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ABSTRACT 

Microarray analysis and mutational approaches were used to investigate 

regulation of freezing tolerance in plants. Using Arabidopsis, cold-responsive gene 

expression profiling was performed with Affymetrix GeneChip. Arabidopsis seedlings 

were cold-treated at 0°C for 0, 3, 6, and 24 lirs. A total of 681 cold-responsive genes 

were identified. Comparison of the expression profile of cold-responsive genes in the 

wild type to that of icel, a mutant defective in cold stress signaling, showed altered 

transcript levels for many cold-responsive genes in the icel mutant even under non-stress 

conditions, which may explain its altered sensitivity to cold stress. 

To dissect the regulatory mechanism of cold-responsive gene expression, 

Arabidopsis plants expressing the luciferase gene driven by stress-responsive promoters 

were mutated and screened for altered luminescence, frol (frostbite l),fro2 {frostbite 2), 

and stabl {stabilized 1) were characterized and the genes responsible for the mutant 

phenotypes were identified. 

frol showed a lower expression of the stress-responsive RD29A promoter-driven 

luciferase transgene and endogenous RD29A gene under cold than the wild type. FRO I 

encodes a component of complex I in the mitochondrial electron transport chain. These 

results suggested that cold-inducible gene expression is modulated by the functional 

status of mitochondria. 

fro2 was identified fxom Arabidopsis expressing the CBF3 promoter driven-

luciferase transgene, because of its lower luminescence induction under cold. fro2 also 
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showed lower expression of endogenous CBF genes under cold. FR02 encodes a serine 

decarboxylase that converts serine to ethanolamine. This result indicated the importance 

of serine metabolism in CBF gene regulation, 

stahl showed higher expression of RD29A promoter-controlled lucitbrase after 

stress, but the level of endogenoiis RD29A transcript was not different from that of the 

wild type after stress. Nuclear run-on assays suggested that this discrepancy was due to 

the enhanced stability of the luciferase mRN A. STABl encodes a splicing factor similar 

to the human U5 snRNP-associated 102-kDa protein, stab! displayed hypersensitivity to 

cold and altered sensitivity to various stress. These results suggested that STABl is 

required for not only splicing but also the turnover of unstable transcripts and that it has 

an important role in plant tolerance to abiotic stresses, particularly cold. 
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1. INTRODUCTION 

Living organisms are constantly interacting with their environments. Those that 

successfully adapt to uniavorable environmental conditions survive and prevail. During 

evolution, organisms have developed mechanisms to cope with unfavorable 

environments. Cold stress is one of the adverse environmental factors that detemiine the 

ecological habitat of organisms. Being sessile, plants are greatly affected by low 

temperatures, which determine their geographical distribution and productivity. Some 

moderately hardy woody plants use supercooling of water to avoid freezing damage. 

Without ice nucleation, pure water can be supercooled or remain unfrozen until a certain 

point below 0°C. However, this supercooling is effective only within a narrow 

temperature window (George et al., 1982). The most common cold stress adaptation 

mechanism is cold acclimation, a process by which plants acquire freezing tolerance after 

being exposed to low non-freezing temperatures (Guy, 1990). Because of cold 

acclimation, plants from temperate regions are able to survive winter after experiencing 

the cold, but non-freezing temperatures of the fall. Cold acclimation is coiTelated with 

several adaptations in leaf ultrastructure (Ristic and Ashworth, 1993), membrane lipid 

composition (Lynch and Steponkus, 1987; Miquel et al, 1993), enzyme activities, ion 

channel activities (Knight et al, 1996), levels of sugars and polyamines (Levitt, 1980; 

Strand et al, 1997) and gene expression (Thomashow, 1994), 
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1.1. Cold injuries to cellular membranes 

The cellular membrane is the primary site of cold stress damage. As tbe 

temperature drops to below freezing, ice forms first in intercellular spaces. The 

intercellular ice fomiation brings about a water potential gradient across the plasma 

membrane, with a lower water potential outside and higher water potential inside. 

Because of this freezing-induced osmotic gradient, unfrozen M^ater inside the cell moves 

out into the intercellular space, which results in concentrated intracellular fluid and cell 

contraction. In non-acclimated lye protoplasts, low temperature treatment between 0®C 

and -5°C caused treezing-induced protoplast contraction, with irreversible vesiculation of 

the plasma membrane, and the subsequent thawing resulted in lysis of protoplasts 

(Dowgert and Steponkus, 1984; Gordon-Kamm and Steponkus, 1984a). In addition, 

freezing temperatures below -5°C cause dehydration-induced destabilization of plasma 

membrane in the rye protoplast system. Injured protoplasts completely lose their osmotic 

responsiveness during thawing (Dowgert and Steponkus, 1984; Gordon-Kamm and 

Steponkus, 1984b). Loss of osmotic responsiveness might be due to several changes in 

the ultrastructure of the plasma membrane (Gordon-Kamm and Steponkus, 1984b). 

However, these injuries were not obsen'ed in cold-acclimated lye protoplasts (Gordon-

Kamm and Steponkus, 1984a). The different responses of the plasma membrane with or 

without cold acclimation are thought to be due to differences in its lipid composition 

(Lynch and Steponkus, 1987). In studies of highly enriched plasma membrane fractions 

from rye seedlings, the ratio of unsaturated phosphatidylcholine and 



phosphatidylethanolaraine increased after cold acclimation (Lynch and Steponkus, 1987). 

Increased unsaturation of the membrane lipids in response to cold was also obsen^ed in 

cyanobacteria (Sato and Murata, 1980; Wada and Murata, 1990). The increase in the 

degree of unsaturation is likely because of upregulation of desaturase genes upon cold 

stress (Los et al, 1993; Sakamoto and Bryant, 1997). As menibrane fluidity affects the 

timctions of integral membrane proteins (Squier et al., 1988; Gasser ct al. 1990), 

maintaining normal membrane fluidity is important to avoid low-temperature induced 

phase separation/transition of the plasma membrane that causes leakage of the cytosolie 

solutes (Levitt, 1980; Wang, 1982; Murata, 1989). Thus, elevated lipid unsaturation 

would compensate for the membrane fluidity decrease caused by low temperatures 

(Nishida and Murata, 1996). Overexpression of a desaturase gene in cyanobacteria or 

tobacco results in a higher ratio of unsaturated lipids and thus improved cold tolerance 

(Wada et al, 1990; Ishizald-Nishizawa et al, 1996). 

1.2. Ca'^ and cold sensing 

In many plants, including tobacco, alfalfa and Arahidopsis, cold stress has been 

shown to trigger a transient cytosolic Ca^"'^ increase that is required to induce cold-

responsive gene expression (Knight et al., 1991; Monroy et al, 1993; Monroy and 

Dhindsa, 1995; Knight et al, 1996). Orvar et al (2000) demonstrated that 

pharmacological manipulation of membrane fluidity status, independently of temperature, 
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was sufficient to induce a cold-regulated gene, cas3(), in alfalfa protoplasts. Treatment 

with a membrane fluidizer, benzyl alcohol, or an actin microfilament stabilizer, 

jasplakinnolide, inhibited Ca^'" increase and blocked cas30 induction and development of 

cold tolerance at 4®C. In contrast, Ca^^' increase, casSO induction and cold tolerance were 

triggered by Dimethyl sulfoxide imethylsulfoxide, a promoter of membrane rigidity, or 

an actin microfilament destabilizer, cytochalasin D, at 25°C. These results suggested that 

the membrane and cytoskeleton are involved in cold signaling. Furthennore, the studies 

suggested a model whereby changes in membrane fluidity induced by cold result in 

modification of actin microfilament organization, which then induces Ca^'^' influx into the 

cytosol. Thion et al (1996) and Mazars et al (1997) also showed that Ca^ ' increase is 

dependent on the reaiTangement of cytoskeleton structure in carrot protoplasts and 

aequorin-expressing tobacco, respectively. An association between membrane fluidity 

and cold-responsive gene expression was also reported in Synechocystis PCC6803 (Vigh 

et al., 1993) and transgenic Bmssica napus expressing the transgene of a BNl 15 

promoter fused to the GUS reporter (Sangwan et al, 2001). 

A question arises: what senses the membrane rigidification induced by cold? The 

mechanosensitive Ca'^ channel in the plasma membrane was proposed as a candidate by 

Monroy and Dhindsa (1995) in their investigation of a cold-inducible BNl 15 promoter-

GUS transgene in B. napus. Gd'^'*', a specific blocker of mechanosensitive Ca^"*' channels, 

inhibited endogenous BNl 15 and transgene expression more effectively than La'^"^, a 

blocker of voltage-gated Ca'"'' channels. Since destabilization of microfilaments and 

microtubules increased the level of BNl 15 transcripts at 25°C, the hypothesis of 



mechanosensitive Ca^"*' channels as cold sensors appears plausible. However, other 

results suggest that Ca'^"^ increase requires both extracellular and intracellular sources for 

full-strength expression of cold-responsive genes (Knight et al, 1996; Sangwan et al, 

2001). Thus, mechanosensitive Ca^'*' channels alone may not be sufficient to sense cold 

signals. Murata and Los (1997) proposed histidine kinases as cold sensors in plants on 

the basis of their analogy with an osmosensor histidine kinase in S. cerevisiae (Maeda et 

al, 1994) and cold-sensor histidine kinase in Synechocystis (Suzuki et al, 2000) and B. 

subtilis (Aguilar et al, 2001). In the Synechocystis system, deletion of/JZ7C3J, a gene 

encoding a histidine kinase with a membrane-spanning domain, and hikl9, a gene 

encoding a soluble histidine kinase, resuUed in reduced expression of the eold-inducible 

genes desB, desD, and crh but not desA, Mutations in rerJ (Response regulator I) also 

reduced the expression of desB. Rerl is a typical response element of a two-component 

regulator. Thus, a cold signaling model was proposed, whereby Hik33 is activated by 

reduced membrane fluidity, and in the form of a phosphoryl group, the signal passes 

through Flikl9 to reach Rerl. This pathway induces only desB. For desD and crh 

expression, other unknown signal receivers may participate in transferring the signal from 

Hik33 and Hikl9. desA gene expression is thought to be regulated through a different 

thermosensor system. Similarly, a two-component system consisting of DesK (YocF), an 

integral membrane histidine kinase, and DesR (YocG), a DNA-binding response 

regulator, was characterized in B. subtilis as putative cold sensors (Aguilar et al, 2001). 
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1.3. Signaling components 

Despite intensive studies, the cellular factors that decode signatures and 

translate them into the expression of cold-regulated genes are largely unknown. 

However, results of pharmacological studies using inhibitors of protein kinases and 

phosphatases suggest that phosphorylation/dephosphorylation is involved in cold signal 

transduction (Monroy et al, 1993; Monroy and Dhindsa, 1995; Tahtiharju et al., 1997; 

Sangwan et al., 2001). Some protein phosphorylation following cytosolic Ca" '" increase 

is mediated by Ca^^' -dependent protein kinases (CDPK) in plants (Sanders et al, 1999). 

CDPKs are serine/threonine protein kinases with a calmodulin-like domain at the C-

terminus and are found only in plants and protozoa (Harper et al., 1991; Zhang and Choi, 

2001). Use of the maize protoplast transient expression system demonstrated that 

activated AtCDPKl induced stress-responsive f/F/4 / promoter-driven luciferase 

expression (Sheen, 1996). Also, in plants such as alfalfa and rice, CDPK transcript levels 

were upregulated by cold (Monroy and Dhindsa, 1995; Saijo et al., 2000). Although 

OsCDPK? expression in rice was increased under cold, the OsCDPK? protein remained 

at the basal level independent of cold-stress duration (Saijo et al, 2000). This result 

indicated that posttranscriptional modification, not only gene induction, is important in 

cold signal transduction. 

As in animals and yeast, mitogen-activated protein kinase (MAPK) pathways in 

plants appear to play pivotal roles in stress signaling. A MAPK cascade involves the 

sequential activation of MAPK kinase kinase (MAPKKK), MAPK kinase (MAPKK) and 
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MAPK by phosphoiylation (Jouannic et al., 2000). In the Arabidopsis genome, 21 

different genes encode potential MAPK module components (Morris, 2001). Studies 

thus far revealed that gene expression or protein activities of most 

MAPK/MAPKK/MAFKKK molecules in plants are regulated by several stress 

conditions including cold (reviewed in Morris, 2001), which indicates that MAPK 

pathways may provide a node for crosss-talk or a common module that connects responses 

to various abiotic stress stimuli, hi Arabidopsis, AtMPK3 (MAPK), AtPK.19 (S6 

ribosomal protein kinase), and AtMEKKl (MAPKKK.) gene expression is upregulated by 

cold, touch, or salt stress (Mizoguchi et al, 1996). In alfalfa, the MMK4 (or SAM kinase, 

stress-activated MAP kinase) transcript and protein activity are induced by cold, drought 

or wounding stress (Jonak et al, 1996; Bogre et al., 1997). Similar to that of OsCDPK7, 

the level of alfalfa MMK4 protein did not change after stress, although its transcript level 

and protein activity increased. Studies of MMK4 after wounding showed that 

deactivation of activated MMK4 (or phosphorylated MMK4) is sensitive to transcription 

inhibitors or translation inhibitors, which suggests that the synthesis of a new protein, 

probably a protein phosphatase, is required for deactivation (or dephosphorylation) 

(Bogre et al, 1997). Indeed, Meskiene et al. (1998) showed that the alfalfa MP2C gene 

product, a protein phosphatase 2C, negatively regulates the stress-activated MAPK 

pathway. Although these studies involved wounding stress, they provided some clues 

about MAPK-mediated cold signaling. 

Studies on the Arabidopsis aba I mutant (ABA biosynthesis mutant) showed that 

it iwS defective in cold acclimation (Heino et al, 1990; Gilmour and Thomashow, 1991), 



suggesting ABA involvement in cold acclimation. Tahtiharju and Palva (2001) reported 

that antisense suppression of AtPP2CA, a protein phosphatase 2C gene, resulted in the 

upregulation of cold and ABA-induced genes and better freezing tolerance. On the basis 

of these results, the authors proposed that AtPP2CA is a negative regulator of ABA 

responses during cold acclimation. In the context of the MP2C studies, it is tempting to 

speculate that AtPP2CA may also modulate the stress-induced MAPK pathway that 

regulates cold-induced gene expression, which brings about freezing tolerance. 

However, ABA-treated alfalfa plants showed no activation of MMK4, which indicates 

that cold- and drought-induced activation of MMK4 is independent of ABA (Jonak et al, 

1996). Thus, AtPP2CA might be involved in different pathways that include ABA, rather 

than an MMK4-like pathway. Sheen (1996) reported that a constitutively active AtPP2C 

decreased HVAl-LUC expression activated by AtCDPKl, which suggests that AtPP2C 

may play a role in the CDPK pathway. 

1.4. Cold-regulated gene expression 

Many genes are induced by cold stress (Guy et al., 1985; Thomashow, 1999). 

Among these are genes that encode proteins with known functions, including desaturases 

(Gibson et al,, 1994), molecular chaperones (Anderson et al., 1994; Krishna et al., 1995), 

and signaling molecules, such as MAPK module components and CDPK (M,onroy and 

Dhindsa, 1995; Jonak et al., 1996; Mizoguchi et al, 1996; Saijo et al, 2000). Given the 



changes in membranes under cold stress, it is not surprising that dcsaturases and 

molecular chaperones are up-regulated under cold conditions; they might play roles in 

stabilizing membranes and proteins. 

In contrast to the small number of cold-induced genes with known functions, 

many have unknown fonctions. Most of these genes were isolated by differential 

hybridization screens and were named either C(3R (cold-regulated), LTI (iow-

temperature-indiiced), or KIN (kykna-indusoitu; Finnish for cold-induced) (Kurkeia and 

Franck, 1990; Lin and Thomashow, 1992; Nordin et al, 1993). These gene products are 

vei7 hydrophilic and have relatively simple amino acid composition (Thomashow, 1999). 

Among them, only the function of C0R15A in cold tolerance has been tested 

biochemically (Artus et al, 1996). C0R15A is also very hydrophilic and is targeted to 

chloroplasts (Lin and Thomashow, 1992). When constitutively expressed in Arabidopsis, 

C0RI5A increased freezing tolerance at the chloroplast and protoplast levels (Artus et 

al., 1996). C0R15A appears to function by decreasing the tendency of membranes to 

form a lamella-to-hexagonal 11 phase that leads to membrane damage during freezing 

(Steponkus et al, 1998). 

An association between the upregulation of COR genes and cold tolerance was 

also observed in studies of overexpressed transcription activators of cold-responsive 

genes in Arabidopsis. In the promoter region of many COR genes, regulatory elements 

that confer gene-specific expression have been identified and named "dehydration-

responsive element" (DRE, 5'-TACCGACAT-3') or C-repeat (CRT, 5'-TGGCCGAC-

3'), which share the common core motif S'-CCGAC-S^'Baker et al, 1994; Yamaguchi-



24 

Shinozaki and Sliinozaki, 1994; Seki et al, 2001). By using a yeast one-hybrid system, 

DRE/CRT binding proteins, CBFI/DREBIB, CBF2/DREB1C, and CBF3/DREB1A were 

cloned and shown to function as transcriptional activators (Stockinger et al., 1997; 

Gilmour et al, 1998; Liu et al, 1998), CBFs/DREBls are induced early upon cold stress 

and are involved in the regulation of the D!RE/CRT class of COR genes. The 

overexpression of CBFI resulted in a constitutive expression of the DRE/CRT class of 

genes and enhanced freezing tolerance (Jaglo-Ottosen et al, 1998). Overexpression of a 

CBFI isolog, DREBJA/CBF3, also induced expression of the DRE/CRT class of genes 

and increased drought as well as freezing tolerance (Kasuga et al, 1999). Therefore, the 

induction of the DRE/CRT class of COR genes through CBFIDREBJ transcription 

activators upon cold stress is associated with freezing tolerance. 

