purification of recombinant AKRs
The coding sequences of each of the AKRs of interest were cloned into the
pET28a(+) vector to produce an N-terminally His-tagged recombinant protein, expressed
in the ArcticExpress cell line. Cells were pelleted and lysed using B-PER, bacterial
protein extraction reagent, supplemented with DNaseI and lysozyme. His-tagged proteins
were purified from the soluble fraction using HisPur Cobalt Resin and eluted using a
phosphate buffer containing imidazole. Fractions from the wash and elution steps of the
HisPur Cobalt purification process are depicted in the SDS PAGE and western blots of
Figure 3.6.1, illustrating the high level of purity obtained from these relatively simple
purification techniques. This figure also illustrates the relative levels of expression of
each of the AKRs of interest when subjected to the same expression conditions.
Following cobalt resin purification, measurement of the absorbance at 280nm was
used as an indicator of protein concentration. At this stage, AKR3 and AKR4 were often
purified in relatively high concentrations, ranging from 0.5-1.5mg/mL. AKR4
consistently expressed in higher quantities than AKR3. However, both AKR5 and AKR6
were found in very low concentrations, too low for downstream applications. Western
blot analysis indicates that all four enzymes were present and expressed (Figure 3.6.1),
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but that the concentrations of AKR5 and AKR6 were just significantly lower. Expressing
AKR5 in a larger culture volume and purifying from a larger amount of soluble fraction
while eluting in a smaller volume, did help to increase the concentration of AKR5 in the
final extract. However, its quality remained low despite multiple attempts to clean and
desalt the buffer, including dialysis and gel filtration chromatography. With its low yield
and low endogenous expression, AKR6 was not pursued further.

Figure 3.6.1SDS PAGE (top row) and western blots (bottom row) demonstrate relative
expression of recombinantly expressed his-tagged AKRs. From left to right, AKR3,
AKR4, AKR5, and AKR6 demonstrate varying levels of expression in ArcticExpress E.
coli cells. W5 and W7 are the fifth and seventh washes from the HisPur Cobalt Resin
purification process. E1 and E2 are the first and second batch method elutions from the
cobalt resin, demonstrating a relatively high level of purity. Bands below the indicated
boxes, likely represent N-terminal truncations but they are in fairly low abundance.

3.6.2 Measuring activity of recombinant enzyme
This in vitro assay performed using recombinantly expressed proteins sheds light
on the relative contributions of each of the AKRs of interest to the reduction of
methylglyoxal in vivo. All enzymes were treated under identical conditions so as not to
bias the measurements of relative activity. Under ideal conditions, a linear relationship
was observed between time and absorbance at 340nm for at least 60 seconds,
representing the disappearance of the cofactor NADPH as methylglyoxal was reduced by
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the aldo-keto reductase. The concentration of enzyme was manipulated until such a linear
relationship could be achieved, and was found to be 10ug/mL. All other conditions were
based on previous work described by Simpson et al (Simpson et al., 2009).
AKR3 and AKR4 both demonstrated the ability to reduce methylglyoxal using
NADPH as a cofactor under the conditions described above, as indicated in Figure 3.6.2
for AKR3. However, AKR5 demonstrated no activity under the same conditions.
Absorbance data for this enzyme was erratic and irregular and did not follow any linear
relationship. As such, it could not accurately be fit to the Michaelis-Menten model of
enzyme kinetics. AKR6 was never purified in high enough quantities to test. The data
obtained from AKR3 and AKR4 were fit to a Michaelis-Menten model, shown in Figure
3.6.3, which allowed for the determination of Vmax and Km for each of the enzymes.
AKR3 had a Km of 0.27±0.15mM while AKR4 had a Km of 0.39±0.10mM.
Although the difference between these values is not statistically significant, AKR3
appears to demonstrate a greater affinity for methylglyoxal as a substrate than AKR4.
This trend is consistent with the Km values reported in the literature for AKR3 and AKR4
which were 0.46±0.05mM and 3.3±0.7mM respectively (Simpson et al., 2009). The Km
values were very high for both enzymes which is also consistent with the literature
describing enzymes with such broad substrate specificity.

