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ABSTRACT

GENETIC ANALYSIS OF TOCOPHEROL FUNCTIONS IN ARABIDOPSIS
AT LOW TEMPERATURES

By

Wan Song

Tocopherols (vitamin E) are lipid-soluble antioxidants that are synthesized only by
photosynthetic organisms. Molecular dissection of the tocopherol biosynthetic pathway in
Arabidopsis and Synechocystis and the availability of various mutants containing
different amounts and compositions of tocopherols have greatly facilitated studies
directed at elucidating tocopherol functions in photosynthetic organisms. Blockage in
phloem source-to-sink transportation is a common phenotype shared by multiple
tocopherol-deficient plant species but the molecular mechanism behind the phenomenon
has remained enigmatic. The phenotype in Arabidopsis thaliana tocopherol deficient vte2
mutant is inducible under low temperature (LT) treatment and thus provides an ideal
system to study the relevant tocopherol functions. A series of events occurs in vte2
mutant, including abnormal transfer cell wall development, vascular callose deposition,
impaired photoassimilate export capacity, sugar and starch accumulation, which
eventually led to growth inhibition during LT adaptation. A forward genetic screen for
mutations that suppress the vte2 LT-induced phenotypes was undertaken in order to
understand the genetic basis of the vte2 phenotype and determine links between
tocopherol deficiency and the vfe2 LT-induced phenotypes. Seven independent sve
(suppressor of vte2 low temperature-induced phenotype) lines were identified from EMS
mutagenized vte2 population and three lines were selected for further detailed analysis

and molecular cloning based on biochemical characterization of the primary sve lines.



svel completely suppressed all vte2 LT phenotypes and was found to be a novel allele of
fad2, the endoplasmic reticulum-localized oleate desaturase. sve2 showed partial
suppression and was found to be a new allele of trigalactosyldiacyiglyceroll (tgdl), a
component of the ER-to-plastid lipid ATP-binding cassette (ABC) transporter.
Introduction of tgd2, tgd3, and tgd4 mutations into the vte2 background similarly
suppressed the vte2 LT phenotypes, indicating a key role for lipid transport in this
process. sve7 partially suppressed all vte2 LT phenotypes without impacting fatty acid
and lipid metabolism at permissive temperature. Analyses of the acyl composition of ER-
and plastid-derived lipids before and after LT treatment demonstrated the elevation of
18:2 in phosphotidylcholine is an early and key component in vte2 LT-induced responses
as all suppressors attenuated this change. Identification and characterization of sve loci
highlights the involvement of ER lipid metabolism in tocopherol function in plants. A
global transcript profiling study was carried out to further investigate the transcriptional
effect of tocopherol deficiency and understand the vte2 LT-induced phenotypes. By
comparing vte2 and wild type under different time period of LT treatment, it was shown
that tocopherol deficiency had no effect on gene expression at permissive conditions but
affected a limited number of specific genes after 48h of LT treatment. Based on gene
expression profiles, tocopherol deficiency appeared to result in some degree of oxidative
stress response and influenced the expression of genes involved in cell wall modification
and solute transport in LT-treated vze2. Statistical analyses also highlighted several
potentially important target genes for future studies. These results together provide new

insights  into  tocopherol  functions in LT  adaptation in  plants.
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CHAPTER 1 LITERATURE REVIEW

TOCOPHEROLS

Structure, physiochemical and physical properties

Vitamin E is a collective term for a group of eight amphipathic compounds derived
from tocopherols and tocotrienols (a-, -, y-, and d-tocopherol and a-, B-, y-, and d-
tocotrienol). All tocopherol and tocotrienols (“tocochromanols”) possess a chromanol
ring head and 16-carbon hydrophobic side chain tail (Figure 1.1). The fully saturated 16-
carbon side chain of tocopherols is derived from phytol while 16-carbon side chain of
tocotrienols is derived from geranylgeranyl and contains three double bonds at C-3°, C-7’
and C-11". The a-, B-, y-, 8- isomer of tocochromanols designate the number and position
of methyl substituents attached to the chromanol head group (Schneider, 2005).