Recent advances in microarray technology have allowed the identification of a 

large number of cold-regulated genes in plants (Seki et al, 2001; &eps et al, 2002; Seki 

et al, 2002). Expression profding studies of plants overexpressing or defective in a gene 

of interest have also provided ample information on the putative target genes of the 

manipulated ones (Seki et al, 2001; Fowler and Thomashow, 2002; Goda et al, 2002; 

Osakabe et al, 2002). Depending on the conditions and microarray technique used, as 

many as 2086 genes were reported as cold-inducible genes in Arabidopsis (Seki et al, 

2001; Fowler and Thomashow, 2002; Kreps et al, 2002; Seki et al, 2002). cDNA or 

GeneChip microarray analysis determined not only cold-inducible genes but also cold-

repressed genes (Fowler and Thomashow, 2002; Seki et al, 2002). These cold-regulated 

genes include ones involved in various cellular activities: metabolism and energy. 
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transcription, protein fate, transport facilitation, signal transduction, and defense and 

stress response. Many do not have Icnown functions, and even the physiological 

significance of genes with suggested functions is not understood. Further functional 

analyses of these genes should expand our knowledge of plant freezing tolerance 

mechanisms. Because the regulation of cold-responsive genes is critical for Ireezing 

tolerance, genes involved in transcription and signal transduction draw special attention. 

Microarray analysis of CBFl, CBFl, or CBF3 overexprcssing Arabidopsis without cold 

treatment identified a set of the candidates for CBF target genes (Fowler and 

Thomashow, 2002). Transcriptome comparisons revealed that many of the cold-

regulated genes, including 15 transcription factors, were not CBF regulons (Fowler and 

Thomashow, 2002). Thus, multiple regulons are involved in cold-responsive gene 

expression, 

1.5. Arabidopsis cold-stress mutants 

Arabidopsis is a chilling-tolerant plant capable of acclimatizing to cold within a 

few days to acquire freezing tolerance. These features, along with copious genetic 

information, enable its use as a model system for cold stress studies. The efforts have 

yielded several Arabidopsis mutants altered in cold responses. 

Xin and Browse (1998) isolated a freezing tolerant mutant, eski (eskimof), that 

can survive -8°C temperatures without cold acclimation. The constitutive freezing 



tolerance may be due to enhanced accumulation of proline and sugars in eskJ, because 

proline and sugars act as osmolytes to protect cells from dehydration (Delauney and 

Vema, 1993; Zhu et al, 1997). Higher proline levels in eskJ mutants might be caused 

by a higher rate of proline biosynthesis as a result of upregulation of a proline 

biosynthesis gene, pyiToline-5-carboxylate synthetase (P5CS). This suggests that ESKl 

might be a negative regulator of proline biosynthesis under cold stress (Xin and Browse, 

1998). Since the expression of four major DRE/CRT classes of COR genes (COR6.6, 

C0RI5A, COR47, and COR78) did not change in eskJ under cold stress, ESKJ may not 

be involved in the CBF-mediated pathway, which is represented by mutants defective in 

"damage repair" (Xiong et al., 2002c). This result also suggests that signaling for cold 

tolerance is complex and involves parallel or branched pathways (Xin and Browse, 2000; 

Browse and Xin, 2001). 

Warren et al. (1996) isolated several freezing-sensitive mutants named sfr 

{sensitive to^freezing). sfr4 displays the opposite phenotype of eskl (i.e., freezing-

sensitive phenotype with a defect in cold-induced sugar accumulation), whereas sfr I, sfr2 

and sfr5 do not show defects in sugar accumulation, fatty acid composition, or cold-

induced anthocyanin accumulation but are still sensitive to freezing (McKown et al, 

1996). Thus, the results suggest that multiple factors are required to achieve cold 

tolerance. Another sfr mutant, sfr6, showed a decreased level of expression oiKINl, 

C0R15A and IJ778 {RD29A) in response to cold. However, the CSF and P5CS genes 

did not differ in expression. Cytosolic calcium levels also were not different between 

wild type and the sfr6 mutant under low temperatures (Knight et al., 1999). Thus, SFR6 



appears to act as a signaling component that is intermediate between CBF and cold-

inducible genes such as KlNl, C0R15A and LTI78 {RD29A) or as a cofactor of CBF to 

activate downstream genes (Knight ct al, 1999). 

While eskl and sfr mutants were selected because of their treezing tolerant or 

sensitive phenotypes, a different approach was taken to screen for mutants with altered 

response to cold and other stresses (Ishitani et al, 1997; Xiong et al, 1999a; Chinnusamy 

et al, 2002; Lee et al, 2002a). As noted before, one of the changes under cold stress is 

the induction of certain genes. To monitor the changes in cold-inducible gene 

expression, a mutant screening method was developed that uses Arabidopsis transformed 

with the firefly luciferase reporter gene under control of a stress-responsive gene 

(RD29A) promoter. The promoter of RD29A has two cis-acting elements: DRE/CRT and 

ABRE, an ABA-responsive element (Yamaguchi-Shinozaki and Shinozaki, 1994). In 

response to cold, ABA or NaCl, the RD29A-LUC transgenic plants emit biolumineseenee 

that can be detected by a CCD camera (Ishitani et al, 1997). RD29A-LUC transgenic 

Arabidopsis seeds were mutagenized and screened for seedlings with altered 

luminescence under different stresses. Mutants were categorized into several groups: hos 

{high expression of osmotically responsive genes) or los {hw expression of osmotically 

responsive genes) under cold, hos or los under ABA, hos or los under NaCl, and cos 

{constitutive expression of osmotically responsive genes). Some mutants fell into more 

than one category, which indicates cross-talk between different stress signal pathways 

(Ishitani et al, 1997; Xiong et al, 1999b). Using this system, multiple genes have been 

identified that affect RD29A-LUC expression with stress-related phenotypes; hosi (hos 
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under cold, RING finger domain containing protein) (Lee et a!., 2001), losl (los under 

cold, eukaryotic translational elongation factor 2) (Guo et al, 2002), los2 (los under cold, 

bifunctional enolase) (Lee et al, 2002b), los4 (los under cold, DEAD box RNA helicasc) 

(Gong et al., 2002b), los5/aba3 (los under cold^'NaCl, molybdopterin cofactor sulforase) 

(Xiong et al, 2001b), losSlabal (los under NaCl, zeaxanthin epoxidase precursor) (Xiong 

et al, 20Q2b),ftyl (hos under cold/ABA/NaCl, inositol polyphosphate 1-phosphatase) 

(Xiong et al, 2001c),./^y2 (hos under cold/ABA/NaCl, protein with C terminal domain 

similar to RNA pol IICTD phosphatase) (Xiong et al, 2002a), sadl (hos under ABA, 

Sm-like snRNP) (Xiong et al, 2001a), and rosJ (los under cold/ABA/NaCl, DNA 

glycosylase) (Gong et al, 2002a). 

A similar approach was used to investigate the regulation of CBF gene 

expression; the CBF3 promoter was used to generate CBF3-LUC bioluminescent 

Arabidopsis. Through the same genetic approach, a transcription factor that regulates 

CBF expression was identified. Low-temperature-sensitive icel mutant plants showed a 

lower induction of endogenous CBF3 and transgene CBF3-LUC expression (Chinnusamy 

et al, 2003). ICEI encodes a MYC-type bHLH transcription factor; overexpression of 

ICEl resulted in enhanced freezing tolerance m Arabidopsis (Chinnusamy et al, 2003). 

Because the ICEl protein can bind to the CBF3 promoter, ICEl appears to be a 

transcriptional regulator that directly regulates CBF3 gene transcription. 
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2. PRESENT STUDY 

The methods, results, and discussion of this study are presented in the manuscripts 

appended to this dissertation. 

To understand the comple.xity of cold responsi ve gene expression, I first 

determined cold-regulated genes using the Affymetrix GeneChip microarray and 

analyzed the icel mutant to identify ICE! target genes. The first appendix chapter 

describes the transcriptome in the wild type and icel under cold stress. In addition to 

microarray analysis, I used molecular genetic approaches with cold stress-inducible 

bio]uminescent.(4m/>Ktop'57'5 to dissect the molecular mechanisms for cold-responsive 

gene expression. The identification of Arabidopsis mutants with altered expression of 

cold-responsive genes and cloning/characterization of genes responsible for the mutant 

phenotypes are crucial for identifying novel genes with regulatory roles in cold stress 

responses. Although we now know many cold-regulated genes owing to microairay 

techniques, the function of these genes has yet to be analyzed. In addition, some 

constitutively expressed genes are also important in the regulation of cold-responsive 

genes. For example, the very early and transient induction of CBF genes by cold stress 

implicated the existence of constitutively expressed regulators that control CBF gene 

expression (Gilmour et al, 1998). Identification of the CBF regulator ICEl validated this 

hypothesis: the ICEl gene is constitutively expressed, and it is required for the expression 

of many cold responsive genes (Chinnusamy et al., 2003). Therefore, to identify 

constitutively expressed genes with a fonction in cold-responsive gene regulation, use of 
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molecular genetic analysis is necessary. Following the description of the cold-stress 

regulated transeriptome, each appendix chapter will describe the Arabidopsis mutants 

jrolJro2, mdsiabh respectively, frol which encodes a defective mitochondrial NADH 

dehydrogenase, showed a lower expression of the RD29A promoter-driven luciferase 

transgene and lower induction of endogenous RD29A expression under cold conditions 

relative to the wild type. fro2, a mutant in serine decarboxylase isolated using the CBF3 

promoter-Lt/C-expressing Arabidopsis, showed decreased cold-induced levels of both 

the transgene and the endogenous CBF3 gene, stabl generated from t\iQ RD29A 

promoter-I,(7C-expressing Arabidopsis, showed high luminescence under cold, ABA, and 

NaCl treatment, without significant changes in the endogenous RD29A gene expression. 

The appendix chapter will describe the stress-related phenotypes of stab! and evidence of 

the enhanced transcript stability of several genes in stab I. 

The following is a summary of the most important findings in each manuscript. 

2.1. The Arabidopsis cold-responsive transeriptome and its regulation by ICEl 

(Appendix A) 

To understand the gene network that controls plant tolerance to cold stress, I 

perfonned cold-responsive genome expression profiling of Arabidopsis using Affymetrix 

GeneChip that contains approximately 24,000 genes, For microarray analysis, 

Arabidopsis seedlings were cold treated at 0°C for 0 h, 3 h, 6 h, and 24 h. A total of 681 



genes was found to be cold-regulated by 3-fold or more, 487 up-regulated and 195 down-

regulated. Many of the early cold-responsive genes encode transcription factors that 

likely control the late-responsive genes, which implies a multitude of transcriptional 

cascades. A number of genes important for the biosynthesis or signaling of plant 

hormones, such as abscisic acid, gibberellic acid and auxin, are regulated by cold stress, 

which is of potential importance in coordinating cold tolerance with growth and 

development. 1 compared between the cold-responsive transcriptomes of wild type and 

icel, a mutant defective in an upstream transcriptional activator required for chilling and 

freezing tolerance. The transcript levels of many cold-responsive genes were altered in 

the icel mutant not only in their cold responsiveness, but also in their basal expression 

levels. My study provided a global picture of the Amhidopsis cold-responsive 

transcriptome and its control by ICEl, and it will be valuable for understanding gene 

regulation under cold stress and the molecular mechanisms of cold tolerance. 

2.2. A mitochondrial complex I defect impairs cold-regulated nuclear gene 

expression (Appendix B) 

Low temperature is an important environmental factor influencing plant growth, 

development, and geographical distribution. Because of their sessile nature, plants must 

cope with cold stress. To elucidate low-temperature signal transduction in plants, stress-

inducible bioluminescent Arabidopsis plants were previously developed that express the 



firefly liiciferase reporter gene driven by the stress responsive RD29A promoter. Using 

this system, mutants were identified tJiat were defective in stress responses on the basis of 

kimineseenee under different stress conditions. Here I report on the characterization and 

cloning of one mutant, frostbite I (frol), which shows reduced luminescence under cold 

stress./ro/ mutants display lower levels of cold induction of stress-responsive genes such 

as RD29A, KIN], CORJSA, and COR47. Their leaves appear water soaked and resemble 

wild-type leaves that have been subjected to txeezing. Results of electrolyte leakage tests 

showed that the leaves are constitutively leaky and have a reduced capacity for cold 

acclimation. The FROI gene was isolated through map-based cloning. FRO J encodes a 

protein with high similarity to the 18-kDa Fe-S subunit of Complex I (NADH 

dehydrogenase, EC 1.6.5.3) in the mitochondrial electron transfer chain. Confocal 

imaging showed that the FR01:GFP fusion protein is localized in mitochondria. The 

Complex I defect in frol resulted in constitutive accumulation of reactive oxygen species 

that may modulate calcium signaling and cold-responsive nuclear gene expression. These 

results illustrate that nuclear gene expression under low temperature is coupled with 

mitochondrial function, 

2.3. Impaired cold induction of CBF geoes in an Arabidopsis serine decarboxylase 

mutant (Appendix C) 
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The CBF family of cold-inducible transcription factors plays important roles in 

cold acclimation in plants. To understand the regulation of CBF genes, a frostbite2 (Jro2) 

mutant was isolated Itoiti ethyl methanesulfonate (EMS)-rautagenized/4/-a/??Vi'o/75W lines 

containing a CBF3 promoter driven luciferase reporter gene. fro2 was impaired in the 

induction of endogenous CBF genes as well as the reporter gene by cold stress. fro2 also 

exhibited severe developmental defects, which could mostly rescued under short day 

conditions. Through map-based cloning,was found to be defective in a serine 

decarboxylase that catalyzes the conversion of serine to ethanolamine, a precursor of 

membrane lipids. Application of ethanolamine rescued the developmental but not the 

gene regulation defects offro2 mutant plants. These results reveal a critical, 

ethanolamine-independent role of serine decarboxylase in cold stress signal transduction. 

2.4. STABl, a cold-upregulatcd nuclear protein required for pre-mRNA splicing, 

mRNA turnover and cold stress tolerance (Appendix D) 

Many gene transcripts are very unstable, which is important for the tight control 

of their temporal and spatial expression patterns. To identify cellular factors controlling 

the stability of unstable mRNAs in plants, I used luciferase imaging in Arabidopsis to 

isolate a recessive mutant, stabl, with enhanced stability of the normally unstable 

luciferase transcript. The stab I mutation also causes the stabilization of several 

endogenous gene transcripts and has a range of developmental and stress sensitivity 



phenotypes, STAB.I encodes a nuclear protein sinrilar to the human IJ5 snRNP-

associated 102-kDa protein and to the yeast pre-mRNA splicing factors Prplp and Prp6p, 

STABl expression is up-regulated by cold stress, and the sfahJ mutant is defective in the 

splicing of C0R15A under cold stress. My results show that STABl is a pre-m,RNA 

splicing fector required for not only splicing but also the turnover of unstable transcripts 

and that it has an important role in plant tolerance to abiotic stresses, particularly cold. 

2.5. Concluding remarks 

Plants under cold stress undergo physiological, cellular and molecular changes 

(Xiong et al, 2002c). Successful adaptations to low temperature are especially important 

considering their sessile nature. Many adaptive alterations in plants can be explained by 

dynamic changes in gene expression. For example, proline is one of many 

osmoprotectants that is thought to protect plants from freezing and drought stress. A'-

pyrroline-5-carboxylate synthetase (P5CS) and proline dehydrogenase (PDH) are 

involved in proline synthesis and degradation, respectively. Successfully acclimated 

plants contain high concentrations of proline as a result of upregulation of P5CS and 

downregulation of PDH (Delauney and Verma, 1993; Kiyosue et al, 1996; Peng et al, 

1996; Verbraggen et al, 1996). Thus, understanding gene regulation under cold stress 

conditions is of scientific interest, and also has the potential to improve crop tolerance to 

low temperature stress. For example, CBFIDREBI overexpression in Amhidopsis led to 
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the induction of the DREi/CRT class of genes even without cold acclimation and 

consequently enhanced freezing tolerance (Jaglo-Ottosen et al, 1998; Kasuga et al., 

1999). In addition, recent identification of the CBF3 gene regulator/C£7 (Chinnusamy 

et al, 2003) underscores the importance of ICEl- and CfiF-mediatcd cold-responsive 

gene regulation in plant freezing tolerance. 

Nevertheless, successful cold acclimation for freezing tolerance appears to require 

coordination of all cold-responsivc physiological, cellular and molecular changes (Stitt 

and Hurry, 2002). Results of microaixay analysis of cold-responsive transcriptome and 

the existence of Arahidopsis mutants defective in cold responses indicate the presence of 

multiple signaling pathways for successful cold acclimation. 

Thus, through microarray analysis, I found ICEl target transcription factors that 

do not appear to be a part of the CBF transcriptional circuit to support the notion of 

multiple transcriptional cascades for cold acclimation. Further analysis of the function of 

these transcriptional factors will contribute to finding other signal pathways for acquiring 

freezing tolerance. 

Results of the study involvingyroi showed the importance of mitochondrial 

function in nuclear cold-responsive gene expression. The presence of a high level of 

reactive oxygen species m frol suggested that they might interfere with the cold-

responsive gene induction pathway, probably at the Ca"^ level. This hypothesis could be 

tested with a Ca^'^ monitoring system, such as the calcium-sensitive photoprotein, 

aequorin-expressing Arahidopsis (Knight and Knight, 1995). 