Absorbance at 340nm

63
0.700
0.650
0.600
0.550
0.500
0.450
0.400
0.350
0.300
0.250
0.200

0mM
0.1mM
0.2mM
0.4mM
0.7mM
0.8mM
1.4mM

0

30

60

90
120
Time (seconds)

2.8mM

150

Figure 3.6.2 Activity assay measured the disappearance of the cofactor NADPH, as it was
consumed by the reduction of methylglyoxal by AKR3. Absorbance at 340nm was
monitored and the slope of the curve used to determine the rate of the reaction. Similar
data was observed for AKR4.
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Figure 3.6.3 Michaelis-Menten model for AKR3, plotting concentration of the substrate
methylglyoxal against the initial rate of the reaction as determined from Figure 3.6.2.
Where the curve plateaus represents Vmax, the maximum rate of the enzyme. The
substrate concentration corresponding to ½ Vmax is Km and is a measure of the enzyme’s
efficiency and affinity for the given substrate.
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Chapter 4: Discussion, Conclusions, Future Work
4.1 Expression of AKRs is induced by heat shock
The results of the qRT-PCR experiment showed that AKR3, AKR4, and AKR5
were all differentially expressed in wildtype plants under heat shock conditions within a
24 hour time period. This data is nuanced and speaks to the mechanism through which
these genes may function.
As the expression of all three genes was induced under heat shock conditions, the
data suggest that all three genes may play a role in the heat stress response mechanism,
but perhaps to varying extents. In addition, the expression of all three genes was induced
rapidly, after spending an hour or less under heat shock conditions. AKR3 demonstrated
the greatest increase in expression in response to heat and its expression also stayed
elevated up until the six hour time point, longer than that of the other two genes whose
expression diminished more rapidly by the six and 24-hour time points. Taken together
these results suggest there may be a greater role for AKR3 in this particular stress
response pathway, compared to both AKR4 and AKR5.
The increased expression observed correlates well with previous studies linking
both AKR3 and AKR4 to various stress conditions, including cold, salt, and drought
stress (Simpson et al., 2009). Simpson et al. found that the expression of both genes was
significantly increased in response to each of the three stress conditions although their
stress treatments were maintained for a longer period of time than the current study. They
also found significant correlation between the expression of the two genes, which is to
some extent seen in the current study as well.
The expression of AKR6 could not be determined due to the unavailability of
efficient and unique primers. AKR5 and AKR6 share 86% sequence identity (Table 1.5.1
in Appendix), making it very difficult to identify primers unique to one gene and not the
other. The standard curve performed with the AKR5 primers indicates a single PCR
product, demonstrated by a single peak in the melt curve. However, this was not the case
for several of the primers designed for AKR6 which indicated multiple peaks in the melt
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curves performed. The constitutively low expression of AKR6 as indicated by the Bar
Resource, confirms that the primers designed for AKR5 are not likely to be binding to the
AKR6 transcript.