The physiochemical roles of tocochromanols as non-enzymatic antioxidants are well
established. Tocochromanols are can quench singlet oxygen 'O, and scavenge a variety of
reactive oxygen species (ROS) and free radicals, including the superoxide anion radical

(O7), hydrogen peroxide (H,0,), and the hydroxyl radical (HO") (Brigelius-Flohe and

Traber, 1999; Wang and Quinn, 2000). The chromanol hydroxyl group is critical for the
antioxidant activity of tocochromanols as it allows donation of a hydrogen atom from this
group (KamalEldin and Appelqvist, 1996). Donation of the chromanol ring hydrogen
generates the tocochromanol radical, which is relatively long lived and stable and can be
converted to tocochromanol by direct interaction with redox-active reagents like
ascorbate or other reductants (Liebler, 1993). In contrast, other aromatic antioxidants

must donate two hydrogen atoms to attain a stable state (Liebler and Burr, 2000). As they



are localized within membranes, tocochromanol primarily act as potent lipid-soluble
antioxidants to prevent free radical damage of polyunsaturated fatty acids (PUFAs) acyl
chains. The oxidation reactions by the free radicals can start a very destructive chain
reaction of lipid peroxidation. By reacting rapidly with fatty acid peroxyl radicals, the
primary products of lipid peroxidation, and converting the lipid peroxyl radicals to lipid
peroxides, tocochromanols terminate the propagation of lipid peroxidation chain
reactions (Burton and Ingold, 1981; Schneider, 2005). The lipid peroxides produced are
enzymatically or non-enzymatically converted to relatively inert hydroxy fatty acids or
other products.

The physical roles of tocochromanols in membranes are less well appreciated.
Various biophysical techniques have shown that the ring hydroxyl of tocochromanols
interact with the polar head groups of lipids while the prenyl chain anchors the molecule
firmly within the phospholipid bilayer orienting the chromanol ring moiety towards the
lipid-water interface of the phospholipid bilayer (Erin et al., 1983; Gorbunov et al., 1991;
Salgado et al., 1993; Atkinson et al., 2008). However, the orientation and depth of
chromonal head group of tocochromanols in the lipid bilayer is yet to be determined
(Fukuzawa, 2008). Studies have shown that tocopherols spontaneously and dynamically
associate with unsaturated lipids (Stillwell et al., 1992). In addition, when incorporated
into membranes, a-tocopherol assumes a negative curvature that is even higher than
cholesterol (Chen and Rand, 1997; Bradford et al., 2003; Atkinson et al., 2008), and as
such may have significant effects on membrane curvature stress and processes such as
vesicle fusion (Churchward et al., 2005). The matching curvatures between a-tocopherol

(negative) and lysolipids (positive) also contribute to the well-known property of



tocopherols in countering the detergent-like, membrane-destabilizing effects of lysolipids
(Erin et al., 1986). These physical properties underlie the phenomena that tocopherols
preferentially partition into PUFA-enriched membrane domains (SanchezMigallon et al.,
1996) and potentially into those membrane domains sensitive to aspects of lipid packing
and curvature stress (Atkinson et al., 2008). Therefore, although tocopherols are usually
relatively minor membrane component, they may be able to exert a significant structural

role via localized effects.

Tocopherols in animals

Vitamin E is an essential nutrient for humans and animals that must be obtained
through the diet. Vitamin E is taken up as the free alcohol by the intestine, secreted into
chylomicrons and then taken up by the liver. Although all tocochromanols are taken up
and transported to the liver with similar kinetics (Brigelius-Flohe and Traber, 1999), in
the liver, a-tocopherol is specifically bound and transferred by a-tocopherol transfer
protein (aTTP) (Hosomi et al., 1997) and secreted into very-low-density lipoprotein
(VLDL). Metabolism of VLDL results in the delivery of a-tocopherol into low-density
lipoprotein (LDL) and high-density lipoprotein (HDL) (Traber et al., 2004). Chemically,
all tocochromanols have similar antioxidant activity but differ in biological activity as
vitamin E by orders of magnitude due largely to the preferential retaining of a-tocopherol
by the body. a-tocopherol is thus the biologically most active form of vitamin E,
accounting for over 90% of the vitamin E activity found in tissues (Cohn, 1997).