In//"o2, the levels of traiisgene CBF3~LUC and endogenous CBF3 were 

significantly lov^er than in the wild type. Results of map-based positional cloning 

revealed that the/ro2 mutant has a defect in a serine decarboxylase that converts serine to 

ethanolamine. Application of ethanolaniine rescued the developmental defect but not the 

Jw2 luminescence defect, whereas the wild-type FR02 gene transfer complemented both 

developmental and luminescence defects in fro2, FR02 could be involved in the 

biosynthesis of other metabolites. Alternatively, mutation could cause the alteration 

in levels of many metabolites, which might affect the expression of CBF. Preliminai7 

metabolic profiling results showed significant differences between the wild type and,/ro2 

in some metabolites. Feeding tests with these metabolites on Jro2 should allow us to test 

these possibilities. 

This study also discovered that RNA splicing and metabolism are critical to low 

temperature tolerance in Arabidopsis, as shown by the stab I mutant, stab ! showed higher 

induction of RD29A-LUC expression, but not the endogenous RD29A, than the wild type 

under stress conditions, including low temperature. This discrepancy resulted from 

enhanced luciferase transcript stability in the stabi mutant. Other phenotypes of the 

stabl mutant include mis-splicing of the C0R15A gene under cold stress, chilling 

hypersensitivity, altered sensitivity to other stresses, and smaller size. These results 

suggest an important role for STABI in regulating splicing, the turnover of unstable 

transcripts (directly or indirectly), plant tolerance to abiotic stress, and development. It is 

not clear how STABI affects transcript stability. As has been, suggested for many higher 

eukaiyotic systems, RNA metabolism is coupled with transcription. Thus, biochemical 



and genetic analysis of other components involved in RNA metabolism and transcription 

should provide us with a better understanding how STAB J affects transcript stability. 

Because STABl is cold inducible, cold-inducible genes involved in RNA metabolism 

would be the first targets of analysis. 

Since gene expression changes are key to freezing tolerance, mutants defective in 

cold-responsive gene expression are valuable tools for dissecting cold signaling and 

tolerance. At the same time, microarray analyses are excellent methods for acquiring 

large amounts of infomiation about gene expression at the genome level. However, a 

lack of functional significance in the microarray data often requires studies of the 

function of genes identified, Thus, gene expression profiling studies together with 

molecular genetic approaches will provide more insights about cold signal transduction in 

plants as they did in this study. 
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INTRODUCTION 

Low temperature is one of the environmental stresses that many plants have to cope with 

during their life cycle. Plants from temperate regions have the capacity to cold-

acclimate, that is, to develop increased freezing tolerance after being exposed to low non-

freezing temperatures (Guy, 1990). Many physiological and molecular changes occur 

during cold acclimation (Thomashow, 1999). Among them, the transcriptional activation 

or repression of genes by low temperature is of primary importance (Thomashow, 1999), 

Early studies identified a number of genes in plants, such as Arabidopsis, that change 

expression under cold stress (Thomashow, 1994,1999). A subset of the cold-responsi ve 

genes have the dehydration-responsive element (DRE, 5'-TACCGACAT-3')/C-repeat 

(CRT, 5'-TGGCCGAC-3') with the common core motif (5'-CCGAC-3'). Transcription 

activators (DREBl/CB F) that are capable of binding to DRE/CRT have been isolated 

from Arabidopsis using the yeast one-hybrid approach. Three members of the CBF gene 

family are rapidly and transiently induced by cold stress (Gilmour et al, 1998; Medina et 

a!., 1999), Ectopic expression of CBF1I3 (DREBlbla) activated the expression of genes 

with the DRE/C-repeat promoter element at warm temperatures, which resulted in 

constitutive freezing tolerance (Stockinger et al, 1997; Jaglo-Ottosen et al, 1998; 

Shinwari et al, 1998; Kasuga et al, 1999). Recently, a constitutive transcription factor, 

ICEl, which acts upstream of the CBFs in the cold-response pathway, was identified 

(Chimiusamy et al, 2003). ICEl binds to c«'-elements in the CBFS promoter and may 



activate CBF3 upon cold treatment. The dominant iceJ mutation blocks the cold 

induction of CBF3 but not CBFl or CBF2 (Chinnusamy et al, 2003). 

Completion of the Arabidopsis genome sequence and technical advances in 

microarray analysis have allowed the study of gene expression on a large scale. Several 

studies have used cDNA microarrayvS or Aflymetrix GeneChip to identify cold-responsive 

genes in Arabidopsis (Seki et al, 2001; Fowler and Thomashow, 2002; Seki et al, 2002). 

Expression profiling studies have also been carried out with mutant plants or plants that 

overexpress a certain regulatory gene to understand tiie role of the genes in cold-

responsive gene expression (Fowler and Thomashow, 2002; Goda et al, 2002; Osakabe 

et al, 2002). However, the microarrays or Genechip used in these studies contained no 

more than one third of the Arabidopsis genome, and therefore much of the Arabidopsis 

genome has not been examined for transcript responses to cold stress. 

In this study, we used the Affymetrix Arabidopsis 24K GeneChip representing 

approximately 24,000 genes to profile gene expression under cold stress. We identified 

487 and 195 genes that are up-regulated and down-regulated, respectively, by at least 

three-fold under cold stress. Our results suggest that cold stress triggers a multitude of 

transcriptional cascades, because many of the early cold-responsive genes encode 

transcription factors that likely activate the genes induced late with cold. A number of 

genes important for the biosynthesis or signaling of plant hormones, such as abscisic 

acid, gibberellic acid and auxin, are regulated by cold stress. The regulation of these 

genes might be important in coordinating cold tolerance with growth and development. 

We also determined the transcript profiles and their responses to cold stress in the ice I 
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mutant. The basal transcript levels of 253 cold-responsive genes were altered by the icel 

mutation. Our study provided a broad picture of the Ambidopsis cold-responsive 

transcriptome and its control by ICEl, which is critical for our understanding of gene 

regulation under cold stress and the molecular mechanisms of cold tolerance. 

RESULTS AND DISCUSSION 

Cold-Regulated Genes in Ambidopsis 

We used the Affymctrix Arahidopsis ATH.1 genome GeneChip, which contain more than 

22,500probe sets representing approximately 24,000 genes, to identify cold-regulated 

genes in Arahidopsis. Total RNA was prepared from Ambidopsis seedlings after a 0, 3, 

6, or 24 h cold treatment at 0°C. The 3- and 6-h time points were chosen to capture early 

responsive genes, and the 24-h point for late-responsive genes. To minimize variation, 

the seedlings from three different plates were pooled in each treatment, and the 

treatments and GeneChip analysis were biologically repeated. The wild-type Ambidopsis 

used had a CBF3 promoter-driven iuciferase transgene, the background line o f icel 

mutant (Chinnusamy et al., 2003). Fowler and Thomashow (2002) showed that 

reciprocal pair-wise comparisons between duplicate samples produced a list of robust and 

reliable cold-regulated genes in their 8K Ambidopsis GeneChip studies. Therefore, we 

adapted their strategy to identify cold-regulated genes in Arahidopsis using the 24K 

GeneChip. For reciprocal pair-wise comparisons, first-treated samples were compared 



with first-untreated and second-untreated controls. The same compariKSon method was 

applied to the second-treated samples. As a result, four comparisons were used to 

generate a list of cold-regulated genes. Cold-regulated genes at each time point were 

determined by the following criteria: (1) "present" calls; signal intensities from the 

sample to be compared (for up-regulated genes) or the control (for down-regulated genes) 

were greater than background as determined by use of the Aflymetrix Microarray Suite 

Program; (2) "change" calls; determined by use of the same program, in pair-comparison 

were "I" (for "increase"), for up-regulated genes or "D" (for "decrease"), for down-

regulated genes; and (3) "fold change", in pair-comparison was threefold or more. 

Values from four comparisons for a single gene had to meet all three criteria to be 

considered cold-regulated. The "Fold Change" scores were converted from the "Signal 

Log Ratio", a difference index calculated by use of the Affymetrix Microarray Suite 

Program, per the Affymetrix Manual; if the "Signal Log Ratio" was equal to or greater 

than 0, "Fold Change" was obtained with otherwise, (-l)x2''^'s"'' 

We found 681 genes to be "cold-regulated". Among them, 487 were cold up-

regulated and 195 were cold down-regulated at one or more time point (Figure 1). One 

gene (At5g67060) belongs to both categories. Thus, approximately 3% of all 

Arahidopsis genes are substantially cold responsive. A previous report described 306 

genes, consisting of 218 cold up-regulated and 88 cold down-regulated genes (Fowler 

and Thomashow, 2002). In our study, cold up-regulated or down-regulated genes 

constituted 71.4% and 28.6% of cold-regulated genes, respectively (Figure 1), compared 

to 71.2% and 28.8% in the Fowler and Thomashow (2002) study, However, considering 
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that we used three-times more genes with the GeneCliip (~24,()00) than those used in the 

previous study (~8000) (Fowler and Thomashow, 2002), the number of cold-regulated 

genes identified in our study appears to be relatively small. This may be due, in part, to 

the greater number of time points analyzed in the Fowler and Thojnashow (2000) study. 

The authors used 0.5-, 1-, 4-, 8-, 24-, and 168-h time points, and 44 of the cold-

upregulated and 30 of the cold down-regulated genes were identified at the time points 

(i.e., at 0,5, 1, and 168 h) not analyzed in our study. 

Among the 487 cold up-regulated genes, 151 were up-regulated at 3 h, 162 at 6 h, 

and 398 at 24 h of cold treatment. Thus, most of the eold-up-regulated genes are late-

response genes (Figure 1). Indeed, Venn diagram analysis revealed that 277 genes were 

induced exclusively at 24 h of cold treatment (Figure 1). Sixty-six genes had a high level 

of cold induction at all time points. Seven appeared to have high induction at 3 and 24 h 

but not at 6 h, although their expression at 6 h was still higher than the basal level (i.e., 0 

h). Thus, these seven genes, along with the 66 with a high induction level at all time 

points, are induced early and have sustained induction during the entire cold stress 

period. 

Most of the 195 down-regulated genes were down-regulated only after 24 h of 

cold ti'eatment. No genes showed a substantial down-regulation at 3 h. This suggests 

that although cold down-regulated genes may play a role in cold responses in 

Arahidopsis, the down-regulation is not a part of the early response to cold stress. The 

up-regulation of early genes by low temperature may be important for both up-regulating 

and down-regulating late-response genes. 
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Functional Categorization of Cold-Regulated Geiies 

We categorized cold-regulated genes into 13 functional groups according to the MIPS 

fonctional classification system (Table 1) (Schoof et al, 2002). Interestingly, different 

gene classes appeared to be activated at different time points after cold treatment. At 3 h, 

the largest group up-regulated were genes involved in transcription ; the next largest was 

metabolism genes (Table lA). Of 151 genes up-regulated at 3~h, 40 (26.5%) are 

involved in transcription and 16 (10.6%) in metabolism. As well, at 6-h, 21.6% of cold-

induced genes are involved in transcription and 12,3% in metabolism (Table 1 A). 

Relative to the 3-h time point, the number of cold-induced genes involved in 

rescue and defense increased significantly after 6-h cold treatment, from 11 (7.3%) to 20 

(12.3%)) genes. This number increased further to 40 genes at 24 h of cold treatment, 

although the percentage (10.1%)) over the total number of up-regulated genes decreased 

because of a significant increase in the number of genes with "unknown" functions 

(Table lA). 

At 24 h of cold treatment, the major group of cold up-regulated genes were 

involved in metabolism (16.8%), although genes involved in transcription still made up 

15.8%. The substantial number of genes involved in metabolism suggests that plants 

start to undergo substantial changes in metabolism later in the cold, after an initial 

inhibition of metabolism due to reduced enzymatic activities under cold. Previous 

physiological studies have shown many metabolic changes during cold acclimation, such 

as increased accumulation of soluble sugars and other compatible osmolytes (Wanner and 



Junttila, 1999). Related to the metabolic genes are genes involved In transport, v^hose 

number was increased several times at 24 h cold treatment. At earlier time points, only 6 

to 7 genes in this categoiy were tip-regulated but the number increased to 31 genes at 24 

h. Interestingly, three transposon-related genes were induced after 24 h of cold stress. 

The genes down-regulated by cold showed slower kinetics. None were down-

regulated at 3 h of cold treatment and only 8 were down-regulated at 6 h (Table IB). The 

few genes repressed by 6 h of cold treatment are involved in metabolism, protein fate, 

and signal transduction but not in transcription, the major category of genes up-regulated 

early under cold stress (Table I B). The number of genes in the signal transduction 

category remained at about 8% at each time point among both cold up-regulated and 

down-regulated genes. 

Because the categorization of cold-responsive genes can be skewed by the total 

number of genes in each category on the GeneChip, we performed normalization on the 

basis of the total number of each gene category. Still, genes involved in transcription 

were the major group among the cold-responsive genes (Table 1 A). Metabolism genes 

were not as predominant among cold up-regulated genes after the normalization. 

However, this group was one of the major categories among the cold down-regulated 

genes (Table IB). The normalization revealed that the induction of defense genes was 

not restricted to late responses: defense genes were induced as early as 3 h after cold 

treatment and were among the major groups induced early (Table I A). As well, many 

transporter genes were up-regulated and development and cellular organization genes 

down-regulated (Tables IA and IB). 
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Cold Regulation of Signal Transduction Components 

To distinguish the kinetics of regulation under cold stress, we designated genes with 

transcript level changes at 3 h, 6 h or both 3 h and 6 h as early and transiently up-

regulated or down-regulated (ETU/D), respectively. Genes that changed exclusively at 

24 h were considered late up-regulated/down-reg\ilated (LU/D) genes. Genes with 

expression changes at 3 h and 24h, 6 h and 24 h, or 3 h, 6 h and 24 h, were grouped as 

early and continually up-regulated or down-regulated (ECU/D), respectively. 

Consistent with a role of Ca^ *^' in early cold signal transduction, Ca^^ binding 

proteins were the main signaling components encoded by ETU genes (Table 2 and 

Supplementary Tables), although cold induction of several Ca^"^ binding proteins was also 

observed at all time points. Protein phosphorylation/dephosphrylation has been 

implicated in signal transduction under cold. The expression of several protein kinases 

and protein phosphatase 2C's were cold regulated (Table 2 and Supplementary Tables). 

The induction of protein kinases was observed at all time points, whereas protein 

phosphatase 2C gene induction was either early and transient, or late (Table 2 and 

Supplementary Tables). In addition, the only signaling component that was early down-

regulated was a PP2C (At5g02760). 

Seven genes for receptor-like kinases (RLKs) are cold regulated (Table 2 and 

Supplementary Tables). Ail cold-regulated RLKs encode leucine-rich repeat RLKs, 

except for one lectin class RLK. All but one of the cold-responsive RLKs was down-

regulated. One (Atlg69270) was up-regulated by cold. This Atlg69270, RPKl, has 



been reported to be induced by ABA, dehydration, high salt, and cold, which suggested 

its role in abiotic stress response in Ambidopsis (Hong et al, 1997). Furthemiore, all 

these cold-regulated RLKs responded late to cold, which suggests that they might 

perceive secondary signals generated by early cold responses. 

Intriguingly, the expression of several two-component response regulator genes 

was affected by cold (Table 2 and Supplementary Tables). The two A type response 

regulators had different responses to cold. The expression level of ARR5 was increased 

early and transiently, whereas the ARR16 transcript level was decreased late 

(Supplementary Tables 1 and 6). The transcription of A type response regulators are 

induced by cytokinins (Hwang et al., 2002). Our observation indicates cither an 

interaction between cytokinin signaling and cold signaling or that these response 

regulators may have gene targets different from cytokinin-regulated ones. In addition to 

the two response-regulator genes, three pseudo-response regulators (APRR5, and APRRl 

and 9) were up-regulated by cold early and continually or late. 

Several genes involved in phospholipid signaling were induced by cold stress 

(Table 2 and Supplementary Tables 1 and 3). These include phospholipase C (PLC), 

diacylglycerol kinase (DGK), inositol polyphosphate 5-phosphatase 11 (lP5PaseIl), and 

3'(2'),5'-bisphosphate nucleotidase/inositol polyphosphate 1-phosphatase (IPase) 

(Supplementary Tables 1 and 3), IPSPasell was induced early and transiently, and the 

rest were induced late. Because all of these genes function in inositol phospholipid-based 

signaling, their induction by cold stress strongly suggests that inositol phospholipid 

second messengers are an important part of cold signaling. 



PLCs act on phosphatidylinositol 4,5~bisphosphate (PIP2), generating inositol 

1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 is known to trigger the release of 

Ca^'^ from the internal stores, and DAG has been shown to activate protein kinase C in 

anim.al cells (Irvine, 1992). Since there are no orthologs of protein kinase C in 

Arabidopsis, DGK might play a role in cold signaling by producing phosphatidic acid 

from DAG (Munnik, 2001), The FRY ! bifunctional 3'(2'),5'-bisphosphate 

nucleotidase/inositol polyphosphate 1-phosphatase may have an important role as an 

IPase (Xiong et al, 2001). Loss-of-fimction mutations in FRY J resulted in a significant 

increase in the expression of cold-responsive genes, which supports a role of IPase in 

attenuating the IP3 signal triggered by cold (Xiong et al, 2001). Flowever, FRY! 

expression appeared to be slightly down-regulated at 24 h of cold stress, with at least a 

1.5-fold change (Figure 2). Interestingly, the expression of one of its paralogs 

(At5g63990) located next to FRYl on chromosome 5, was significantly increased during 

cold (Figure 2). Because most of these IPs-related genes were induced late, IP3 signaling 

is likely to be a late event during cold stress. Nevertheless, the early and transient 

induction of IPSPasell suggests that an early involvement of IP3 in cold signaling cannot 

be ruled out. 