4.2 Mutant T-DNA insertion lines show gene-specific phenotype
Homozygous mutant T-DNA insertion lines for each of the AKRs of interest were
bred to homozygosity and observed for variations in phenotype. Based on the hypothesis
that AKRs may play a role in abiotic stress tolerance, the knockout of an AKR was
anticipated to increase the plants’ susceptibility to abiotic stress. While a number of the
lines do appear to demonstrate a developmental phenotype different from wildtype, the
initial results on gene expression did not show a corresponding decrease in expression
very possibly due to primer choice.
Of the AKR3 lines, expression data suggests that SALK_119576C is a true
knockout line while CS376370 maintains a high level of expression of AKR3. Despite
these huge disparities in expression, neither line showed any striking difference in terms
of germination rate or leaf area compared to wildtype seedlings when plated on paraquatcontaining media. In this case, it is possible that, due to the notoriously broad substrate
specificity and overlapping temporal and spatial expression of many Arabidopsis AKRs,
decreased expression of just one AKR was not enough to induce any visible phenotype.
The knockout of AKR3 in SALK_119576C did not increase the susceptibility of
seedlings to the paraquat as there were other AKRs to perform the same role in its
absence.
In the case of the AKR4 lines SALK_065186C and SALK_016668C, seedlings
did appear to demonstrate poorer growth and an increased susceptibility to paraquat
stress. Compared to wildtype, expression was reduced in the former and unchanged in the
latter. However, seedlings of both lines showed a significant developmental phenotype,
including decreased germination and smaller leaf area. Under stress conditions where leaf
area was not different from that of wildtype seedlings, it may be that this is simply
because the wildtype control was already so strongly affected by the paraquat that a
difference was undetectable.
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Further investigation will be required to confirm the phenotypes observed as well
as the expression data obtained. It is possible that the expression data is misleading, due
to the placement of the primers used in the qRT-PCR experiment. These primers were
designed very close to the 5’ end of the gene, only 93bp downstream of the start codon. It
is possible that the T-DNA insertion – in the promoter region – resulted in the expression
of a truncated transcript, one that would be detected and quantified by the primers listed
but one that does not produce a functional gene product. This would account for the
phenotypes observed and the contradictory expression data.
The AKR5 lines SALK_147513C and SALK_052676C demonstrated strong
phenotypes under both control and stress conditions. On control and stress plates, both
lines demonstrated significantly reduced germination. Under control conditions,
SALK_052676C demonstrated reduced growth while data is unavailable for
SALK_147513C. Under stress conditions, SALK_147513C demonstrated reduced
growth while SALK_052676C more closely resembled wildtype. Because the wildtype
control is so strongly affected by paraquat, it is hard to ascertain whether the growth of
SALK_052676C would not differ more significantly from wildtype at a lower dose of
paraquat.
While they do have a very strong phenotype, expression data for these two lines
suggests that neither are knockouts for the AKR5 gene. In this case, the primers used
were located at the 3’ end of the gene, making it unlikely that this expression data
represents the detection of a truncated transcript. The insertions are believed to be in the
promoter region of the AKR5 gene making it possible that the T-DNA sequence does not
affect AKR5 but instead has an effect on a different gene upstream of the insertion site.
Differential expression of a neighbouring gene in this way may account for the
phenotypes observed. Conversely, it is possible that the insertion of a T-DNA sequence
into the promoter of this gene resulted in improved transcriptional efficiency, and thus
increased the expression of AKR5. Increased ectopic activity of the AKR5 enzyme may
have had some unknown detrimental effects which contradict the proposed mechanism.
The fact that recombinantly-expressed AKR5 was found to have no activity with
methylglyoxal as a substrate, means it could be acting on a different metabolite to
produce a toxic byproduct. It is highly unlikely that the phenotypes observed are the
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result of additional T-DNA insertions in other areas of the genome. Two independent
lines representing independent insertions demonstrated the same general trends in terms
of phenotype. It is unlikely that this could happen if the T-DNA inserted randomly in
another location in the genome.
A deeper investigation of the expression of these genes with additional primer
pairs is a reasonable next step in terms of confirming the knockout identity of these lines.
One should also observe the lines when plated on lower doses of paraquat so as to gain a
better understanding of their behaviour when controls are not so severely affected by the
stress condition. Additionally, given the possibility that redundancy amongst these
enzymes is the reason for the lack of observable phenotype, knockout of multiple AKRs
may be a more telling representation of the effects of decreased expression of these
enzymes. That being said, it seems that the phenotypes observed are real and require
further investigation to form a complete explanation.

4.3 Overexpression lines show preliminary signs of stress-tolerance but
further investigation is required
Constitutive overexpression of a gene of interest is often a valuable tool for the
determination of a gene’s likely function within an organism. In order to study the
function of these AKRs, each was cloned into the binary vector pCamba618 which places
the coding sequence downstream of the cauliflower mosaic virus 35S promoter. This
promoter results in strong expression of the downstream gene in all tissues throughout the
plant.
The cloning of these genes took a considerable amount of time but was ultimately
successful and wildtype Col-0 Arabidopsis thaliana was transformed with the constructs
using Agrobacterium tumefaciens and the floral dip method (Clough and Bent, 1998).
Positively transformed plants were selected for on ½ MS media containing hygromycin,
as the pCAMBIA618 vector also carries the gene for hygromycin resistance as a
selectable marker. These lines were bred to the T2 generation, at which point they are
now segregating in a 1:2:1 ratio of homozygous to heterozygous to wildtype plants. One
additional round of selection on hygromycin-containing media will be enough to identify
which of the lines are homozygous for the genes of interest. Unfortunately, this step does
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not fit within the time constraints of this project. At such a time that stable lines are
identified, the level of expression of the genes of interest in each line should be quantified
by qRT-PCR in order to definitively confirm overexpression. This was done using the
segregating population but was ultimately unsuccessful in determining likely
overexpression.
Regardless, a few experiments were carried out using the segregating T2
generation seeds in an effort to observe variations in phenotype. A preliminary screen
was performed by plating seeds on paraquat-containing media using a small number of
overexpression lines. These results indicated that one line for each of the 35S::AKR3,
35S::AKR4, and 35S::MYB10 constructs demonstrated tolerance to paraquat stress.
These seedlings remained greener than wildtype seedlings, suggesting a level of tolerance
to the paraquat. These lines are definitely of interest, as they support the role of both
AKR3 and AKR4 in the stress response pathway. In addition, the ability of MYB10
overexpression to confer a stress-tolerant phenotype further supports the role of
OsMYB55 in the heat-tolerant phenotype observed by El-kereamy et al. (2012). These
lines should definitely be pursued further by identifying stable lines and quantifying their
level of overexpression, then monitoring their phenotype for further signs of stress
tolerance.
On that note, a number of experiments should be performed to observe the stable
lines for signs of a stress-related phenotype. The first series of experiments would aim to
determine whether overexpression of the AKRs of interest results in any visible stresstolerant phenotype for the plant. The first would be to measure above ground dry biomass
of both control and heat stressed plants. Plants in the vegetative stage of development
would be exposed to high temperature conditions (30°C) for five consecutive days before
being returned to normal growth conditions. At the end of the lifecycle, above ground dry
biomass would be compared. Plants that are less susceptible to heat stress will
demonstrate a decreased loss in dry biomass after exposure to high temperature.
Preliminary experiments performed on the segregating T2 generation suggest that this
may be the case for lines overexpressing the AKR3 gene, indicating that this is an
experiment worth repeating with stable lines.
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The heat tolerant phenotype observed in the 35S::OsMYB55 rice and maize lines
is believed to be the result of perturbations to a biochemical mechanism linking
methylglyoxal, 1,2-propanediol, and AKRs. On that note, one should also pursue the
quantification of each of these metabolites in the established transgenic lines.
Development of a method for the detection and quantification of 1,2-propanediol from
plant tissue is underway with recommendations given below for the completion of this
process. A spectrophotometric technique for the detection and quantification of
methylglyoxal has been described (Yadav et al., 2005). The authors describe extraction
with perchloric acid followed by derivatization with 1,2-diaminobenzene and the
technique appears to be highly reproducible and methylglyoxal-specific. Other methods
and kits exist but they may detect a number of reactive carbonyl species in the sample,
not just methylglyoxal.
Finally, plating experiments should be repeated to observe the level of
susceptibility of these transgenic lines to a variety of chemical stresses including paraquat
and 3-aminotriazole. Both of these chemicals, although they have different modes of
action, result in the accumulation of reactive oxygen species, a symptom common to heat
stress as well. Preliminary experiments performed on the segregating T2 generation
suggest that lines overexpressing AKR3, AKR4, and MYB10 may have demonstrated
increased tolerance to paraquat toxicity. The results of these preliminary screens suggest
that this is an experiment worth repeating with stable transgenic lines.