Vitamin E was first discovered as early as in 1922 as a micronutrient that was
indispensible for reproduction in female rats (Evans and Bishop, 1922). Since then,

symptoms of vitamin E deficiency have been produced experimentally in different animal



species, e.g. muscular dystrophy and encephalomalaecia in chickens (Shih et al., 1977)
and neurologic lesions in rats and monkeys (Towfighi, 1981). In addition, lack of a
functional aTTP gene causes delayed onset of ataxia and retinal degeneration in mice
(Yokota et al., 2001) and an autosomal recessive neurodegenerative discase called ataxia
with isolated vitamin E deficiency (AVED) with symptoms such as hyporeflexia, ataxia,
limitation of upward gaze and profound muscle weakness in humans (Gotoda et al.,
1995). The precise molecular mechanisms of these vitamin E deficiency symptoms,
especially the role of a-tocopherol in the interplay between nerves and muscles, remain
elusive. While the mechanism for this is still not elucidated, in almost every major
chronic discase, free radical oxidative damage has been implicated (Pratico et al., 1998;
Yokota et al., 2001; Ahuja et al., 2004) and numerous studies suggest that activity of
vitamin E as scavenger of reactive metabolites of oxygen and as an inhibitor of lipid
peroxidation in membrane may play a mechanistic role in its impact on chronic diseases
(Brigelius-Flohe and Traber, 1999).

Increasing evidence is suggesting that in addition to its antioxidant role, vitamin E
also exerts biological effects through non-antioxidant mechanisms. Several studies have
shown that individual tocopherols have physiological activities beyond their action as
antioxidants. a-, but not B- tocopherol, was found to specifically inhibit the enzymatic
activity of protein kinase C (PKC), an important player in cellular signaling in vascular
smooth muscle cells leading to growth arrest (Boscoboinik et al., 1991), probably by
upregulating cytosolic protein phosphatase 2A (PP;A) which leads to increased
dephosphorylation and inactivation of PKC (Ricciarelli et al., 1998). a-tocopherol was

also shown to specifically modulate expression of various genes, including the SR-A and



CD36 scavenger receptors (specific receptors for oxidized low density lipoprotein) in
smooth muscle cells (Ricciarelli et al.,, 2000), collagenase in human skin fibroblasts
(Ricciarelli et al., 1999) as well as a-tropomyosin (an actin-binding protein important for
muscle contraction) (Aratri et al., 1999). y-tocopherol also possesses unique features as it
specifically inhibits cyclooxygenase activity and thus has anti-inflammatory properties
(Jiang et al., 2001). All these effects are unrelated to the antioxidant activities of the
molecules, and possibly reflect specific interactions of the individual tocopherols with

enzymes, structural proteins, lipids, or transcription factors (Zingg and Azzi, 2004).

Tocopherol biosynthesis and distribution in plants

Vitamin E compounds are exclusively produced by photosynthetic organisms,
including all plants, algae and most cyanobacteria (Dasilva and Jensen, 1971; Grusak and
DellaPenna, 1999; Horvath et al., 2006). In most dicotyledonous species, tocopherols are
the principle vitamin E components in leaves and seeds while tocotrienols are found in

high amounts in seeds of certain cereal species (DellaPenna, 2005a).

The biosynthetic pathway of tocopherols in Arabidopsis has been elucidated from
radiotracer studies in isolated chloroplasts and cyanobacteria in the early 1970’s
(Whistanc and Threlfal, 1970). During the last 10 years, the enzymes of the core pathway
have been isolated by the combined approaches of genomics, genetics and biochemical
analyses (Shintani and DellaPenna, 1998; DellaPenna, 1999; Collakova and DellaPenna,
2001; Porfirova et al., 2002; Shintani et al., 2002; Cheng et al., 2003; Sattler et al., 2003b;
DellaPenna, 2005b, a). As shown in Figure 1.2, tocopherols are biosynthesized from two
converging pathways, with the head group (homogentisic acid, HGA) produced from

tyrosine catabolism via the shikimate pathway (Herrmann and Weaver, 1999), and the tail