Interestingly, several genes involved in sulfate assimilation were down-regulated 

under cold stress. These include adenosine 5'-phophosulfate kinase, 5'-adenylylsulfate 

reductase, and cysteine synthase (Supplementary Table 6). 3'(2'),5'-bisphosphate 

nucleotidase is involved in sulfate assimilation, functioning to remove cytotoxic 3'-

phosphoadenosine 5'-phosphate (PAP), an interaiediate during sulfate assimilation. 



Because sulfate assimilation activity appears to decrease under cold stress, the 

requirement for 3'(2'),5'-bisphosphate nucleotidase is expected to be less. Among 

3'(2'),5'-bisphosphate nucleotidases in Arabidopsis, the transcript levels of FRY] and 

At5g54390 appeared to decrease after 24-h cold treatment, with at least 1.5- and 1,7-fold 

changes, respectively (Figure 2). Therefore, under cold stress these two gene products 

might play a role as 3'(2'),5'-bisphosphate nucleotidases rather than IPase. Instead, as 

suggested above, At5g63990 might function as an IPase under cold stress, along with the 

early and transiently induced inositol polyphosphate 5-phosphatase (At4gl8010). 

Notably, a putative GDP/GTP pyrophosphokinase (RSH2) was early and 

continually up-regulated by cold (Table 2, Supplementary Table 2). This gene encodes a 

plant homolog of RelA and SpoT (van der Biezen et al., 2000). In bacteria, RelA and 

SpoT proteins detemiine the level of guanosine tetraphosphate (ppGpp) and guanosine 

pentaphosphate (pppGpp) in response to starvation and other stress conditions. RelA is a 

(p)ppGpp synthase and SpoT primarily a (p)ppGpp hydrolase with a synthase activity 

under certain conditions. Accumulation of (p)ppGpp in response to unfavorable 

conditions initiates the "stringent response". Among three Arabidopsis RelA and SpoT 

homologs, RSHl interacts with a pathogen-resistant gene (RPP5) in the yeast two-hybrid 

system and confers phenotypes associated with (p)ppGpp synthesis in E. coli and 

Streptomyces coelicolor (van der Biezen et al., 2000). Very recently, it was reported that 

RSH from the halophyte Suaeda japonica, a RelA and SpoT homolog more closely 

related to RSH2 and RSH3 than RSHl, confers salt tolerance when expressed in E. coli 

and S, cerevisiae (Yamada et al., 2003). Thus, despite the lack of functional analysis in 
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plants, the induction of RSH2 under cold stress suggests the possible occurrence of 

(p)ppGpp-mediated signal transduction under cold stress. 

Cold Regulation of Transcription Factors 

Studies of the cold-induced DREBUCBF femily of transcription factors have 

demonstrated the importance of transcription factors in plant freezing tolerance (Jaglo-

Ottosen et al., 1998; Kasuga et al, 1999). To understand the regulation of transcription 

factors by cold, we surveyed expression levels at each time point. Among cold up-

regulated genes, 78 (16%) of 487 encode transcription factors or predicted proteins with 

transcriptional activities; 20 transcription factor genes (10.3%) were found among the 

195 down-regulated genes (Table 3). The bHLH transcription factor (At5g67060), which 

belongs to both the up-regulated and down-regulated classes (Figure 3A and 

Supplementary Tables), was induced at 3 h of cold treatment, but at 24 h the transcript 

level dropped to more than threefold lower than the initial level. The kinetics of cold 

regulation of this transcription factor suggests a great difference in the requirement of its 

target genes between early and late cold responses. 

When classified by their characteristic DMA binding domains, the 78 cold up-

regulated transcription factors fall into 11 families (Table 3). Zn finger and AP2/ERF are 

the two major families, accounting for 31.2% and 27,3% of the up-regulated factors, and 

26% and 24% of all cold-regulated transcription factors, respecti vely. Nevertheless, 

these two groups of transcription factors appear to act in different time frames. The 

AP2/.ERF'' family are the most abundant transcription factors induced early or continually 



during cold (see above for the categorization) whereas the Zn tlnger family are the 

second most abundant among continually induced and the most abundant among late-

induced transcription factors. Therefore, the AP2/ERF transcription factors may play a 

major role early in cold, as is also supported by the fact that DREBs/CBFs are in the 

AP2/ERF family and are important for the activation of many late cold-responsive genes 

(Fowler and Thomashow, 2002). 

An interesting observation for cold induction of transcription factors is that the 

WRKY transcription factors generally known for pathogen responses (Eulgem et al, 

2000) were exclusively induced early (Table 3). WRKYs were the second largest group 

of early cold-induced transcription factors. This suggests that the WRKY transcription 

factors might have important roles early in cold signaling. 

Many development-related transcription factors (GRAS, HB, NAC, SPB) were 

induced late during cold stress. These transcription factors might be effectors of cold 

signaling and function in reprogramming plant development to cope with cold stress. 

Surprisingly, 5 heat shock transcription factors (HSF) were also induced by cold. These 

genes include early and transiently induced HSF21 {HSFA4a, At4g 18880); early and 

continually induced HSF5 {HSFA8, Atlg67970), HSFA6b (At3g22830) and HSFCJ 

(At3g24520); and late-induced //SF/lie (At3g02990). The cold induction of HSF genes 

suggests that HSFs are important in plant responses to multiple stresses. 

The prominence of Zn finger and AF/ERF transcription factors among cold-

induced transcription factors was not observed among down-regulated transcription 

factors (Table 3). Instead, the bHLl'i/MYCs were the most prominent group. This 
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suggests a possible role of some bHLH proteins as negative regulators in cold-responsive 

gene expression. Moreover, down-regnlation of the transcription factor genes occurred 

late (24 h) during cold treatment. 

Cold Regulation of Genes Related to Plant Hormone Biosynthesis and Signaling 

Phytohomiones are crucial regulators of plant growth and development. Plants grown 

under cold stress display growth and development patterns different from those under 

normal growth conditions, which might have to do with an altered hormone homeostasis 

and/or hormone signal transduction in cold-stressed plants. To investigate this 

possibility, we inspected the expression pattern of hormone-related genes under cold 

treatment. 

ABA is an important stress hormone that mediates abiotic-stress signal 

transduction and tolerance. ABA accumulates in response to abiotic stress such as 

drought and salt stress (Xiong and Zhu, 2003). Cold stress also increases endogenous 

ABA levels in plants but to a much lesser extent (Lang et al., 1994). Because ABA 

biosynthesis is mainly regulated at the transcriptional level (Xiong and Zhu, 2003), it is 

of interest to see whether ABA biosynthesis genes are regulated by cold. The ABA 

biosynthesis genes NCED3 and AA03 had "increase" calls in response to cold treatment; 

however, the changes were less than three-fold and thus did not pass our filtering. 

Although ABA levels may not change greatly under cold stress, ABA signal 

transduction could be involved in cold responses. Cold stress induces many genes that 

are also induced by ABA and osmotic stress (Thomashow, 1999). Further, many ABA-
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induced geiiCvS were induced by cold, according to our microanray data (Tables 4A). 

Notably, a bZIP transcription fector, ABFl, which can bind to the ABRE element in 

ABA-responsive promoters (Choi et al., 2000), is early and continually induced by cold 

(Table 4A), A related gene, ABF4/ABRE2, also appears to be induced by cold, because 

of its "increase" calls and more than twofold change at 24 h of cold treatment. It is 

possible that the cold induction of some ABA-inducible genes might be mediated by 

ABFl and ABF4. 

Gibberellins (GA) are involved in many plant developmental processes, including 

seed development, stem elongation, flowering, and fruit development (Richards et al., 

2001). Many genes involved in GA biosynthesis have been isolated and characterized 

(Hedden and Kamiya, 1997). In several plants such as rice, pea and Arabidopsis, the 

transcript level of GA 20-oxidase that catalyzes the conversion of C20-GA into C19-GA, is 

down-regulated by GA. In contrast, treatment with GA biosynthesis inhibitor resulted in 

an increased level of GA 20-oxidase transcripts. The transcript level of GA 3(i 

hydroxylase, which catalyzes the final step towards formation of the physiologically 

active GAs, is also negatively regulated by high GA concentrations (Thomas et al., 

1999). In addition to this GA-induced negative feedback regulation of GA biosynthesis, 

positive regulation of a GA catabolic enzyme, GA 2-oxidase, was also reported (Thomas 

et al, 1999). Therefore, changes in the expression of these genes can indicate G A 

homeostasis under cold stress. 

In this study, we found that two GA-2 oxidases (Atlg78440 and Atlg02400) were 

cold inducible, but two GA-20 oxidases (At3g60290 and At4g03060) and on^ GA-3|3 



hydroxylase (GA4, Atlgl5550) were down-regulated (Table 4). These expression 

changes suggest increased GA accumulation under cold stress. Although this GA 

accumulation under low temperature conditions might be a part of the vernalization 

process that promotes flowering, it is also possible that GA might affect cold signaling. 

Recently, it was demonstrated that in imbibed seeds, cold treatment enhances the 

biosynthesis of G A via the activation of GA30xI (or GA 3|3 hydroxylase, GA4, 

Atlgl5550) to promote seed gennination (Yamauchi et al., 2004). 

GA signaling is mediated through DELLA proteins that act as negative regulators 

of GA signal transduction (Olszewski et al, 2002). Upon GA perception, some DELLA 

protein is removed from the nucleus by degradation, releasing the repression of GA 

signaling. For example, in rice, the level of nuclear localized SLRl-GFP fosion protein 

decreased with GA treatment (Itoh et al., 2002). The Arabidopsis DELLA protein RGA 

was shown to be regulated in a similar way (Silverstone et al., 2001). Rice has only one 

DELLA protein (Ikeda et al., 2001), but Arabidopsis has 5: [GAI (Atlgl4920), RGA 

(At2g01570), RGLl (Atlg66350), RGL2 (At3g03450), and RGL3 (At5gl7490)]. Not all 

of these proteins are regulated by degradation. GA treatment did not lead to GAI and 

RGLl degradation (Fleck and Harberd, 2002; Wen and Chang, 2002). RGLl appears to 

be transcriptionally regulated by GA during seed germination (Lee et al, 2002). We 

found that GAI was down-regulated and RGL3 up-regulated under cold, possibly by cold-

induced GA (Table 4). Thus, GAI and RGL3 might be regulated at the transcript level 

Since the function of RGL3 is unknown, our observation that it is up-regulated by cold 

provides a clue to its function. 
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Interestingly, many auxin-indiicible genes were down-regulated under cold. Most 

of these belong to the small auxin up-regulated {SAUR) genes (Figures 3B -- 3E). SAIJR 

gene transcripts are very unstable (Hagen and Guilfoyle, 2002). Thus, cold stress may 

either prevent the stabilization of the SAUR gene transcripts (e.g., by reducing auxin 

levels) or decrease their transcription. 

To examine the possibility of cold regulation of auxin levels, we monitored GUS 

activity in Arabidopsis seedlings expressing the DR5~GUS transgene. These DR5-GUS 

plants have the GUS reporter gene driven by the synthetic auxin-responsive DR5 

promoter, which has been widely used as a reporter for endogenous auxin levels 

(Ulmasov et al., 1997). The GUS activity in DR5-GUS seedlings decreased after cold 

treatment (Figure 3F), particularly in roots. This suggests that cold may decrease 

endogenous auxin levels, especially in roots. We thus surveyed the expression profiles of 

auxin biosynthesis-related genes. Among cold down-regulated genes were CYP83B1 

(At4g31500), CYP79B2 (At4g39950), ATRl (At5g60890), and indole-3-acetic acid 

(lAA) glucosyltransferase (At4gi5550) (Table 4B). ATRl is a MYB transcription factor 

functioning as a positive regulator of tryptophan metabolism genes including cytochrome 

P450 CYP79B2, which converts tiypophan to indole-3-acetaldoxinrae (lAOx), a 

precursor of lAA or indole glucosinolates (Bender and Fink, 1998; Mikkelsen et al., 

2000). 

As a naturally occurring auxin, lAA is produced in the apex and moves 

unidirectionally toward the base (Muday and DeLong, 2001). The significant decrease in 

GUS activity in the roots relative to the shoot under cold may suggest decreased polar 



auxin transport from the shoot. Consistent with this notion, the auxin efllux carriers 

PIN4 and PIN7 were down-regulated by cold by more than threefold (Table 4B and 

Figures 3G and 3FI). PINS and the auxin influx carrier/I, LIY/ also appear to be down-

regulated (Figures 31 and 3J). 

Cold is not the only abiotic stress that down-regulates auxin-inducible genes. 

Wounding has a similar effect (Cheong et al, 2002), One proposed mechanism for 

down-regulation by wounding is suppression of auxin signal transduction by &NPKJ-Wke 

gene, a putative horaolog of ANPl that negatively regulates auxin-responsive genes 

(Kovtun et al, 1998). In our microarray, the NPKl-like gene (At2g30040) was early and 

transiently up-regulated by cold, which suggests that cold repression of auxin-inducible 

genes might be mediated in a similar way as wounding (Supplemental Table 1). 

However, the gene expression of one nitrilase, which catalyzes the conversion of indole-

3-acetonitrile to lAA was down-regulated and two lAA glucosyltransferase genes were 

up-regulated by wounding (Cheong et al., 2002). In our microarray data, nitrilase genes 

were not significantly changed by cold, and lAA glucosylatransferase genes were down-

regulated. Therefore, although the disturbance of auxin homeostasis, transport and 

signaling might contribute to the down-regulation of auxin-inducible genes by cold, their 

complex mechanism of repression appears to differ. 

Down-regulation of auxin transport and auxin-responsive genes may eventually 

contribute to reduced plant growth rate under cold stress. We found that seven members 

of the a-expansin gene family (Lee et al., 2001) were repressed by cold (Supplementary 

Table 6): expansin 1, 3,4, 5, 6, 8, and 11. The expansin family consists of 36 members 



with four subfamilies in Arabidopsis (Lee et al., 2001), Interestingly, three expansin-like 

genes were cold up-regulated, which suggests that these expansin-like genes may have a 

distinct function in plant growth. 

Coid-Regiilated Gene Expression in the kel Mutant 

We have previously reported that the bHLH transcription activator ICEl fiinctions as an 

upstream regulator of CBF genes (Chinnusamy et al, 2003), The dominant ice J mutant 

shows reduced cold induction of CBFS and several COR (cold responsive) genes that are 

under control of CBFs. To understand the role of ICEl in global gene expression in the 

cold, the expression of the 681 cold-regulated genes (Figure 1) in the wild type was 

compared to that in the icel mutant. Signal intensities of the 681 cold-regulated genes 

from duplicate samples were averaged and the average numbers used for comparison. 

The wild type and icel mutant were compared for different kinetics (i.e., altered early 

and transiently, early and continually, and late) by cither (1) the magnitude of cold 

alteration (the signal intensity ratio of cold treated over untreated) of cold-regulated genes 

or (2) transcript levels (signal intensities). A twofold difference between the extent of 

cold alteration or transcript level was used to categorize genes as being controlled by 

ICEl. 

The wild type and icel mutant differed in the magnitude of cold alteration (the 

signal intensity ratio of cold treated over untreated) (Table 5 A). Although only 20 of 487 

up-regulated genes had higher levels of cold induction in icel than in the wild type, 238 

showed lower levels of cold induction (Table 5A). These results demonstrate a critical 



role of ICE 1 in the cold up-regiilation of genes. For down-regulated genes, the wild type 

and icel mutant differed in the degree of down-regulation. There were 5 genes that were 

down-regulated more in icel than in the wild type. In contrast, the degree of down-

regulation of 98 of 195 down-regulated genes was less in icel than in the wild type 

(Table 5A). Thus, ICEl is also important for the down-regulation of genes in the cold. 

We examined the basal level of expression of cold-reguiated genes in the wild 

type and icel. Interestingly, 116 up-regulated genes had higher basal transcript levels in 

icel than in the wild type, and 89 down-regulated genes had lower basal levels, whereas 

only 40 up-regulated genes or eight down-regulated genes displayed opposite tendencies 

(Table 5 A). The effect of the icel mutation on expression of cold-regulated genes 

appears to be specific to these genes. A comparison of the basal transcript levels of 682 

randomly picked non-cold-regulated genes revealed that only 58 were two-fold higher 

and 96 were two-fold lower in icel than in the wild type (Table 5B). The difference is 

clear when these numbers are compared with either up-regulated or down-regulated 

genes with altered basal transcript levels in icel (Table 5B). Although the precise 

mechanism of this effect is unclear, that the icel mutation preferentially affects the basal 

transcript levels of cold-regulated genes indicates its hypersensitivity to cold. The genes 

with altered basal levels in icel are mainly metabolism genes, transcription factors, 

signaling components and defense-related genes (Table 5C). 

A comparison of the expression levels of cold-regulated genes after cold 

treatment revealed that the number of up-regulated genes with lower expression levels 

was significantly higher in icel (119) than that with higher expression levels (12) (Table 



5A). Comparably, the down-regulated genes with higher transcript levels in ice! (35) 

outnumbered those with lower expression levels (4) (Table 5A). These results, taken 

together with comparisons of the magnitude of alteration, suggest that ICEl has a critical 

role in both the up-regulation and down-regulation of cold-responsive genes. 