4.4 Application of exogenous 1,2-propanediol is unlikely to provide
protection against abiotic stress
Due to the novelty of this proposed mechanism of heat-stress tolerance, it is
unknown what role exactly 1,2-propanediol may play in the heat-tolerant phenotype
observed in both the OsMYB55-overexpressing rice and maize plants of previous studies
(El-Kereamy et al., 2012). Because of its suggested role as an osmoprotectant, it seemed
reasonable to suggest that application of exogenous 1,2-propanediol and subsequent
uptake of the chemical by plant tissues, could prove beneficial in terms of increasing
tolerance to particular stresses. This work was inspired by previous investigations of the
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protective role of polyamines against paraquat toxicity when applied exogenously to
plated seedlings (Kurepa et al., 1998).
Based on considerable evidence, no effect, either beneficial or detrimental, was
observed when 1,2-propanediol was applied exogenously to plated seedlings. There are
several explanations for what may be happening. The initial experiments done on
paraquat-containing media assumed that 1,2-propanediol would be taken up by the roots,
a tissue type with highly controlled mechanisms for transport in and out of the cell. It
may be that the roots were impermeable to 1,2-propanediol and thus, even if it could play
a beneficial role, it could not be taken up by the plant. Unfortunately, no obvious
technique was available at the time in order to ascertain the uptake of 1,2-propanediol by
the root system.
It was also believed possible that the lack of acquired stress tolerance was due to
the breakdown or degradation of 1,2-propanediol in the media by the UV light emitted by
the fluorescent lights in the tissue culture room. However, the dark and red light
experiments were performed in order to rule out this possibility. As the results of these
experiments indicated the same trends, it is highly unlikely that the 1,2-propanediol being
broken down prior to uptake was the reason for the lack of acquired stress tolerance.
The concentrations of 1,2-propanediol chosen for these experiments were based
on estimated concentrations of methylglyoxal in the cell (Yadav et al., 2005) as well as
concentrations used by Kurepa et al. in their investigations of polyamines. It seemed that
these would be relevant concentrations for combatting the negative effects of
methylglyoxal in the cell and a good starting point. It is possible that not a wide enough
range of concentrations was investigated and that the relevant concentrations of 1,2propanediol necessary are actually much higher. Studies of 1,2-propanediol’s use as a
cryoprotectant utilized much higher concentrations, approaching and entering the molar
range (Ko and Threlfall, 1988; Rosato and Iaffaldano, 2013). It is quite possible that
higher concentrations of 1,2-propanediol in the media may influence stress susceptibility
but molar concentrations could also run the risk of inducing osmotic stress.
To further investigate this problem, heat shocked plants were pre-treated with a
1.37M solution of 1,2-propanediol by spraying the above ground tissues. It was hoped
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that this experiment would shed some light, in the event that the previous experiments
had not investigated a high enough concentration of 1,2-propanediol or that the chemical
could not be taken up by the roots. Again, no difference was found between stressed or
control plants treated or untreated with 1,2-propanediol. In this case the assumption was
made that the chemical could be absorbed through the vegetative tissues and again, it
cannot be ascertained whether the lack of rescued phenotype was the result of inability to
take up the chemical once applied or because 1,2-propanediol plays no role in the cell’s
ability to tolerate abiotic stress. Subsequent experiments could be designed to use vacuum
infiltration, addition of a surfactant, or even spot infiltration of the 1,2-propanediol
directly to ensure greater entry into the tissues. Potential drawbacks would include
significant infliction of stress to both control and treated plants which would significantly
affect any results obtained. Once an efficient method is established for the detection and
quantification of 1,2-propanediol from leaf tissue, this could be used to ascertain whether
plant tissues contained greater concentrations of 1,2-propanediol after growing on 1,2propanediol-containing media or after being sprayed with the solution.
Based on the results obtained, it is unlikely that exogenously applied 1,2propanediol plays a protective role against paraquat toxicity or heat stress, although one
cannot rule out the possibility that uptake is the limiting factor in these experiments.
Regardless, when one considers that fossil fuels are the only current source for 1,2propanediol, that makes 1,2-propanediol quite costly. The widespread spraying of
agricultural land with such a solution would be hugely financially irresponsible and so the
continued pursuit of this question, with the goal of downstream applications for
agriculture, is somewhat futile.