group (phytyl diphosphate, PDP) synthesized via the non-mevalonate 2-C-methyl-D-
erythritol 4-phosphate/deoxy-xylulose phosphate (MEP/DOXP) pathway in plastids
(Schwender et al.,, 1996). In addition, an enzyme encoding a phytol kinase activity
(encoded by VTES) was recently identified to provide an alternative source of PDP from
chlorophyll hydrolysis for tocopherol synthesis (Valentin et al., 2006). The first
committed step is catalyzed by homogentisate prenyl transferase (HPT, encoded by
VTE2), condensing PDP with HGA to produce 2-methyl-6-phytyl-1,4-benzoquinol
(MPBQ), the first intermediate for the synthesis of all forms of tocopherols. MPBQ can
be methylated by MPBQ methyl transferase (MT1, encoded by VTE3) to produce 2,3-
dimethyl-6-phytyl-1,4-benzoquinol (DMPBQ). Tocopherol cyclase (TC, encoded by
VTEI) can act on either MPBQ or DMPBQ to produce 6-tocopherol or y-tocopherol,
respectively. The final production of B-tocopherol or a-tocopherol is catalyzed by a
second methyl transferase, y-tocopherol methyltransferase (yYTMT, encoded by VTE4)
from d-tocopherol and y-tocopherol, respectively. In Arabidopsis, a-tocopherol
predominates in photosynthetic tissues while y-tocopherol is the major tocopherol in seed
(Grusak and DellaPenna, 1999). Identification of the genes and rate-limiting activities for
vitamin E biosynthesis have greatly facilitated engineering efforts to dramatically elevate
vitamin E levels in crop species (Collakova and DellaPenna, 2003a; DellaPenna and Last,
2006).

There are large variations in the content and compositions of vitamin E in different
plants and tissues (Grusak and DellaPenna, 1999). Generally 10 to S0 pg vitamin E /g
FW exists in unstressed leaves, with the predominant form being a-tocopherol. Seeds are

highly variable and contain many forms of tocotrienols or tocopherols (a, B, v, d), with a



much wider range of content (3002000 pg vitamin E /g oil(DellaPenna and Last, 2006).
Many studies indicate that tocopherols and tocotrienols are localized in plastids
(Lichtenthaler et al., 1981; Fryer, 1992; Kruk and Strzalka, 1995; Munne-Bosch and
Alegre, 2002). Though plastid envelopes are the primary sites of tocopherol synthesis,
roughly equal amount of a-tocopherol is found in envelopes (Lichtenthaler et al., 1981;
Arango and Heise, 1998) and thylakoid membranes, which include plastoglobuli
(Lichtenthaler et al., 1981; Wise and Naylor, 1987; Havaux, 1998). In addition, high
levels of tocopherols (as much as 38% of the total seed tocopherol content) have been
reported in oil bodies of soybean, oat and sunflower, which are extraplastidic organelles
derived from the ER (Yamauchi and Matsushita, 1976; Fisk et al., 2006; White et al.,
2006). Extra-plastidic localization of low amounts of a-tocopherol has also been reported
in vacuoles isolated from barley leaves, mitochondria in spinach leaves and microsomal
membranes in iron-supplemented soybean roots (Dilley and Crane, 1963; Rautenkranz et
al.,, 1994; Caro and Puntarulo, 1996). These studies have provided evidence that while
tocopherols are certainly synthesized in plastids their localization is not necessarily

restricted to this organelle.

Tocopherol functions in plants

The fully characterized tocopherol biosynthetic pathway and availability of various
mutants defective in specific steps of the core pathway (vtel through vte4, Figure 1.2)
(Porfirova et al., 2002; Cheng et al., 2003; Sattler et al., 2003b; Sattler et al., 2004) have
greatly facilitated functional studies of tocopherols in plants and begun to uncover the
multi-facet functions (Dormann, 2007, Maeda and DellaPenna, 2007). The Arabidopsis

vtel mutant, which lacks all forms of tocopherols but accumulate equivalent amounts of



redox active biosynthetic intermediate DMPBQ, and vfe2 mutant, which lacks all forms
of tocopherols as well as DMPBQ, have been particularly useful in this regard. Both vte2
and vtel have been shown to have significantly reduced seed longevity compared to wild
type and this is directly related to the antioxidant function of tocopherols. In addition,
vte2 mutants have severe seedling developmental defects, including impaired cotyledon
expansion and reduced root growth, and contain massive amounts of non-enzymatic lipid
peroxidation products, including lipid peroxides, lipid hydroperoxides, malondialdehyde
(MDA) and phytoprostanes, in comparison to wild type (Sattler et al., 2004; Sattler et al.,
2006). These combined results clearly indicate that a principle function of tocopherols in
plants is to protect PUFAs from nonenzymatic oxidation during seed storage,
germination, and early seedling development.