Because ICEl is the most upstream transcription factor known in the cascades of 

gene expression under cold stress (Chinnusamy et al., 2003), we examined in more detail 

the effect of the ice] mutation on cold-regulation of transcription fiictors. The expression 

of 43 out of 77 cold up-regulated transcription factor genes was affected by the icel 

mutation (Tables 6 A and 6B). The expression of most up-regulated transcription 

regulators with higher transcript levels in icel (i.e., 17 of 20 genes) was increased at the 0 

h (Table 6A), which suggests that the mutant icel protein regulates these genes even 

without a cold signal and affects their inducibility with cold stress. Interestingly, most 

up-regulated transcription factors with higher transcript levels in icel are early cold 

inducible (i.e., 16 of 20 genes; Table 6A). Thus, the mutant icel protein might interfere 

with early cold responses by increasing the basal transcript levels of these early cold-

inducible transcription factors. 

Unlike cold-inducible transcription factors with higher transcript levels in icel, 

those with lower levels are equally distributed between early (13) and late (12) cold 

inducible (Table 6B). Nevertheless, the early cold-inducible transcription factors with 

lower transcript levels after cold treatment tend to have lower transcript levels at the early 

time points (3 h and/or 6 h). In contrast, late cold-inducible transcription factor genes 

with lower transcript levels tended to have lower transcript levels later (24 h) rather than 



earlier (3 h aiid/or 6 h). This indicates that the icel mutation atTects both early and late 

cold-inducible transcription factors, but it may have a more direct regulation on early 

factors. Taken together, our results suggest that ICE I controls cold responses and cold 

tolerance by regulating the expression of many cold-responsive transcription factors. 

It is noteworthy that all cold-inducible WRKY transcription fectors had high basal 

transcript levels in ice! (Table 6A). Also notable is that the expression level of bHLH88 

(At5g67060), belonging to both cold up-regulated and cold down-regulated groups, was 

substantially lower in icel than in the wild type (Table 6B). 

Validation of Microarray Data 

We used the following three methods to test the reliability of our microaiTay data: (1) 

comparison with previously published microarray and other expression data, (2) 

statistical analysis, and (3) RNA blot analysis. 

Using the Affymetrix 8K GeneChip, Fowler and Thomasow (2002) studied the 

expression of approximately 8,000 genes in Arabidopsis seedlings after different 

durations of cold stress. Since we adopted the same criteria to identify cold-regulated 

genes, we compared our dataset with theirs. At first glance, only 100 genes are common 

between our 487 and their 219 up-regulated genes (Figure 4), Also, only 15 of our 195 

and their 86 down-regulated genes overlapped (Figure 4). It should be noted that 17 up-

regulated and 6 down-regulated genes in the Fowler and Thomashow (2002) study are 

missing fi-om the 24K GeneChip used in this study. In fact, 516 probe sets, representing 

more than 400 annotated genes, in the 8K GeneChip are not present in the 24K 



GeneChip. We analyzed further the expression of the 102 genes (i.e., 119 genes minus 

17 missing genes) categorized as up-regulated in the Fowler and Thomashow (2002) 

study but not in our study. Among the 102 genes, 42 showed greater than twofold change 

at one or more time points after cold treatment Similarly, of the 65 non-overlapping 

cold-repressed genes (after removing the number of genes missing in the 24K GeneChip), 

19 exhibited greater than twofold lower transcript level at one or more time points. We 

also surveyed 24 experimentally determined cold-induced genes, including CBFl, CBF2, 

CBF3, COR47 and RD29A, which were in the Fowler and Thomashow (2002) study, and 

found that 20 were among our up-regulated genes (Supplementary Table 7). Therefore, 

most of the cold-regulated genes identified in the Fowler and Thomashow (2002) study 

do overlap with those in our study, when less stringent criteria are used. In contrast, there 

was much less overlap between the cold-regulated genes identified in the Kreps et al, 

(2002) and Fowler and Thomashow (2002) studies. A major factor contributing to the 

discrepancy was the different stress conditions used in each study. 

We performed statistical analysis using a two-stage linear statistical model and 

robust tests using the statistical package R (R Development Core Team, 2003) (see 

Methods). Genes with a false discovery rate (FDR) lower than 5% [p value=0,000019] 

were considered significantly changed. The change direction was determined by /-test. 

This statistical analysis revealed 324 up- and 84 down-regulated genes. These genes 

were compared with the cold-regulated genes determined according to the amount of 

change (Figures 4C and 4D). A total of 227 genes were found in the intersection between 

up-regulated genes determined statistically and by amount-of-change procedures (Figure 



4C). Ninety-seven genes were uniquely present in the statistically derived list and 260 in 

the amount-of-change list (Figure 4C). Similarly, only 48 genes were shared between the 

lists (Figure 4D). Thirty-six and 147 genes were solely in down-regulated genes 

determined by statistical analysis and amount of change, respectively. However, it is 

important to note that those genes exclusively present in the statistically derived cold-

regulated genes were actually cold-regulated genes based on amount of change because 

they barely missed our change standards. Changes in these genes were either slightly 

lower than threefold or they did not have "I" or "D" calls in all four comparisons. 

That some cold-regulated genes determined in the amount-of-change analysis 

were not found with statistical analysis might be due to a relatively weak power in our 

microan ay data sample. Thus, to compensate for this lack of power, we adjusted the 

FDR to detemiine cold-regulated genes. Four known cold-induced genes are in the 

amount-of-change but not the statistically-derived up-regulated list: At3g48100, 

At3g50060, At4g33070, and At5g57560. After comparing the FDRs for these genes, we 

took the least stringent FDR [p value=0.001 from At3g48100] that is still the lowest 

among the three FDRs at three different cold stress durations for one gene. Because these 

genes were previously reported to be cold inducible, genes with an FDR of [p 

value=0.001] should be considered up-regulated in statistical analysis. Of the 260 genes 

present only among the up-regulated amount-of-change genes and 147 only among the 

down-regulated genes, 193 and 93, respectively, had lower than [p value=0.00i] FDRs at 

any time point, which suggests that these genes are significantly cold-regulated. Even, the 

remaining 67 up-regulated and 24 down-regulated amount-of-change genes were still 
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considered potentially truly cold regulated when their signal intensities were plotted and 

analyzed. 

To validate the microarray data, we performed RNA blot analysis for three genes 

considered significantly cold regulated by statistical analysis. These included a protein 

phosphatase 2C (At3gl 1410), a SAUR gene (At4g38840), and T0UCH4 (At5g57560), 

with the lowest FDR among three time points during cold stress of [p value=0.00002], [p 

value-=0.00003], and [p value=0.00011], respectively. Results showed that the three 

genes are all cold-regulated and their kinetics very similar to those obtained fi-oni 

microarray analysis (Figures 5A - 5C). Two genes with higher FDRs, one unknown gene 

(At5g50360) with an FDR of [p value=0.00051] and a bHLH protein (At3g05800) with 

an FDR of [p value=0.0008] were confirmed to be cold inducible, and their transcript 

kinetics again were very similar to those obtained on microaiTay analysis (Figures 5D and 

5E). The FDRs of these genes are still lower than the adjusted FDR of [p value == 0.001 ], 

which indicates that they are significantly cold regulated. We randomly picked one gene 

that was not statistically significant but was in our amount-of-change list. The lowest 

FDR for steroid sulfotransferase (At2g03760) was [p value=0.00805] at 24 h after cold 

treatment, which is much higher than the adjusted FDR of [p value=0.001], but RNA blot 

analysis revealed that this gene is indeed cold inducible (Figure 5F). The expression 

pattern was again very similar to that from microarray analysis (Figure 5F). Together, 

these results support the reliability of our microarray data and the amoimt-ol-change 

method. The less accurate prediction by statistical analysis might be due mainly to the 

limited number of replications for the microarray dataset. Only duplicate samples were 
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used for statistical analysis. In contrast, the amount-oi-change method involved use of 

four reciprocal comparisons and two more parameters: Present/Absent and 

Increase/Decrease calls, which are statistically generated by the Affymetrix Microan-ay 

Suite Program to provide more check points. In addition, our threefold cutoff is very 

stringent, because, even some genes below the cutoff were still statistically significant. 

Consistent with the microaitay results, which showed the expression of several 

genes to be affected by the ice I mutation, RNA hybridization results revealed a 

difference in expression between the wild type and icel mutant (Figure 6). 

CONCLUSIONS 

In this study, v^e identified 487 cold up-regulated and 195 cold down-regulated genes in 

Arabidopsis using the Affymetrix 24,000 gene Arabidopsis genome GeneChip. Based on 

functional classification, many transcription factors were induced during cold stress, 

particularly during early cold stress. Strikingly, no transcription factors were down-

regulated early during cold stress. These results suggest that cold responses in plants are 

mainly initiated by transcriptional activation rather than repression of many transcription 

regulators. That 19 transcription-related genes were down-regulated 24 h after cold 

treatment may be the result of early activation of transcription factors. Many 

metabolism-related genes were cold induced but some were cold repressed, implying 

dynamic changes in metabolism under cold stress. A large number of cold-induced genes 



have "cell rescue, defense and virulence" funclions. Many are induced not only by cold 

but also by other abiotic or biotic stresses. Among 47 of these genes, 11 are induced by 

pathogens and 18 by drought, salinity, or ABA. Apparently, different signal transduction 

pathways may crosstalk and converge in the activation of these "stress genes". 

One interesting observation was the down-regulation of many auxin-inducible 

SAUR genes by cold stress, Microarray experiments with heat shock treatments have 

revealed the dramatic down-regulation of many auxin-inducible genes (E. Vierling, 

personal communication). Therefore, it seems that the down-regulation of many SAUR 

genes is one of the general temperature stress responses that may be responsible for 

altered plant growth and development in response to temperature stress. How are SAUR 

genes repressed by cold? According to our cold-regulated gene profiles, auxin 

homeostasis and/or signaling appear to be disturbed by cold stress, because the 

expression of auxin polar transporter genes and one NPKl-like gene (At2g30040, see 

above) was changed in response to cold stress. It is unlikely that the disturbed auxin 

homeostasis causes the destabilization of the SAUR transcripts in the cold. Rather, polar 

auxin transport and auxin signaling may be more affected by cold stress, as our findings 

of DR5-GUS reporter activity in CQ\6.-XXQ^\Q6. Arabidopsis indicated. 

Under cold conditions, plants grow more slowly and some even show growth 

defects or damage. Some of this cold-induced abnormality might be attributed to the 

slow photosynthesis and generally low metabolic activities in the cold (Kiibien et al, 

2003). Our microan-ay data revealed other potential causes of altered plant growth and 

development at low temperatures. We observed the down-regulation of many expansin 



genes and sulfate assimilation-related genea. Therefore, one possibility is that this down-

regulation causes reduced cell expansion and lowered sulfate assimilation, which in turn 

affects plant growth and development under cold. The altered auxin homeostasis might 

also perturb plant development at lower temperatures. Related to this, many 

developmental transcription factors (e.g. GRAS, HB, NAC and SPF5) were cold 

responsive, which indicates their involvement in reprogramniing plant growth and 

development under cold stress. 

Our comparison of cold-responsive gene expression profiles between the wild 

type and icel mutant supports the important role of ICE I in plant cold-responsive gene 

regulation and cold tolerance. ICEl regulates the expression of many transcription 

factors, which in turn activate or repress many other downstream cold-responsive genes. 

ICEl is a MYC-like transcription factor in the bHLH family (Chinnusamy et al, 2003). 

Our sui-vey of MYC-recognition sites in cold-responsive genes with altered expression in 

the icel mutant did not reveal any significant difference in the occurrence of MYC 

binding sites between promoters from randomly chosen genes and the /ce/-affected cold-

responsive genes. This finding is probably due to the consensus MYC-recognition site 

(CANNTG) not being specific enough for detection, and the specific ICEl binding site 

needing better definition. 

To validate our cold-responsive gene profile, we compared our microarray data 

with related data reported by other groups. We also performed statistical analysis on 

these data and conducted RNA blot analysis on selected genes. Although our microarray 

data did have much in common with the previous Arabidopsis 8K GeneChip data (Fowler 



and Thomashow, 2002), 106 (15.5%) of our 681 cold-responsivc genCvS were not 

determined to be "cold-responsive" in the previous study (Fowler and Thomashow, 

2002). This finding is not surprising, because in two independent expression profiles of 

plants treated at 4"C, only 137 of 305 and 2086 cold-responsive genes were identified as 

being cold responsive in both studies (Fowler and Thomashow, 2002; Kreps et al, 2002). 

This observation clearly demonstrates that experimental and developmental conditions 

significantly affect gene expression profiles, even with similar stress treatments. Fowler 

and Thomashow (2002) grew plants in Gamborg's B-5 medium on phytoagar, whereas 

our plants were grown in MS medium on regular agar with 3% sucrose. In addition, we 

used 0°C for cold treatment whereas Fowler and Thomashow (2002) used 4°C for cold 

stress. Certainly, the genes commonly identified by microarray studies from different 

groups are more robust cold-responsive genes. 

In our study, some of the cold-responsive genes selected by statistical analysis 

were different from those identified by the amount-of-change method. However, most of 

the genes exclusively determined statistically barely missed our amount-of-change 

criteria. Several genes not selected statistically but selected by amount of change were 

indeed cold responsive, as confirmed by RNA blot analysis. Thus, the amount-of-change 

criteria are reliable in identifying cold-responsive genes. The failure of the statistical 

analysis to select some of the cold-responsive genes appears to be due to a limited 

replication of the microarray dataset. 

In summary, we identified many new cold-regulated genes and determined the 

impact of the ice I mutation on global gene expression under cold stress. This 
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information provides a foundation for further experiments to explore the network of gene 

regulation in the cold and to determine the function of cold-responsive genes in cold 

tolerance through mutant analysis, transgenic overexpression, and other approaches. 

METHODS 

Plant Materials 

Bioluminescent Arabidopsis with a CBF3 promoter-driven luciferase transgene was used 

as the wild type for the microarray analysis, because the icel mutant was derived from 

the CBF3-LUC transgenic Arabidopsis (Chinnusamy et al., 2003). The wild-type and 

icel mutant seeds were placed on MS agar plates supplemented with 3% sucrose. 

Seedlings were grown at 22''C with 16-h light and 8-h dark cycles for 2 weeks before 

being hai-vested. To avoid variations due to circadian rhythm, cold treatments were 

started at 12:00 PM for both duplicate samples at 0°C under light for 0 h, 3 h, 6 h and 24 

h. 

Microarray Analysis 

For Affymetrix GeneChip array analysis, 20 |.ig of total RNA from the wild-type and icel 

seedlings with or without cold treatment (3, 6, and 24 h under light) were extracted by use 

of the RNeasy Plant Mini Kit (Qiagen, Valencia, CA) and used to make biotin-labeled 

cRNA tfirgets. The AffymcXrix Arabidopsis ATHl genome array GeneChip, which 
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contain more than 22,500 probe sets representing approximately 24,000 genes, were used. 

Hybridization, washing, and staining were carried out according to the manufacturer's 

instructions. Microarray data were extracted from scanned GeneChip images and 

analyzed by use of Microarray Suite version 5.0.1 (Affymetrix, Santa Clara, CA). When 

necessary, the data produced by Mircoarray Suite were exported into Microsoft Excel or 

Microsoft Access and further analyzed. For cw-element analysis, the GCG/SeqLab 

program in the WISCONSIN package version 10,3 was used. 

GUS Assay 

For GUS quantification assay, shoots and roots of 10-day-old DR5-GUS 

after cold treatment (0 h, 3 h, 6 h, and 24 h) were extracted in 800 p-L of assay solution 

(50 mM sodium phosphate [pH 7], 10 mM EDTA, 0.1% SDS, 10 mM: p 

mercaptoethanol, 0.1 % Triton X-100). After protein quantification by use of the 

Bradford method, 20 |.ig of total protein extract from each sample was added to 200 pL of 

2 mM 4 Methyl umbelliferyl-P-D-glucuronide (4-MUG) in assay solution and incubated 

for 10, 20, and 30 min at 37°C. The reaction was stopped by adding 800 pL of 0.2 M 

Na2C03. The enzyme activity was measured by use of Titertek Fluoroskanll (Flow 

Laboratories, McLean, VA) and calculated in units of pmol-4-MU/min/mg protein. The 

assay was perfoi'med three times. 