4.5 HPAEC-PAD is recommended for the detection and quantification of
endogenous 1,2-propanediol
A number of techniques were investigated for their use for the detection and
quantification of 1,2-propanediol from plant samples including: SPME with GC-mass
spec and HPAEC with PAD.
SPME or solid-phase microextraction is a technique used for fast and efficient
sample preparation and is directly applicable to downstream applications such as GC-
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mass spec. Despite the innumerable benefits of this sampling technique and the extensive
troubleshooting done, it was determined that SPME is not a viable technique for the
analysis of 1,2-propanediol produced endogenously by Arabidopsis thaliana. It is not
advised that further time be spent pursuing this option.
In contrast, high pH anion exchange chromatography with pulsed amperometric
detection using the Dionex instrument was found to be a highly effective technique for
both the detection and quantification of 1,2-propanediol and should definitely be
developed further. Standard grade 1,2-propanediol was found to have a retention time of
7.7 minutes when run under the conditions described above and the column was capable
of efficiently separating a number of standards, including glycerol, sorbitol, sucrose, and
maltose. A highly reproducible standard curve was created from the 1,2-propanediol
standard which conclusively illustrates that 1,2-propanediol can be both detected and
quantified when present in a simple sample.
Development of an instrumentation method was successful, but sample
preparation will require additional work. It was found that a simple water extraction with
mechanical homogenization resulted in a very busy chromatogram, representing several
unique compounds. These additional peaks interfered with the interpretation and
quantification of peaks believed to represent 1,2-propanediol. It is recommended that a
solvent extraction be performed using methanol. This type of extraction could both
decrease the number of compounds extracted from the tissue sample as well as increase
the efficiency of the extraction of 1,2-propanediol. While the CarboPac MA1 column is
not compatible with organic solvents, it is likely that an analytical volume of methanol
would not be enough to significantly interfere with the stationary phase of the column.
Such a methanol extraction is likely what is used by Metabolon for the extraction
of metabolites for downstream GC/MS and LC-MS/MS analysis and would have been
used to prepare the maize samples in the 35S::MYB55 study. This is referred to as
“Metabolon’s standard solvent extraction method”; it is proprietary information and is not
described in any detail in any of their official documentation. However, the author of the
Metabolon report, Nalini Desai, has published articles describing some aspects of their
sample preparation including the use of methanol as the extraction solvent and the
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MicroLab STAR System, a high throughput pipetting workstation (Rudd et al., 2015). An
extraction protocol for the recovery of 1,2-propanediol has also been described by a
group in Madison, Wisconsin that appears much more labour intensive than that
described by Rudd et al. and is also adapted for purification of 1,2-propanediol from large
volumes of clarified E. coli fermentation broth. However, some combination of these
protocols could be utilized and adapted for the current application.