In mature photosynthetic tissues, tocopherols have long been assumed to provide
photoprotection (Fryer, 1992; Munne-Bosch and Alegre, 2002) since the chloroplast is
one of the major locations where ROS are produced (Knox and Dodge, 1985; Robinson,
1988). Consistent with this theory is the observation that tocopherol levels tend to
increase in response to various abiotic stresses including high-intensity light (Collakova
and DellaPenna, 2003b; Muller-Moule et al., 2003), cold (Maeda et al., 2006), drought
(Munne-Bosch and Alegre, 2000), heat (Bergmuller et al., 2003), osmotic (Abbasi et al.,
2007) and heavy metals (Collin et al., 2008). However, after germination vte2 and vtel

mutant plants are indistinguishable from wild type, suggesting tocopherols are not vital in

Arabidopsis plants under optimal growth conditions (22/18°C, 120 uE m™ s_l) (Maeda et

al., 2006). Similarly, vte2 plants were similarly indistinguishable from wild type plants

under drought and salt stress conditions (Maeda et al., 2006). Even when placed under



severe photooxidative stress conditions, the extent of bleaching and photoinhibition in
vte2 and vtel was similar to wild type (Porfirova et al., 2002; Havaux et al., 2005;
Kanwischer et al., 2005; Maeda et al., 2006). Significant differences were only observed
when high intensity light was combined with low temperature (Havaux et al., 2005),
indicating a more limited role for tocopherols in photoprotection than had been assumed.
In tobacco, VTE2-RNAI lines containing <5% of WT tocopherol levels exhibited
increased lipid peroxidation, enhanced chlorosis and reduced fresh weight under salt or
sorbitol stress while those with >5% of WT tocopherol levels were indistinguishable
from WT (Abbasi et al., 2007). These combined results suggest that the tocopherol
threshold at which oxidative damage is observed is quite low and that the protective roles
of tocopherols in various oxidative stresses may be both stress- and species-specific.

In contrast, when vze2 plants are subjected to non-freezing low temperature (LT)

treatment (3~12°C with 15~200 pE m-2 s-]), they show severely inhibited growth

compared with wild type (Maeda et al.,, 2006). The visible phenotypes of vte2 plants
during the long-term low temperature treatment include inhibited growth, purple color in
mature leaves, shorter siliques, more aborted seeds and reduced seed yield (Maeda et al.,
2006). vtel shows an intermediate phenotype between vte2 and wild type, suggesting
DMPBQ can partially replace the functions of tocopherols at LT conditions. Detailed LT
time course experiments defined a series of biochemical and physiological events occur
before visible phenotypes between vre2 and wild type are observed. After as short as 6 h
of LT treatment, photoassimilate export capacity from source (mature leaves) to sink
tissues (young leaves and roots) was impaired iﬁ vte2. This coincided with initiation of

callose deposition in leaf vasculature tissues in vte2. After 60 h of treatment, the amount



of soluble sugars in mature leaves of vte2 became significantly higher than in wild type.
After 14 d of LT treatment, the accumulation of starch and anthocyanins in vze2 also
became significantly higher than in wild type. At two weeks of LT treatment, vte2 started

to show a small but significant decrease in quantum yield of photosystem II electron

transport (®pgjp), indicating a suppression of photochemistry. After 28 d, besides the

obvious inhibited growth, vre2 plants also contained significantly less chlorophylls and

carotenoids and ®pg|; was decreased further. Interestingly these phenotypes occurred in

LT-treated vte2 without photoinhibition, as the maximum efficiency of photosystem II
(Fv/Fm) was identical in both vte2 and wild type during 4 weeks at LT. Furthermore, the
levels of lipid peroxides as measure by FOX assay were identical in vte2 and wild type
during the LT treatment (Maeda et al., 2006). Oxidized lipid profiling further confirmed
that there is no significant production of oxidized lipid species in LT-treated vze2 relative
to wild type (Maeda et al., 2008), indicating that vte2 plants are not experiencing severe
oxidative stress during low temperature treatment. These results together suggest an
important role of tocopherols in LT adaptation in plants that is independent of their
antioxidant roles.