Statistical Analysis 



Data were analyzed with use of a two-stage linear statistical model and robust test 

statistics with the statistical package R (R Development Core Team, 2003). Global 

effects were first estimated by use of a standard linear model on the observed intensity 

values fitting array, genotype, time, and genotype by time interaction as fixed effects in 

the analysis. 

intensityijkim = fi + arrayi + genotypej + timck + genotype >;timejk + residualykim 

where i indexes aixays, j indexes genotypes, k indexes time, 1 indexes oligos, and m 

indexes individual intensity values. Residuals from this model were then used in 

subsequent individual gene analyses by use of the hmma package (Smyth et al., 2003) in 

the Bioeonductor package found at http://www.bioconductor.oj-g. The limma package 

creates robust individual gene t-statistics tor each contrast of interest (i.e., oligo by 

genotype by time) constructed by use of a shrinkage estimator for individual gene 

variances. The limma model fit individual gene means, array, genotype, time, and 

genotype by time interaction effects regressed on the global model-adjusted intensity 

values (i.e., the residuals from the initial linear model). 

residualykim m + genotypeji + timcki + genotype xtimejki + en'orykim 

Parameters for the shrinkage estimator are obtaitied with use of an empirical Bayes 

method (see Smyth et al., 2003, for details). 

http://www.bioconductor.oj-g
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Significance of the robust t-statistics was determined from p-values obtained with 10.000 

bootstrap simulations (Efron and Tibshirani, 1993), with a corresponding limma analysis 

assuming complete exchangeability of the limma model residuals. The limma model 

residuals should contain only experimental error and thus represent values from the null 

hypothesis of no genotype, time, or genotype by time effects. The t-statistics from this 

procedure then empirically determine the distribution of the t-statistic under the null 

hypothesis. FDRs for various p-value thresholds were later determined by use of the 

method of Benjamini and Yekutieli (2001) on the observed distribution of p~values, 

RNA blot analysis 

To validate the microaiTay data, biologically different RNA samples were prepared from 

the tissue treated as described. Twenty of total RNA was resolved in the standard 

RNA gel (1% agarose). RNA was then transferred onto nylon membranes (Stratagen, La 

Jolla, CA). The RNA membranes were hybridized with appropriate probes after 

ultraviolet fixation. DNA fragments for probes were PGR amplified from either cDNA 

clones from ABRC or genomic DNA with the following primers: At3g24520, HSTF-

24520F (5'-CGAGAAACj AACGGACAAAGC-3') and HSTF-24520R (5 

AGCCACCTCGAAACAGAGAA-3'); At3g61060, Fbox-61060F (5'~ 

CCGGAACGATGACGTTTACT-3') and Fbox--61060R (5'-

CGAGCTGGATACGGAAGAAG-3'); At3gl 1410, PP2C-11410F (5'-

GATTTGTTGCGGTGTTGTTG-3') and PP2C-11410R (5'-
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CACTTCTCCGCAACATGAGA«3'); At5g57560, TCH4-57560F (5'» 

GAAACTCC:GCAGGAACAGTC-3') and TCH4-57560R (5'-

GCACCCATCTCATCCTTTGT-3'); At4g38840, IAAind-38840F (5'-

AGATTCTCCGACAAGCCAAA-3') and IAAind--38840R (5'-

TCAGTTGAAGCGAGAAGCAA-3'); At2g03760, STF-F (5'-

TGAAGCTAAAGATTCCGACATTATC-3') and STF-R (5'-

AGTATCTCTCCATC::CTCCAATCTCT-3'); At3g05800, bHLH5800-F (5'-

ATGTCTTCTGAACAAGGAAATGGAT-3') and bHLH5800-R (5'-

AAGCTCCGACAGAATCTTTGATAG.3'); At5g50360, 5G50360-F (5'-

GTGATAACTAACGTTTCGTCGAGAT'3') and 5G50360-R (5'-

ATCACAGAACGAAGTAATCGAACTC-3'). We used the Lab Works program version 

4,0.0.8 (UVP Biolmaging Systems, Upland, CA) for quantification of the IWA 

hybridization signal Acquired band intensities were then normalized with use of 

respective tubulin band intensity. 
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Figure 1. Venn Diagrams of Cold-Responsive Genes, 

Total number of cold-regulated gene is one less than the sum of numbers of cold up-

regulated and down-regulated genes because one gene (At5g67060) belongs to both 

categories. Percentages in parentheses were calculated with the total numbers of cold-

regulated genes (681). Figures in rectangle indicate cold treatment hours (h) and total 

number of cold-regulated genes in each time point. 
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Figure 2. Gene fi'xprcssion of FRYl-like genes under Cold Stress. 

Kinetics of gene expression of FRYl-like genes plotted using averages of signal 

intensities (arbitrary units) obtained iTom Affynietrix GeneChip analysis. Error bar 

standard error. 
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Figure 2 
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Figure 3. Expression Kinetics of Seleeted Genes. 

Averages of signal intensities (arbitrary unit, Y-axis) obtained from Affymetrix 

GeneChip analysis plotted as a function of time points of cold treatment (h, X-axis) 

except for (F). (F) is a result of GUS quantification shown in pmol-4MU/min/mg on 

Y-axis during cold treatment (h, X-axis) with DR5-(JUS expressing Arahidopsis. 

A. Expression kinetics of a gene that is both cold up-regulated and down-regulated. 

B. - E. Down-regulation of SAUR genes during cold stress 

F, Quantification of DR5-GUS activity during cold stress 

G. - J. Down-regulation of auxin polar transporter genes during cold stress. 

Error bar = standard error. 
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Figure 4. Venn Diagrams for Comparison of Cold-Responsive Genes Deterriiinecl 

by different groups or methods. 

A. and B. Comparisons of cold up-reguiated genes (A) and cold down-regulated genes 

(B) between those determined in this study (ZU or ZD) and in the study by Fowler and 

Thomashow (2002) (TU or TD). Note that 17 genes of 11.) ! 19 genes and 6 genes of TD 

71 genes were missing in the Affymetrix 24K GeneChip, 

C. and D. Comparisons of cold up-regulated genes (C) and cold down-regualted genes 

(D) between genes determined by amount~of-change criteria (ZU or ZD) and the 

statistical analysis (SU or SD). 
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Figure 5. RNA Blot Analysis of Cold-Responsive Genes for Confirmation of 

Microarray Analysis. 

A. --- F. Cold-responsive genes were tested by RNA blot analysis. For expression pattern 

comparisons, each corresponding gene transcript level was plotted using intensities from 

microarray and RNA blot. The X-axis shows time points during cold treatment (0°C) and 

Y-axis shows signal intensities in arbitrary units. Gene names and treatments for RNA 

blot pictures: A. At3gl 1410 (protein phosphatase 2C, 0°C 24 hr), B. At4g38840 (SAUR, 

0°C 3 hr), C. At5g5756() (TCH4, OX 3 hr), D. At5g50360 (unknown protein, 0«C 24 hr), 

E. At3g05800 (bHLH protein, 0°C 24 hr), and F. At2g03760 (steroid sulfotransferase, 

0°C 24 hr). Tubulin was used as a loading control. 
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Figure 6. RNA Blot Analysis of Co!d-Respoiisive Genes for Comparision between 

the Wild Type and icel. 

A. -• D. Transcript levels of cold-responsive genes in the wild type and icel were 

compared by RNA blot analysis. The signal intensities of each corresponding gene from 

Afiymetrix GeneChip analysis were plotted for comparison. Tested gene names are; A. 

At3g24520 (heat shock transcription factor I), B. At3g61060 (F box protein), C. 

At3gl 1410 (protein phosphatase 2C), and D. At5g57560 (TCH4). Tubulin was used as a 

loading control. 
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Table 1. Functional Categorization of Cold-Responsive Genes. 

A. Functtonal categorization of cold up-reguiated genes. 
CoW Up-regulated 

Functional Categories 3h 6h 24 h Subtotai 
# % N% # % N% # % N% # % N% 

Metaboiism 16 10.6 7.5 20 12.3 6.4 67 16.8 8.5 103 14.5 7.8 
Ceil Cycie and ONA processing 0 0.0 0.0 1 0.6 2.1 5 1.3 4.2 6 0.8 3.0 
T ranscription 40 26.5 31,6 35 21.6 18.9 63 15.8 13.5 138 19.4 17,7 
Protein Fare (foWing, modification, destination) 5 3,3 6.9 4 2.5 3.8 17 4.3 6.3 26 3.7 6.8 
Cellular Jransport and Transport Mechanisms 0 0.0 0.0 2 1.2 8.5 3 0.8 5.0 5 0.7 5.0 
Ceilular Communication/Signal Transduction 14 9,3 13.2 15 9.3 9.6 29 7,3 7.4 53 8-2 8.9 
Ceii Rescue, Defense and Virulence 11 7.3 18.0 20 12.3 22.4 40 10.1 17.7 71 10.0 18.9 
Development {Systemic} 0 0.0 0.0 2 1.2 11.8 2 0.5 4.7 4 0.6 5.6 
Transposabie Etements, Virai and Piasmid Proteirs 0 0.0 0.0 0 0.0 0.0 3 0.8 2.1 3 0,4 1,2 
Control of Ceilular Organization 2 1.3 8.4 2 1.2 5.7 6 1.5 6.8 10 1.4 6.8 
Storage Protein 0 0.0 0.0 0 0,0 0.0 1 0.3 7.5 1 0.1 4-5 
Tra.isport Facilitation 6 4.0 9.3 7 4.3 7.4 31 7.8 13.0 44 6.2 11.1 
Unknown Proteins 57 37.7 5.3 54 33.3 3.4 131 32.e 3.3 242 34,0 3.6 
Total 151 100.0 100.0 162 100.0 100.0 398 100.0 100.0 711 100.0 100.0 

B. Functional categorization of cold down-regulated genes. 

Funcfiotsai Categories 6h 
Cold Down-regu!ated 

24h Subtotal 
Totsi 

# % N% # % N% # % N% # % N% 
MetaboHsm 2 16.7 23.4 51 27.0 16.9 53 26.4 17.1 156 17.1 8.6 
Ceii Cycle and ONA processing 0 0.0 0.0 2 1.1 4.4 2 1.0 4.3 8 0.9 3.3 
T fanscription 0 0.0 0.0 19 10.1 10.7 19 9.5 10,4 157 17.2 18.3 
Protein Fate (folding, modification, destination) 1 8,3 34.5 5 2.6 4.9 5 3.0 5.7 32 3.5 5.8 
Ceilular Transport and Transport Mechanisms 0 0.0 0,0 1 0.5 4.4 1 0.5 4.3 6 0,7 4.9 
Cellular Communication/Signal Transduction 1 8,3 23.6 16 8.5 10.7 17 8.5 11.0 75 8,2 9.3 
Cell Rescue, Defense and Virtiience 0 0.0 0.0 4 2.1 4.6 4 2.0 4.5 75 8.2 16.1 
Development (Systemic) 0 0.0 0.0 2 1.1 12.2 2 1.0 11.8 6 0.7 6.8 
Transposabie Elements, Virai and Piasmid Proteirs 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 3 0,3 1.0 
Conlro! of Cefiuiar Organization 0 0.0 0.0 7 3.7 20.8 7 3.5 20.2 17 1.S 9.4 
Storage Protein 0 0,0 0.0 0 0.0 0.0 0 0,0 0.0 0.1 3.7 
Transport FaciSitation 0 0.0 0.0 5 2.6 5.5 5 2.5 5,3 43 5.4 10.0 
Unknown Proteins 8 66.7 18.5 77 40,7 5.0 85 42,3 5.4 327 35.9 4.0 
Total 12 100.0 100.0 189 100.0 100.0 201 100.0 100.0 912 100.0 100.0 

Normalization was earned out with the total number of genes in each functionaf category on the Affymetrix 24K GeneChip. 
#, % and N% indicate number of genes, percentage and normalized percentage, respectively. 



Tabie 2. Cold-Responsive Signaling Genes, 

Cdd Up-reguiated CoW Down-requiated Tote! Categories ETU ECU LU Subtotal ECD LD Subtotal 
Tote! 

# % # % # % # % # % # % # % # % 
CaSckim bireiir^ profein 4 44.4 4 40.0 3 16.7 11 29.7 0 0.0 5 35.7 S 33.3 16 30.3 
PP2C 1 11.1 0 0.0 5 27.8 6 16.2 1 100.0 0 0.0 1 6.7 7 13.5 
PK 2 22.2 4 40.0 2 11.1 8 21.6 0 0.0 2 14.3 2 13.3 10 19.2 
RLK 0 0.0 0 0.0 1 5.6 1 2.7 0 0.0 6 42.9 6 40.0 7 13.5 
Response Reguiator 1 11.1 1 10.0 2 11.1 4 10.8 0 0.0 1 7.1 1 6.7 5 9,6 
Lipid reSated 1 11,1 0 0.0 5 27.8 6 16,2 0 0.0 0 0.0 0 0,0 6 11.5 
GTP related 0 0.0 1 10.0 0 0.0 1 2.7 0 0.0 0 0.0 0 0.0 1 1.8 
Total 9 100.0 10 100.0 18 100.0 37 100.0 1 100.0 14 100.0 15 100.0 52 100.0 

Expression of cofd-regulated genes encoding possibfe signaling components. PP2C, protein phosphatase 2C; PK, protein kinase; 
RLK. receptor-like kinase: ETU/0, eariy ifansientiy up/dovm-regulated; ECU/D, early and continuaily up/down-regulated; 
LU/D, late up/down-reguiated. # arid % indicate number of genes and percentage, respectively. 



Table 3. Cold-Responsive Transcription Factors. 

Cold Up-regiated Coid Down-reguiated 
Total 

ETU ECU LU Subtotal LD Subtotal 
Total 

# % # % # % # % # % # % # % 
AP2/ERF 8 40.0 11 44.0 2 6.3 21 27.3 2 9.5 2 10,0 23 24.0 

bZiP 0 0.0 1 4.0 2 6.3 3 3.9 1 4.8 1 5.0 4 4.2 
GRAS 0 0.0 0 0.0 1 3.1 1 1.3 1 4.8 1 5.0 2 2.1 

HB 0 0.0 0 0.0 2 6.3 2 2.6 3 14.3 3 15.0 5 5.2 
HSF 1 5,0 3 12.0 1 3.1 5 6.5 0 0.0 0 0.0 5 5.2 
WYB 2 10.0 1 4.0 1 3.1 4 5.2 2 9.5 2 10.0 S 6.3 

bHLH/MYC 1 5.0 1 4.0 6 18.8 8 10.4 10 47.6 9 45.0 16 16.7 
NAC 1 5.0 0 0.0 3 9.4 4 5.2 1 4.8 1 5.0 5 5.2 
SPB 0 0.0 0 0.0 1 3.1 1 1.3 0 0.0 0 0.0 1 1.0 

WRKY 4 20.0 0 0.0 0 0.0 4 5.2 0 0.0 0 0.0 4 4.2 
Zn 3 15.0 8 32.0 13 40.6 24 31.2 1 4.8 1 5.0 25 25.0 

Tofa! 20 100.0 25 100.0 32 100.0 77* 100.0 21 100.0 20 100.0 96 100.0 

Expression of cold-regulated transcnptfon factors with a krKftvn domain. Domains include: AP2/ERF (APETALA1/ethylene responsive factor), 
bZiP (basic ieucine zipper), GRAS {GA!, RGA, SCR), HB (homeobox), HSF {heat shock factor). MYB. MYC. NAC (NAM. CUC1C. NAP, NAC1), 
SPB (Squamosa promoter binding proteio), WRKY, Zn {Zinc finger). *, Note that actuai total number of coid up-regulated transcription factors is 
78 but one cold up-regulated transcription factor that has a DNA bindirjg domain with no significant known domains was Seft out in the table. 



Table 4. Expression of Cold-Regulated Genes with Roles in 
Hormone Biosynthesis or Signaling. 

A. Cold up-regulated genes with plant hormone-related roles 

Hormonft AGi ID 
 ̂ . -T!̂ asB^̂ ^wa«®5râ ® ŝŝ r̂a»®^g3^̂ ^wasa!s«ssas»3CiS!saBBiaKSSCiSas3assSi 

At1gfS4lF 6A2-oxidas8; GA catafolism 
At1a02400 GA2-f)xici0se, putative: GA catabolism LU 
AlSg17490 RGL3 DEL LA protein LU 
Atsgsseeo GA3 beta-hydroxylaae LU 

ABA At1gZ0440 putatlva protein rssponsive to ABA. cold, and draught ecu 
A11020450 putative protain responsive to ABA, cold, and drought ECU 
Al5g62310 R029A/LTI7e/COR78 ecu 
At4g24960 protsin responsive to ABA. drought, and saliniiy ECU 
AII949720 ABF1; bZIP p(til0ln ECU 
At3Bl9880 AZFZ: CZHS Zn fingsr protein LU 
A(6g67060 A8I2: protein phosphntass 2C LU 
At4g1S910 ATDI21 responsive to ABA and drought LU 
At1929395 COR414-TM1 rtaponsive to ABA. cold, and drought. LU 
AtSg62300 RO290/LTI65 LU 
Al6g60720 ATHVA22E induced by ABA, cold, drought, and salt LU 
At2e19450 RD81/TA61/A311 diacylglycemi O-acyltransfarase LU 
At 1869270 RPKt reoeptor-liKB protein Wnaso LU 
AlSg15960 KINI LU 
AtSg13200 ABA-responsive pnalsin LU 

Auxin AtSg844E»0 P0P1 calcium binding protein ETU 
Atl979270 putative auxin-indspendent growth promoter LU 
At2g33830 putative auxin-regulated protein LU 
AKflZiaSO RD2 LU 

B. Cold down-regulated genes with plant hormone-related roles 
t'tormom 

At4g03060 A0P2 OKldoreductase LO 
At1g15550 GA4: GA biosynthesis LD 
Ang14920 GAI/RGA2 LD 

Auxin AMgSSeSO SAUR (small auxin up RNA) ETO 
At2a4S210 SAUR (small auxin up RNA) ETD 
At4938840 SAUR (small auxin up RNA) ECD 
AtSgWOeO SAUR (small auxin up RNA) LD 
Al4g15550 UDP-Glucose:lndote-3-acetate beta-D-glucosyltransferase; auxin catabolism LD 
At4g31500 CYPB3B1: auxin biosynthesis LD 
At4g39950 CYP79B2; auxin biosynthesis LD 
At5g60890 ATR1; tryptophan biosynthssis LD 
At1a24100 putative Indols-S-acetate beta-glucosyitransfarase; auxin catabolism LD 
At1gS4670 unlinown protein involved aromatic compound nnetabolism LD 
At1975680 auxin induoiblo-raimodulin biding protoin LD 
AtlgSSyOO auxin-induced protein kinase, putative LD 
At5854510 auxin Induoibls DFL1; GH3 family LD 
At1 g'M130 auxin inducibia GH3 family LD 
Atzgouao PIN4 LO 
At1g23080 PIN7 LD 
At4g34770 SAUR (small auxin up RNA) LD 
At4a34760 SAUR (small auxin up RNA) LD 
At1g29440 SAUR (small auxin up RNA) LD 
At3fl532S0 SAUR (artiall mxin up RNA) UD 
At1fl29430 SAUR (small auxin up RNA) LD 
Al1g29510 SAUR (small auxin up RNA) LD 
At1g72430 SAUR (small auxin up RNA) LD 
Al1g29500 SAUR (small auxin up RNA) LD 



Tabie 5. Comparison of Expression of Cold-Regulated Genes between the Wild Type and ice1. 