4.6 AKR3 and AKR4 but not AKR5 demonstrate in vitro affinity for
methylglyoxal
The purpose of this study was to determine the relative contributions of the three
AKRs of interest to the metabolism of methylglyoxal. The goal was ultimately to
correlate affinity for methylglyoxal in vitro with the strength of the stress-tolerant
phenotype observed in the overexpression lines, in vivo. This would give weight to the
conclusion that any phenotype observed was due to the decreased accumulation of
methylglyoxal under stress conditions. To date, the results of a previous study of AKR3
and AKR4 have been effectively replicated (Simpson et al., 2009) and progress was made
in the study of an additional recombinant enzyme, AKR5.
Of the three enzymes studied, AKR3 was found to have the greatest affinity for
the substrate methylglyoxal, with AKR4 a close second, and AKR5 showing no
detectable activity. Preliminary results obtained from the plating of T2 generation seeds
on paraquat-containing media suggest that AKR3 and AKR4 overexpression lines may
have an increased tolerance for paraquat stress and, based on preliminary visual
observations, the strength of their tolerance seems to correlate with this in vitro enzyme
data. As prescribed earlier, these plating experiments would have to be repeated with
stable homozygous lines before any definitive conclusions could be drawn.
It should also be noted that the Km values of both AKR3 and AKR4 were very
high, in the millimolar range. High Km values indicate low substrate affinity of the
enzyme but this is to be expected for enzymes with such notoriously broad substrate
specificity. As demonstrated by Simpson et al., these two enzymes are able to metabolize
a wide variety of carbonyl-containing molecules with generally low affinity for each
substrate. The Km values obtained in this study for AKR3 and AKR4 were 0.27±0.15mM
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and 0.39±0.10mM respectively. Under normal growth conditions, methylglyoxal has not
been observed at concentrations this high, due to its regulation by the glyoxalase I system
(Yadav et al., 2005) and other antioxidant pathways. However, under stress conditions,
the concentration of methylglyoxal is found to increase substantially, putting it directly
within the range described above for these enzymes. This definitely suggests that the role
of these enzymes relates to stress response and that they are less likely to play a
significant role in the maintenance of cellular functions under normal growth conditions.
While AKR5 showed no detectable ability to metabolize methylglyoxal in vitro, it
did demonstrate heat-induced expression at the transcript level in vivo. It is possible that
methylglyoxal is not a substrate for AKR5 under physiological conditions but AKR5 may
still play a role in the stress response pathway. AKR5 shares 50% sequence identity with
a known D-galacturonic acid reductase gene, another member of the AKR superfamily
(Bulley et al., 2009). Abscisic acid is a known antioxidant (Ioannidi et al., 2009) and
these GalUR proteins have been shown to play an NADPH-dependent role in the abscisic
acid biosynthesis pathway in both strawberry and Arabidopsis thaliana (Agius et al.,
2003). It is possible that AKR5 plays a similar role in Arabidopsis thaliana to metabolize
sugars for the production of various antioxidants and osmoprotectants so as to combat
abiotic stress, but does not play a direct role in the reduction of methylglyoxal.

4.7 Conclusions
Several avenues were investigated as part of this project, avenues which will
someday merge to uncover the nature of the heat tolerant phenotype observed by ElKereamy et al. in 2012. There is still work to be done, most importantly the establishment
of stable transgenic overexpression lines. These lines are currently at the T2 generation
and will require one final round of selection on hygromycin-containing media in order to
identify stable homozygous lines for each of the AKRs of interest as well as the MYB10
gene. At that point, one could easily determine the extent of stress tolerance related to the
overexpression of each of the AKRs identified. In addition, development of a method for
the detection and quantification of 1,2-propanediol from plant tissues is near completion
and recommendations have been made for the final steps in this process. Once the
strength of the stress-tolerant phenotype has been determined, it could be correlated with
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the quantification of 1,2-propanediol in these lines as well as the results obtained from the
in vitro enzyme assay performed. Taken together, the data could definitively say whether
the ability to tolerate stress is really due to the ability of an AKR to metabolize
methylglyoxal and the quantification of 1,2-propanediol would allow one to determine
whether the second half of the two-pronged mechanism is valid, that methylglyoxal is
converted to 1,2-propanediol by one or more AKRs.
More should be done with the mutant T-DNA insertion lines including further
investigation of gene expression, more specific identification of the insertion sites, and
more detailed characterization of their phenotype.
Finally, the application of exogenous 1,2-propanediol was investigated for its
ability to increase stress tolerance. One cannot rule out the possibility that uptake was the
limiting factor but it seems that 1,2-propanediol does not confer increased stress tolerance
when applied exogenously to plant tissues, both root and vegetative. Downstream
applications of this information are not exactly economically feasible, and so further
experimentation should only be considered for the pursuit of basic scientific curiosity.
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Supplemental Figures and Tables