Studies in plants other than Arabidopsis have also provided data pertinent to the
functional roles of tocopherols. The maize sxd! (sucrose export defective 1) mutant, now
known to be a mutant in the maize VTE! (tocopherol cyclase) ortholog, was reported to
have a defect in photoassimilate translocation and accumulate carbohydrate and
anthocyanins in mature leaves under normal growth conditions (Russin et al., 1996; Stitt,
1996; Provencher et al., 2001; Hofius et al., 2004). The potato V¥'TEI-RNAI lines also

display constitutive carbohydrate and anthocyanin accumulation in mature leaves,
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although the phenotype was only present in lines with >99% reduction in total
toéopherols (Hofius et al., 2004). In both sxd! and the potato V'TEI-RNAI lines, callose
was constitutively deposited in the vasculature of mature leaves (Botha et al., 2000;
Hofius et al.,, 2004). However, the tobacco VTEI-RNAi line did not show similar
phenotypes either at normal or moderate LT (15°C) conditions (Abbasi et al., 2009),
which may be related with the ultra chilling-sensitivity of the species. Taken together, the
observed phenotypes of Arabidopsis vte2, and to a lesser degree Arabidopsis vtel, though
visible only under low temperature conditions, resemble the visible and biochemical
phenotypes of the maize and potato plants defective in V'TEI at normal temperatures,
indicating such functions of tocopherols may be conserved in plants.

Because tocopherols are synthesized in chloroplasts and photoassimilate
translocation is mediated through transporters at the plasma membrane, an intercellular
signaling function of tocopherols in plants was proposed (Munne-Bosch and Alegre,
2002; Sattler et al., 2003b; Munne-Bosch and Falk, 2004; Munne-Bosch, 2005b), but
evidence supporting such functions and the mechanism underlying the phenomenon is far
from being established. A recent study discovered that although the leaf fatty acid
compositions of vte2 and the wild type are identical at permissive conditions, 14 d LT-
treated vte2 had significantly higher and lower linoleic acid (18:2) and linolenic acid
(18:3), respectively, relative to wild type, predominantly in ER-derived lipids (Maeda et
al., 2008). In addition, introduction of fad2 and fad6, mutations in the ER and plastidic
localized oleate desaturases, respectively, suppressed the LT phenotypes of vte2 to
different degrees (Maeda et al., 2008). These new findings suggested a link between

tocopherol deficiency and extraplastidic LT responses of vfe2. Further studies on the
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effects of tocopherol deficiency on lipid metabolism could lead to a better understanding

of the roles of tocopherols in phloem loading and LT adaptation in plants.

PLANT ADAPTATION TO LOW TEMPERATURE STRESS

Exposure to low temperatures frequently occurs in nature and is one of the most
important factors affecting plant performance and distribution. Cold-hardy species,
including Arabidopsis, can increase their freezing tolerance by a period of pre-exposure
to low but non-freezing temperatures, a process known as cold adaptation or cold
acclimation (Thomashow, 1999; Xin and Browse, 2000). Low temperature causes
significant changes in the cell biophysics, and the acclimation process facilitates changes
to plant cell structure, metabolism, and biochemistry that help a plant to efficiently
operate under the new, colder conditions. During cold acclimation, multiple regulatory
and biochemical mechanisms are triggered to optimize growth at LT conditions, and it
has been difficult to determine which processes are directly affected or affected most
severely by LT, and differential responses between species generate complex indirect
effects. A number of genes and cell processes that respond to cold acclimation have been
described, yet there are many aspects of the cold acclimation process that have yet to be

explained.

LT perception and signal transduction

Plants first need to perceive the LT and transduce the signal to alter the expression of
appropriate genes to combat the diverse stresses that LT imposes on living cells.
Molecular and mutational analyses of temperature signaling in Synecocystis PCC6803

demonstrate the existence of at least two temperature sensors. One of the two component
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regulators, Hik33, is activated by reduced membrane fluidity, allowing the
autophosphorylation of Hik33 and the subsequent transfer of a phosphate group to Hik19
and finally to the response regulator Revl (Suzuki et al., 2000; Suzuki et al., 2001). In
higher plants, however, the cellular elements that sense LT and initiate the first stages of
LT signaling are not yet identified and details of the early LT-signaling pathway are
missing.