A. Analysis of coid-regulated genes with altered expression In icel by different comparisons. 
Fotei of Ajterattofi Transq-ipt Level at Oh Transcript Level at 3h, 6h (x 24h 

Kfltier in im1 tower in icel higher in icel lower in ice1 higher in fee 1 tower in ice! 
# % # % # % # % # % # % 

ETU (89) 3 3.4 56 62.9 33 37.1 3 3.4 2 2.2 26 29.2 
ECU (1211 
LU (277) 

5 4,1 80 66.1 39 32.2 10 8.3 0 0.0 38 31.4 ECU (1211 
LU (277) 12 4.3 102 36.8 44 15.9 27 9.7 10 3.6 55 19.9 

Subtotaf (487) 20 4.1 238 48,9 116 23.8 40 8.2 12 2.5 119 24.4 
ETD (6) 1 16,7 3 50.0 1 16.7 2 33.3 1 16.7 1 16.7 

DOWN 0 0.0 4 66,7 0 0.0 2 33.3 1 16.7 1 1S.7 DOWN 
4 2.2 81 49.7 7 3,8 85 46.4 33 18.0 2 1.1 

Subtotal (195) 5 2.6 98 50.3 8 4.1 89 45.6 35 17.9 4 2.1 
Total (682) 25 3.7 336 49.3 124 18.2 129 18.9 47 8.9 123 18.0 

Ajnount of alteration comparison; comparison between the wiid type and icelof ratio of alteration of gene expression in treated 
samples relative to the contro! level (i.e. 0 hr). Transcript ievel comparison: The transcript levels at 0 h (basa! b-anscript leve!) were 
compared between the wid type and icel; Transcript levels at 3 h, 6 h, arjd 24 h were compared. Transcript levels were averaged 
from the signa! intensities acquired from A%melrix GerseChip analysis, and a twofold differerice in comparisons was used as 
a threshofd for classification. 

B. Comparison of basal transcript level changes in icel between cold-regulated and 
non-cold-regulated genes. 

higher in icel tower in icel Total 
CdtOQOnGo # % if % # % 

Coid Up-regulated {487} 116 23.8 40 8,2 156 32 
Coid Down-regulated (195) 8 4.1 89 45.6 97 49.7 
Cofd-regulated (682) 124 18.2 129 18.9 253 37.1 
Random (682) 58 8,5 96 14.1 154 22.6 

Numbers in parentheses are totaf number of genes in each category, # and % indicate number of genes and percentage, respectively. 



Table 5. Comparison of Expression of Cold-Regulated Genes between the Wild Type and icef. {continued) 

C. Functional categorization of cold-regulated genes with altered basal transcript level in icel. 

CoM tip-reguiated CoM (fown-reguiateti 
Functional Categories t?ighef in fcel lower in fcet higher in icel lovver in !ce1 Functional Categories 

# % N% # % N% # % N% # % 
MetaWism 25 21.6 13,5 9 22.5 15.6 5 62-5 39.1 16 18.0 10.3 
CeJ! Ci«cis and DNA procssstrsg 0 0,0 0.0 1 2.5 4.8 0 0.0 0.0 1 1.1 1.S 
TranscripSon 18 15.5 7.1 6 15.0 7,6 0 O.Q 0.0 12 13.5 5.7 
Prolairs Fate {foiding, modificsSiOT, destinaSon) 2 1.7 1.9 2 5-0 6.0 0 0.0 0-0 2 2.2 2,2 
CeiMar Transport and Transport Mechanisms 2 1.7 2.6 1 2.5 4.2 0 0-0 0-0 1 1.1 1.6 
CdMar Communicatiaa'Signal T ransifection 9 7.8 5.7 3 7.5 6-1 0 0-0 0.0 7 7.3 S.3 
CeS Rescue, Defense and Vlnrfence 11 9.5 4.3 7 17.5 8.7 0 0-0 0.0 2 2.2 0.9 
Devek -̂iienS (Systemic} 0 O.Q 0.0 0 O.Q 0.0 0 0.0 0.0 0 0.0 o.a 
Tran^sabte Bements, Virai 3nd Ptesmkj ProSeiRS 1 0.9 4,3 0 0.0 0-0 0 0.0 0.0 0 0.0 0.0 
Controt o? CeJiufer Ofganizaiicin 3 2.6 1.8 0 0.0 0.0 0 0.0 0.0 4 4.5 2.8 
Storsgs Protein 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0,0 0.3 
Transport Facitatton 5 4.3 2.7 1 2.5 1.7 0 0.0 0.0 4 4,5 2.8 
Urvknowsi Profeins 40 34,5 58.1 10 25.0 45.1 3 37.5 60.9 40 44.9 66.9 

Total 116 100.0 100-0 40 100.0 100.0 8 100.0 100.0 89 100.0 100-0 

Normalization was done with total gene numbers of each ftjnctionaf category in 681 co!d-regulated genes. # , % and N% indicate number of genes, 
percentage arMl percentage after normalization, respectively. 

Total number of cotd-reguSaSed genes is 881 because one gene {At5g67060) belongs to both coid up-regulated and 
down^eguiated genes. UP. coid up-regulated genes; DOWN, coid down-reguaited genes. 



Table 6. Comparisons of Cold Up-regulated Transcription Factor Genes. 

A. Cold up-regulated transcription factors with twofold higher transcript levels 
In Ice1 than in wild type. 

AGI ID Transcfiption factors Otir 3lir 6hr 24 hr Category 

At1g12610 protein similar to CBF1 1.02 0.23 0.24 3.08 ETU 

At1g21910 AP2 3.00 1.23 1.64 2.18 ETU 
At1028370 ERF11 3.76 1,28 1.62 1.32 ETU 

Atl 952890 NAC 5.90 1.28 3.35 1.92 ETU 

At1980840 WRKY famiiy protein 3,13 0.62 1.01 0.69 ETU 
At2g38470 WRKY family protein 2.31 1.25 1,53 1.69 ETU 
At2g46400 WRKY family protein 2.31 1.33 1.63 1.24 ETU 

At3g55980 C3H Zn finger protein 2.53 0.78 0.77 1.27 ETU 
At4g31800 WRKY family protein 4.57 2.86 0.98 1.57 ETU 

At5947220 ERF2 4.96 1.45 2.46 1.31 ETU 
A11g27730 ZAT10; C2H2 Zn finger 4.09 1.07 1.12 1.35 ECU 
At3g50260 AP2 family protein 2.83 1.47 0.84 1.38 ECU 

At4g17490 ERFe 2.76 0.85 1.33 1.79 ECU 
At5g04340 C2H2 Zn finger protein 2.22 1.24 1.31 0.82 ECU 

At5g05410 DREB2A: AP2 family protein 2.21 0.66 0.88 0.98 ECU 
At5g59820 2AT12; C2H2 Zn finger protein 3.88 1.37 1.74 1.07 ECU 
At1g59530 bZIP family protein 1.40 2.12 0.84 1.05 LU 

At2g40350 AP2 family protein 1.S7 3.24 3.35 1.63 LU 

At3g28210 An1 -like Zn finger protein 2.64 3.92 5.63 2.S0 LU 

At5g17490 RGL3 DEULA family 2.74 1.56 0.28 0.44 LU 



Table 6. Comparisons of Cold Up-regu!atec! Transcription Factor Genes, 
(continued) 

B. Cold up-regulated transcription factors with twofold lower transcript levels 
in fcef than wild type. 
AGI ID Transcription factors Ohr 3hr 6 hr S4 hr Caisgory 

At1g12610 protein similar to CBF1 102 0.25 0.24 3.08 ETU 

Atl 878600 8 box type Zn flinger protein 0.60 0.43 0.58 0.79 ETU 
At4g32800 AP2 doinain-oontaining transcription factor TINV 1.71 O.SO 0.29 0.27 ETU 

At5g51990 CBF4 0.78 0.22 0.22 0.77 ETU 

At5g67060 bHLH protein 0.26 0.18 0.25 1.1S ETU 

At2g23340 AP2 family protein 0.96 1.09 0.23 0.60 ECU 
At3g05800 bHLH protein 0.17 0.17 0.27 0.60 ECU 
At3g15210 ERF4 1.16 0.65 0.48 0.47 ECU 

At3g22830 HSFA6B; heat shock transcription factor 0.68 0.34 0.33 0.58 ECU 
At3g24S20 HSFC1; heat shook transcription factor 1,09 0.46 0.30 0.54 ECU 
At4g2S480 C8F3 0.33 0.12 0.28 0.29 ECU 
At4g25490 CBF1 0.81 0.40 0.54 0.73 ECU 
At5g37260 MYB transcription factor 0.41 0.92 0,87 0.51 ECU 
At1g01520 MYB transcription factor 0.88 0.88 0.44 0.44 LU 

At1g14580 C2H2 Zn finger protein 0.45 0.31 0.33 0.34 LU 
At1g26790 Dof Zn finger protein 0.83 1.39 0,52 0.34 LU 
At1g46768 RAP2.1; AP2 family protein 0.80 0.44 0.39 0.54 LU 

AtlQ49560 MYB transcription factor 1.14 0,87 0.75 0.49 LU 

At2g21320 CONSTANS-lil<e B-box zinc finger protein 0.55 0.S1 0.37 0.54 LU 
Al3g07650 CONSTANS B-box zinc finger family protein 0.61 O.SO 0.72 0,78 LU 
At3g61260 putative DNA-binding protein 0.34 0.39 0.29 0.55 LU 
At4g01120 ATBZIP54; GBF2 0.55 0,63 0.41 O.SO LU 
At4g27410 NAIW protein family 1.32 0.84 0-71 0.46 LU 
At5g06710 HD-2IP PROTEIN 14; HAT14 0.52 0,43 0.23 0.48 LU 
At5g17490 RGL3 DELLA family 2.74 1.56 0.28 0.44 LU 

Numbers in tables mean amount of changes in gene expression levels between the wild type and ice1. 
Numbers indicating more than twofold changes are in boldface (i.e. >2 In Table 6A and <0.5 in Table 6B). 
ETU/D, early transiently up/down-regulated; ECU/D, early and continually up/down-regulated; 
LU/D, late up/down-regulated. Note that two genes {At1g12ei0 and At6g17490) belong to both 
Table 6A and 6B. 
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Supplementary Table 1. 
AG! ID 

Early Transiently Up-regulated Genes by Cold. 
Gene Name 

At1g73540 MutT/nudix family protein 
At2g 19440 putative beta-1,3-glucanase, predicted GPI-anchored protein 
At2g35710 glycogenin like protein 
At3g48520 cytochrome P450-like protein 
At1g72520 putative lipoxygenase 
At4g11280 ACC synthase (AtACS-6) 
At1g09070 unknown protein 
At5g13700 polyamine oxidase 
At3g28340 unknown protein 
At4g22?80 :ACR7 Translation factor EF-1 alpha like protein 
At4g31800 WRKY18 transcription factor 
At4g32800 transcription factor T I N Y  homolog 
At3g44260 CCR4-associated factor 1-like protein 
At4g37260 Myb-related protein 
At1g12610 hypothetical protein 
At5g51990 CBF4 
At1g21910 TINY like protein 
At5g61600 DNA binding protein like 
At5g51190 unknown protein 
At4g18880 heat shock transcription factor 21 {AtHSF21) 
At1g78600 unknown protein 
At5g47220 ethylene responsive element binding factor 2 (ATERF2) 
At3g50060 R2R3-iV!YB transcription factor 
At1g52890 NAIVl-like protein 
At3g55980 unknown protein 
At2g38470 putative WRKY-type DNA binding protein 
At1g28370 putative ethylene responsive element binding factor 4 protein 
Atl g80840 transcription factor like protein 
At3g52800 zinc finger like protein 
At2g46400 putative WRKY-type DNA binding protein 
At5g67060 putative bHLH transcription factor (bHLH088) 
Atl g49230 putative RING zinc finger protein 
At3g52400 syntaxin-like protein synt4 
At2g30020 putative protein phosphatase 2C 
At5g26920 calmodulin-binding like protein 
At4g17615 calcineurin B-like protein 1 (CBL1) 
At5g37770 CALMODULIN-RELATED PROTEIN 2. TOUCH-INDUCED (TCH2) 
At2g30040 putative protein kinase 
At3g50310 protein kinase -like protein 
At5g54490 unknown protein 
At3g48100 response reactor 2 (ATRR2): ARR5 
At4g18010 putative inositol polyphosphate 5-phosphatase At5P2 
At4g30350 putative protein 
At1g65390 disease resistance protein 
At5g45340 cytochrome P450: CYP707A3 
At3g 16860 predicted GPI-anchored protein 
At3g20690 non-race specific disease resistance protein, putative 
At2g23810 Similar to senescence-associated protein 
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Supplementary Table 1. Early Transiently Up-regulated Genes by Cold, (cont'd) 
AGIIC Gene Name ™___ 

At4g03510 RMA1 RING zinc finger protein 
At5g64870 nodulin-lil<e 
At4g34150 unknown protein 
At4g24570 putative mitochondrial uncoupling protein 
At5g15240 putative protein 
At5g52050 integral membrane protein-lii<e 
At3g62690 RING-H2 zinc finger protein ATL5 
At1 g35140 phosphate-induced (phi-1) protein, putative 
At1g23710 unknown protein 
At1g32920 putative protein 
At2g01300 unknown protein 
At2g18680 unknown protein 
At3g10930 unknown protein 
At4g27654 unknown protein 
At4g35985 senescence/dehydration-associated protein-related 
At5g51390 putative protein 
At1g56660 hypothetical protein 
At1g66160 unknown protein 
At3g02840 unknown protein 
At3g23170 unknown protein 
At3g54000 hypothetical protein 
At4g29780 unknown protein 
At2g41640 unknown protein 
At3g02140 unknown protein 
At2g35930 unknown protein 
At2g32050 hypothetical protein 
At1g53885 unknown protein 
At4g32020 putative protein 
At5g17350 unknown protein 
At3g46e20 putative protein 
At1g18740 unknown protein 
At1g21010 unknown protein 
At1g74450 unknown protein 
At2g41010 unknown protein 
At6g11070 unknown protein 
At5g64660 putative protein 
At1g76600 unknown protein 
At2g27080 unknown protein 
At5g10760 unknown protein 
At2g34090 hypothetical protein 
At2g40080 ELF4 
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Supplementary Table 2. Early and Continually Up-regulated Genes by Cold. 
AGI ID Gene Name 

"°A5g2961o'~^icline deaminase 
At4g27570 UDP riiamnose-anthocyanidin-3-glucosicle rhamnosyltransferase, putative 
At3g04010 putative beta-1,3-glucanase 
At4g 17090 beta-amylase (ct-bmy gene) 
At2g16890 glucosyltransferase like protein 
At5g57560 TCH4 protein 
At4g30280 xyloglucan endo-1,4-beta-D-glucanase-like protein 
At1g32860 iiypothetical protein 
At2g27500 beta-1,3-glucanase like protein 
At3g61190 BON 1-associated protein 1 (BAPI) 
At1g09350 putative galactinol synthase 
At1g02660 putative protein 
At1g78440 GA2-oxidase 
At3g55580 regulator of chromosome condensation-like protein 
At3g06800 bHLH protein 
At4g25480 CBF3 
At1 g67970 putative heat shock transcription factor 
At3g24520 heat shock transcription factor HSF1, putative 
At3g22830 putative heat shock protein 
At1g69570 H-protein promoter binding factor-2b, putative 
At4g25470 DRE/CRT-binding protein DREB1C 
At4g25490 transcriptional activator CBF1/ CRT/CRE binding factor 1 
At5g37260 putative protein 
At4g29190 unknown protein 
At1 g49720 abscisic acid responsive elements-binding factor (ABRE/ABF1) 
At5g47230 ethylene responsive element binding factor 5 (ATERF5) 
At4g17490 ethylene responsive element binding factor-like protein 
At3g11020 DRE82B transcription factor 
At1g66500 putative protein 
Atl g 13260 putative protein 
At5g50450 putative protein 
Atl g27730 putative salt-tolerance zinc finger protein, ZAT10 
At5g04340 putative c2h2 zinc finger transcription factor 
At5g59820 zinc finger protein Zati 2 
At5g48250 putative protein 
At3g15210 ethylene responsive element binding factor 4 
At2g40140 putative CCCH-type zinc finger protein 
At2g23340 putative AP2 domain transcription factor 
At3g50260 putative protein 
At5g05410 DREB2A (dbj|BAA33794.1) 
At5g54470 putative protein 
At4g35480 RING-H2 finger protein RHA3b 
At1g68050 unknown protein 
At3g13310 DnaJ protein, putative 
At1g49220 hypothetical protein 
At5g24470 pseudo-response regulator 5 (APRR5) 
At3g59350 protein kinase-liko protein 
At1g76650 calmodulin like protein 