Figure 1.5.2 Dendogram of all known AKRs as of May 2006. AKR4C subfamily is seen
near the bottom. AKR4C8 (AKR4) and AKR4C9 (AKR3) were not yet added at the time
(https://www.med.upenn.edu/akr/tree.html).
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Table 1.5.1 Sequence identity of AKRs of interest at the amino acid level
AKR
3
3

4

5

6

67%

40%

41%

40%

41%

4

67%

5

40%

40%

6

41%

41%

AKR
86%
86%
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List of primers
Primer name

Sequence

Length
(bp)

Notes
For cloning into

At2g37770XbaI-F

TCTAGAATGGCAAATGCGATC

21

At2g37770Apa-R

GGGCCCTCATATCTCGCCATC

21

At2g37760XbaI-F

TCTAGAATGGCAGCTCCGATTC

22

At2g37760ApaI-R

GGGCCCTCAAATTTCACCGTCCC

23

At1g59960XbaI-F

TCTAGAATGTCTTTAACCACAGT

23

At1g59960ApaI-R

GGGCCCTCAGATCTCCCCGT

20

At1g59950XbaI-F

TCTAGAATGTCAGCTCTTACG

21

At1g59950ApaI-R

GGGCCCTCAGATCTCACCGTC

21

At5g57620XbaI-F

TCTAGAATGGGAAGAGCTCC

20

At5g57620ApaI-R

GGGCCCTTAAACACTGTGGTAG

22

At2g37770SacI-F

GCGGAGCTCATGGCAAATGCG

21

For cloning into pET28a(+)

At2g37770XhoI-R

GCGCTCGAGTCATATCTCGCC

21

For cloning into pET28a(+)

At2g37760BamHI-F

TAGGGATCCATGGCAGCTCCG

21

For cloning into pET28a(+)

At2g37760EcoRI-R

GCGGAATTCTCAAATTTCACCG

22

For cloning into pET28a(+)

At1g59960SacI-F

GCGGAGCTCATGTCTTTAACCAC

23

For cloning into pET28a(+)

At1g59960XhoI-R

ACGCTCGAGTCAGATCTCCCCG

22

For cloning into pET28a(+)

At1g59950SacI-F

GAGGAGCTCATGTCAGCTCTTAC

23

For cloning into pET28a(+)

At1g59950XhoI-R

ACGCTCGAGTCAGATCTCACCG

22

For cloning into pET28a(+)

qAt2g37770F

CTGAGATTGAACAGGCTAGG

20

qPCR primers

qAt2g37770R

ATCAGAGAGAGAAACCTAGCTC

22

qPCR primers

qAt2g37760F

GAACAGGCGATTAAGATTGGTTAC

24

qPCR primers

qAt2g37760R

GCACATCTTCAGGTAAATGATCATTG

26

qPCR primers

qAt1g59960F

TTCCTCAGTTCAGAAACGTCC

21

qPCR primers

pCAMBIA618
For cloning into
pCAMBIA618
For cloning into
pCAMBIA618
For cloning into
pCAMBIA618
For cloning into
pCAMBIA618
For cloning into
pCAMBIA618
For cloning into
pCAMBIA618
For cloning into
pCAMBIA618
For cloning into
pCAMBIA618
For cloning into
pCAMBIA618
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qAt1g59960R