As the most external surface of the plant cell, the cell wall is the first element to
receive a stress signal and begin the signal transmission to the cell interior (Baluska et al.,
2003). The cell wall is intimately associated with both the plasma membrane and
cytoskeleton and communication across the cell wall-plasma membrane-cytoskeleton
continuum facilitates the transmission of cell wall and plasma membrane modifications to
microtubules (Nguema-Ona et al., 2007). Indeed, two of the earliest LT responses are
rigidification of the plasma membrane and remodeling of the cytoskeleton. Chilling
caused depolymerization and disassembly of microtubules (Wang and Nick, 2001). This
initial, partial disassembly of microtubules was shown to trigger efficient cold
acclimation (Orvar et al., 2000; Abdrakhamanova et al., 2003). Microtubule activity can
then mediate Ca®* channel opening since disassembly of microtubules results in increased
activity of voltage-dependent Ca®* channels (Thion et al., 1996). Cell wall proteins,
including kinases, extensins (Yoshiba et al., 2001) and arabinogalactan proteins with
glycosyl phosphatidylinositol (GPI) anchors (Humphrey et al., 2007) have also been

proposed to be potential temperature sensors.

Transient influx of Ca®" into the cytosol is another early event occurring in plants in

response to various abiotic stresses (Monroy and Dhindsa, 1995; Xiong et al., 2002). It
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was proposed that the opening of Ca’" channels and Ca** influx occur immediately
following membrane and cytoskeleton changes, which in turn triggers protein kinases and
cold-specific signal transduction cascades, leading to the activation of cold-induced genes
and the acquisition of freezing tolerance (Murata and Los, 1997; Sangwan et al., 2001;
Wasteneys and Galway, 2003). The cytosolic Ca®* burst is shown to be required for
regulating several cold-inducible genes (Monroy et al., 1993; Knight et al., 1996;
Polisensky and Braam, 1996; Tahtiharju et al., 1997). Recently, calmodulin binding
transcription activators (CAMRA) were shown to bind to a regulatory element in the
CBF2 gene promoter (Doherty et al., 2009), providing evidence for a link between
calcium signaling and cold induction of CBF pathway, a key signaling pathway in LT

adaptation.

Signaling pathways in low temperature adaptation

Extensive changes occur in the transcriptome during cold acclimation. Systematic
analysis of expression profiles of large numbers of genes using whole genome arrays
demonstrated that 45% of Arabidopsis transcripts could change in response to low
temperature (Zarka et al., 2003; Vogel et al.,, 2005). In a recent thorough transcript
profiling study using Affymetrix GeneChips that contain 24,000 genes, as many as 939
genes were determined to be cold- regulated after 24h of cold treatment at 0°C (Lee et al.,
2005).

Multiple regulatory pathways operate in LT adaptation. The best understood system
is the C-repeat Binding Factor (CBF)-dependent signaling pathway (Thomashow, 2001).
In Arabidopsis low temperature is believed to activate the Inducer of CBF Expression-1

(ICE1), a bHLH (basic helix-loop-helix) transcription factor, which stimulates the
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transcription of the CBF genes (Chinnusamy et al., 2003). The CBFIl, 2, and 3
transcription activators are expressed rapidly in response to LT (within 15 min), binding
to the C-repeat (CRT)/dehydration response element (DRE) present in the promoters of
cold-regulated (COR) and other cold-responsive genes, inducing CBF-targeted genes
(CBF-regulon), which contributes to an increase in freezing tolerance (Thomashow et al.,
1997). The CBF transcription factors are the major regulators of cold acclimation (Cook
et al., 2004) and it was shown that about 10-15% of all the cold-fegulated genes belong to
the CBF regulon (Hannah, et al. 2005). Other transcription factors, including AtMYBI15
(Agarwal et al.,, 2006) and ZAT12 (Vogel et al., 2005), can negatively regulate the
expression of CBF genes. In addition, studies are identifying other regulatory pathways
that also activate during LT stress. For instance, the eskimol mutant possesses
constitutive freezing tolerance under both acclimated and non-acclimated conditions
without constitutively expressing COR genes. The ESKIMO 1 (ESKI) gene product
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