AATTGTGCCGTTTTCAATAGGC

22

qPCR primers

ACT8-1 F

GCCGATGCTGATGACATTCA

20

qPCR primers

ACT8-1 R

CTCCAGCGAATCCAGCCTTA

20

qPCR primers

Hygro1-F

AATCGGTCAATACACTAC

18

Hygro1-R

GATAGAGTTGGTCAAGAC

18

Hygro2-F

GATGTAGGAGGGCGTGGATA

20

Hygro2-R

GCTGCTCCATACAAGCCAAC

20

AKR1LP

GCCTGCACGGATAAAGAAAG

20

AKR2LP

CATCGTTCCATCTCAAACTCG

21

AKR3LP

CAGCTTCTTCAACACACCACC

21

AKR4LP

TTTCCGTAAATCGAAGCACAG

21

AKR5LP

AAATCGTCAGTGCAATTACCG

21

AKR6LP

ATGTTCACCGGAGAAAAATCC

21

AKR1RP

CGATCAAGACGAGGAAGAGC

20

AKR2RP

TCAGGTCGAATGTCATCCTTC

21

AKR3RP

TTAACCCAAAAGGGTGGTCTC

21

AKR4RP

AGATGTATCGGGTCCTGGATC

21

AKR5RP

TCGAACTAAGCCGAGTGAAAC

21

AKR6RP

TCAGAAAATGGTTTCTCTCGG

21

For genotyping of
overexpression lines
For genotyping of
overexpression lines
For genotyping of
overexpression lines
For genotyping of
overexpression lines
For genotyping of T-DNA
line CS376370
For genotyping of T-DNA
line SALK_119576C
For genotyping of T-DNA
line SALK_065186C
For genotyping of T-DNA
line SALK_016668C
For genotyping of T-DNA
line SALK_147513C
For genotyping of T-DNA
line SALK_052676C
For genotyping of T-DNA
line CS376370
For genotyping of T-DNA
line SALK_119576C
For genotyping of T-DNA
line SALK_065186C
For genotyping of T-DNA
line SALK_016668C
For genotyping of T-DNA
line SALK_147513C
For genotyping of T-DNA
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line SALK_052676C
LBb1.3

ATTTTGCCGATTTCGGAAC

19

LB o8409

ATATTGACCATCATACTCATTGC

23

LB o8474

ATAATAACGCTGCGGACATCTACATTTT

28

Universal LB primer
LB primer for GABI-Kat
lines
LB primer for GABI-Kat
lines
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Media and buffers
HisPur Cobalt Resin elution buffer (50mL)
50mM sodium phosphate
300mM sodium chloride
150mM imidazole
Dissolve in 40mL of MilliQ water, adjust pH to 7.4, and make up to 50mL with
additional water. Add DTT to a final concentration of 1mM.
HisPur Cobalt Resin equilibration/wash buffer (50mL)
50mM sodium phosphate
300mM sodium chloride
10mM imidazole
Dissolve in 40mL of MilliQ water, adjust pH to 7.4, and make up to 50mL with
additional water. Add DTT to a final concentration of 1mM.
LB liquid media (1L)
10g tryptone
5g yeast extract
10g sodium chloride
Add to 800mL of MilliQ water and stir thoroughly. Make up to 1L with additional water
and autoclave.
LB agar plates (1L)
To 1L of LB liquid media prepared as described above, add 15g of agar and autoclave.
Once cool, add appropriate amount of filter sterilized antibiotic and pour into petri dishes.
½ MS plates (1L)
2.21g Murashige and Skoog plant salt mix
10g sucrose
Add to 800mL of MilliQ water and stir thoroughly. Make up to 1L with additional water,
add 15g agar, and autoclave. Once cool, add appropriate amount of filter sterilized
antibiotic or experimental condition and pour into petri dishes.
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SDS PAGE running buffer (1L)
25 mM Tris hydrochloride
192 mM glycine
0.1% w/v SDS
Dissolve components in 800mL of MilliQ water before adjusting to 1L with additional
water.
50mM sodium phosphate buffer, pH 7.4
50mM sodium phosphate
300mM sodium chloride
Dissolve in 800mL of MilliQ water, adjust pH to 7.4, and make up to 1L with additional
water. Add DTT to a final concentration of 1mM.
50X TAE buffer (1L)
242g Tris base
57.1mL glacial acetic acid
50mM EDTA
Dissolve 242g of Tris base in 800mL of MilliQ water and dissolve completely. Add
57.1mL of glacial acetic acid and 100mL of 0.5M EDTA, pH 8.0. Mix thoroughly and
bring volume up to 1L with additional MilliQ water.
10X TBS buffer (1L), pH 7.6
500mM Tris hydrochloride
1.5M sodium chloride
Dissolve Tris and sodium chloride in 800mL of MilliQ water. Adjust pH to 7.6 then
make up to 1L with additional water. Dilute to a 1X solution as needed.
TBST buffer (1L)
50mM Tris hydrochloride
150mM sodium chloride
0.1% v/v Triton X-100
Prepare a ten times dilution of 10X TBS buffer by mixing 100mL with 900mL of MilliQ
water. Add 1mL of Triton X-100 and stir thoroughly.
TPS buffer (1L)
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100mM Tris hydrochloride, pH 8.0
1M potassium chloride
10mM EDTA
Mix stock solutions and make up to 1L with MilliQ water.
YEP media (1L)
10g yeast extract
10g peptone
5g sodium chloride
Add to 800mL of MilliQ water, adjust pH to 7.0 with 3N hydrochloric acid, and make up
to 1L with additional water before autoclaving.
YEP plates (1L)
To 1L of YEP media prepared as described above, add 15g of agar and autoclave.
Supplement cooled media with 100µg/mL kanamycin and 50µg/mL rifampicin and
poured into plates.