Supplementary Table 2. Early and Continually Up-regulated Genes by Cold, (cont'd) 
AGI ID Gene Name 

At5g25110 serine/threonine protein kinase-like protein 
At5g49480 NaCl-inducible Ca2+-binding protein-like; calmodulin-like 
At5g42380 unknown protein 
At4g33920 unknown protein 
At4g27280 unknown protein 
At3g57760 putative protein 
At3g14050 putative GXP pyrophosphokinase 
At2g42530 cold-regulated protein cor15b precursor 
At2g34930 putative disease resistance protein 
At3g50970 dehydrin Xero2 
At5g62360 DC1.2 homologue like protein 
At1g20450 putative cold-acclimation protein 
At1g20440 putative protein 
At2g40000 putative nematode-reslstance protein 
At4g36010 thaumatin-IIke predicted GPI-anchorsd protein 
At5g06320 NDR1/H1N1-Iike protein 3 (NHL3) 
At1g62570 Similar to glutamate syntliase 
At5g52310 low-temperature-induced protein 78 (sp|Q06738) 
At1g01470 putative protein 
At5g47060 putative protein 
At4g24960 abscisic acid-induced like protein 
At2g17840 putative senescence-related protein; ERD7 
At2g22a60 unknown protein 
At4g18280 unknown protein 
At3g45970 unknown protein 
At5g17850 potassium-dependent sodium-calcium exchanger like protein 
At2g22500 putative mitociiondrial dicarboxylate carrier protein 
At5g26340 hexose transporter like protein 
At1g22570 Similar to LeOPTI 
All 969870 unknown protein 
At5g20230 blue copper binding protein (bcb) 
At1g51090 putative Proline-ricti protein 
At1g63090 unknown protein 
All g11210 unknown protein 
At1g15010 unknown protein 
At1g16850 putative protein 
At1g25400 unknown protein 
At1g68500 tiypothetical protein 
At1g70420 putative protein 
At1g75860 unknown protein 
At1g78070 unknown protein (At1g78070) 
At2g17660 unknown protein 
At2g23120 unknown protein 
At2g35290 hypothetical protein 
At3g04640 predicted GPi-anchored protein 
At3g15440 hypothetical protein 
At3g27210 unknown protein 
At4g27652 unknown protein 
At4g27657 unknown protein 
At4g33985 unknown protein 



Supplementary Table 2. Early and Continually Up-regulated Genes by Cold, (cont'd) 
AGI ID Gene Name 

At5g10695 putative protein 
At5g48260 unknown protein 
At5g65300 unknown protein 
At1g60190 armadillo/beta-catenin repeat family protein 
At1g19180 unknown protein 
At1g11960 unknown protein 
At1g64890 putative protein 
At2g36220 unknown protein 
At4g33980 putative protein 
At5g42900 putative protein 
At5g62520 unknown protein 
At5g66650 unknown protein 
At5g45630 putative protein 
At4g 12000 putative protein 
At1g27200 unknown protein 
At1g76590 unknown protein 
At3g56880 unknown protein 
At5g46710 unknown protein 
At1g09950 hypotlietical protein 
At5g60680 unknown protein 
At5g28430 putative protein 
At3g50930 BCS1 protein-like protein 
At1g61340 unknown 
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Supplementary Table 3. Late Up-regulated Genes by Cold. 
AGI ID Gene Name 

At1g20490 4-coumarate-CoA ligase activity 
At3g03640 beta-glucosidase 
At2Q44800 putative flavonol synthase 
At1g76790 catechol 0-methyltransferase like protein 
At1g02310 (1-4)-beta-mannan endohydrolase precursor, putative 
At2g23910 cinnamoyi CoA reductase like protein 
At4g12280 copper famine oxidase like protein {fragment2) 
At5g51180 unknown protein 
At1g30720 putative reticuline oxidaso-like protein 
At4g20830 reticuline oxidase -like protein 
At2g31360 delta 9 desaturase (ADS2) 
At1g02400 GA2-oxidase 
Af2g24560 putative GDSL-motlf lipase/hydrolase 
At4g27820 putative beta-glucosidase 
At4g27830 beta-glucosidase like protein 
At5g55180 beta-1,3-glucanase-like protein 
At5g40390 raffinose synthase -like protein 
At4g28320 putative {1-4)-beta-mannan endohydrolase 
At1g60140 TPS10 glycosyltransferase 
At1g06780 glycosyltransferase familyS protein 
At1g60470 glycosyltransferase familyS protein 
At5g 17050 UDP glucose;flavonoid S-o-glucosyltransferase -like protein 
At5g17030 UDP glucosetflavonoid 3-o-glucosyltransferase -like protein 
At2g22590 putative anthocyanidin-3-glucoside rhamnosyltransferase 
At1g73480 putative lysophospholipase 
At5g23220 putative protein 
At3g69820 putative protein 
At1g30620 UDP-galactose 4-epimerase-like protein 
At1g53100 unknown protein 
At2g34850 putative UDP-galactose-4-epimerase 
At1g21110 0-methyltransferase, putative 
At1 g21120 0-methyltransferase, putative 
At5g58660 putative protein 
At1g10770 unknown protein 
At3g 17130 hypothetical protein 
At1g48100 polygalacturonase PG1, putative 
At5g38710 Proline oxidase, mitochondrial precursor -like protein 
At3g19030 unknown protein 
At5g54960 pyruvate decarboxylase 
At2g03760 putative steroid sulfotransferase 
At2g 19450 diacylglycerol O-acyltransferase (DAGAT) 
At5g 15950 s-adenosylmethionine decarboxylase {adoMetDC2) 
At4g01130 putative acetyl transferase 
At4g15130 putative phosphocholine cytidylyltransferase 
AtSgl 1110 sucrose-phosphate synthase -like protein 
At5g20830 sucrose-UDP glucosyl transferase 
At4g2259Q trehalose-6-phosphate phosphatase like protein 
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Supplementary Table 3. Late Up-regulated Genes by Cold, (cont'd) 
AGI ID Gene Name 

At2'gi2i90 putative tTehai6S-6-phoiphiii'p}TO 
At5g10100 trehalose-6-phoaphate phosphatase -like protein 
At4g23920 UDPglucose 4-epimerase like protein 
At4g33070 pyruvate decarboxylase-1 (Pdcl) 
At1g17665 expressed protein 
At5g40010 putative protein 
At1g27630 putative cyclin 
At3g 14890 DNA nick sensor, putative 
At1g27920 hypothetical protein 
At2g40350 AP2 domain transcription factor 
At5g54930 putative protein 
At4g01120 G-box binding bZip transcription factor GBF2 / AtbZip54 
At3gei890 homeobox-leucine zipper protein ATHB-12 
At5g63330 putative protein 
At1g59530 bZip transcription factor AtbZip4 
At3g45260 zinc finger like protein 
At1g14580 zinc finger protein, putative 
At3g19580 zinc finger protein, putative 
At2g19810 putative CCCH-type zinc finger protein 
At5g 15850 CONSTANS-like 1 
At1g28050 unknown protein 
At3g07650 unknown protein 
At2g47890 putative CONSTANS-like B-box z\m finger protein 
At2g21320 CONSTANS-like B-box zinc finger protein 
At2g31380 B-box zinc finger protein (STH) 
At5g39660 unknown protein 
At1g26790 H-protein promoter binding factor-2b, putative 
At2g32020 putative alanine acetyl transferase 
At5g06710 homeobox protein 
At3g02990 putative heat shock transcription factor 
At5g17300 unknown protein 
At5g04760 l-box binding factor-like protein 
At1g01520 hypothetical protein 
At1974840 Myb family transcription factor like protein 
Atl 949560 unknown protein 
At4g34990 Myb-like protein 
At4g27410 unknown protein 
At1g77450 GRAB 1-like protein 
At3g28210 zinc finger protein (PMZ), putative 
At3g61260 putative DMA-binding protein 
At1g46768 AP2 domain containing protein RAP2.1 
At5g17490 RGA-like protein 
At5g0291O unknown protein 
At1g76580 unknown protein 
At1g32870 putative NO apical meristem (NAM) protein 
At1g47710 serpin, putative 
At5g17760 BCS1 like protein 
Atl 962710 beta-VPE 
At5g55970 putative protein 
At4g23450 unknown protein 
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Supplementary Table 3. Late Up-regulated Genes by Cold, (cont'd) 
AGI ID Gene Name 

At2g2Tl 3d cyclopWIIri (CYP2) 
At5g37440 contains similarity to DnaJ protein 
At1g71000 DnaJ protein family 
At1g56300 unknown protein 
At1g12710 hypotlietical protein 
At2g40880 putative cysteine proteinase inliibitor B (cystatin B) 
At4g15420 UFD1 lil<e protein 
At5g10790 ubiquitin specific protease -like protein 
AtSgl 1150 putative protein 
At5g63990 3'{2'),5'-bisphospliate nucleotidase 
At5g57050 protein phosphatase 2C ABI2 (PP2C) (sp|004719) 
At5g61380 pseudo-response regulator 1 
At2g46790 hypothetical protein 
At3g 10300 unknown protein 
At4g14580 CBL-interacting protein kinase 4 (CIPK4) 
At5g07920 diacylglycerol kinase (ATDGK1) 
At1g02270 putative protein 
At5g58700 phosphoinositide-specific phospholipase C4 {PLC4) 
At3g55940 phosphoinositide-speclfic phospholipase C like protein 
At5g58670 phosphoinositide specific phospholipase C {AtPLCI) 
AtSgl 1410 protein phosphatase 2C (PP2C) 
At3g16560 unknown protein 
At3g 16800 protein phosphatase, putative 
At1g43890 GTP-binding protein, putative 
At1 §22740 RAS-related protein, RAB7 
At1g69270 putative receptor-like protein kinase 
At1g67310 Calnnodulin-binding transcription activator 4 {CAMTA4) 
At1g20030 thaumatin-like protein, predicted GPI-anchored protein 
At5g28080 mitogen activated protein kinase like 
At1g07430 protein phosphatase 2C, putative 
Atl g77120 alcohol dehydrogenase 
At5g50720 unknown protein 
At5g15960 cold and ABA inducible protein kini 
Af2g42540 cold-regulated protein cor15a precursor 
At1g29395 unknown protein 
At4g 15910 drought-induced protein like 
At5g46520 disease resistance protein-like 
At3g05660 putative disease resistance protein 
At4g14690 light induced protein like 
At3g22840 early light-induced protein 
At1g30360 ERD4 protein {ERD4) 
A11g62320 hypothetical protein 
At1g56600 putative galactinol synthase 
At5g06760 late embryogenesis abundant protein LEA like 
At1g52690 unknown protein 
At1g02820 unknown protein 
At5g52300 low-temperature-induced 65 kD protein 
At3g55840 nematode resistance protein-like protein 
At2g02120 protease inhibitor II 
At5g06860 polygalacturonase inhibiting protein 1 



Supplementary Table 3. Late Up-regulated Genes by Cold, (cont'd) 
AGI ID Gene Name 

At2g2^626' RD2 protein (RD2) 
At1g71950 unknown protein 
At1g67360 unknown protein 
At4g30650 low temperature and salt responsive protein liomolog 
At5g13200 ABA-responsive protein like 
At1g22770 GIGANTEA (Gl) 
At2g22080 En/Spm-IIke transposon protein 
At2g30640 Mutator-like transposase 
At1g49450 putative protein 
At2g16700 actin depolyinerizing factor 5 {ADF5) 
At4g38400 putative pollen allergen 
At3g45960 EXPANSIN-LIKE3 
At5g58070 outer membrane lipoprotein like 
At2g39920 unknown protein 
At1g08900 taeta integral like membrane protein 
At1g08920 putative sugar transport protein 
At1g03905 putative protein 
At5g57110 Ca2+-transporting ATPase-like protein 
At5g14570 high affinity nitrate transporter like protein 
At3g22910 calmodulln-stimulated calcium-ATPase, putative 
At1g51610 unknown protein; cataion efflux 
At2g28900 putative membrane channel protein 
At1g61800 Similar to Glucose-6-phosphate/phosphate-translocator 
At3g47420 putative sugar transporter protein 
At5g37500 guard cell outward rectifying K+ channel 
At1g10410 unknown protein 
At1g21790 unknown protein 
At1g61890 putative protein 
At4g27940 unknown protein 
At2g40900 putative integral membrane protein nodulin 
At1g69250 putative RNA-binding protein 
At5g61810 peroxisomal Ga-dependent solute carrier like protein 
At3g24840 phosphatidylinositol transfer protein, putative 
At4g19960 potassium transporter-like protein 
At5g64080 predicted GPI-anchored protein 
At4g 17550 putative protein 
At5g51570 putative protein 
At1g69260 unknown protein 
At3g51895 sulfate transporter ST1 
At3g15450 unknown protein 
At4g38580 farnesylated protein (ATFP6) 
At1g11390 ABC1 family protein 
At5g64260 PHI-1-like protein 
At4g05070 putative protein 
At1g27910 hypothetical protein 
At2g47770 unknown protein 
At2g27200 putative nucleotide-binding protein 
All g 19370 unknown protein 
At3g61060 unknown protein 
At2g33830 putative auxin-regulated protein 
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Supplementary Table 3. Late Up-regulated Genes by Cold, (cont'd) 
AGI ID Gene Natno 

At4gfi4336 hypothetical protein 
At1g08500 predicted GPI-anchorecJ protein 
At1g68470 hypothetical protein 
At3g56090 unknown protein 
At2g03020 hypothetical protein 
At1g71710 ribosomal protein, putative 
At3g17520 unknown protein 
At5g61370 unknown protein 
At3g60980 putative protein 
At5g62130 unknown protein 
At4g33905 unknown protein 
At1g80110 unknown protein 
At4g30830 putative protein 
At1g76270 putative auxin-independent growth promoter 
At5g63320 putative protein 
At4g18650 putative protein 
At3g53990 putative protein 
At1g05340 unknown protein 
At1g 19020 expressed protein 
At1g53035 unknown protein 
At1g70900 unknown protein 
At1g79660 putative protein 
At2g21180 putative protein 
At2g38465 unknown protein 
At3g12320 hypothetical protein 
At4g16146 unknown protein 
At5g05220 unknown protein 
At5g06980 unknown protein 
At5g19875 putative protein 
At5g42570 unknown protein 
At5g43260 unknown protein 
At5g58650 putative protein 
At3g28530 hypothetical protein 
At3g12510 hypothetical protein 
At2g40130 unknown protein 
At5g48540 33 kDa secretory protein-iike 
At1g07050 unknown protein 
At1g66000 hypothetical protein 
At2g16350 unknown protein 
At3g48510 unknown protein 
At4g02880 unknown protein 
At4g23880 hypothetical protein 
At5g17460 unknown protein 
At5g50360 unknown protein 
At4g22270 unknown protein 
At4g28330 hypothetical protein 
At2g20370 unknown protein 
At2g27830 unknown protein 
At4g01870 predicted protein of unknown function 
At1g21670 unknown protein 
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Supplementary Table 3. Late Up-regulated Genes by Cold, (cont'd) 
AGI IP Gene Name 

Atlg 10085™ hypothetical protein 
At1g10090 hypothetical protein 
At1g33230 unknown protein 
At2g32190 unknown protein 
At2g32210 unknown protein 
At2g32280 hypothetical protein 
At3g08880 hypothetical protein 
At3g27880 unknown protein 
At3g55760 putative protein 
At4g27970 unknown protein 
At4g39670 putative protein 
At5g15190 putative protein 
At5g49900 putative protein 
At1g14780 hypothetical protein 
At2g41190 unknown protein 
At4g23870 putative protein 
At2g37520 unknown protein 
At1g11170 unknown protein 
At1g67850 expressed protein 
At5g04250 putative protein 
At3g60520 unknown protein 
At4g32190 unknown protein 
At4g28703 unknown protein 
At3g52870 putative protein 
At2g28400 putative protein 
At1g80130 unknown protein 
At3g03170 hypothetical protein 
At2g17280 unknown protein 
At5g14550 putative protein 
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Supplementary Table 4. Early Transiently Down-regulated Genes by Cold. 
AGIID"' ' "" • "^eneisiatiie' " " """" " 

At3g61460 RING finger protein 
At1g 14200 C3HC4 type RiNG-H2 finger protein 
At3g23880 F-box protein 
At3g26510 P81 domain protein 
At4g38860 putative auxin-induced protein 
At2g45210 putative auxin-regulated protein 



Supplementary Table 5. Early and Continually Down-regulated Genes by Cold. 
AGl ID Gene Nam© 

At1g04770 hypothetical protein 
At2g03750 steroid sulfotransferase like protein 
At2g43870 putative polygalacturonase 
At3g 10040 unknown protein 
At4g38840 auxin-induced protein like 
At5g02760 protein phosphatase like protein 
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Supplementary Table 6. Late Down-regulated Genes by Cold. 
AGI ID Gene Name 

At4g39940 adenosine-S'-phosphosulfate-kinase 
At3g23410 alcohol oxidase-related 
AtSgOl 210 anthranilate N-benzoyltransferase tike protein 
At5g67150 anthranilate N-hydroxycinnamoyi/benzoyltransferase-like protein 
At4g03060 putative oxldoreductase; GA 20-oxidase 
At2g 14750 putative adenosine phosphosulfate kinase 
At4g04610 5'-adenylylsulfate reductase 
At4g21990 PRH26 
At1g28670 lipase 
At1g64670 unknown protein 
At5g21100 Ascorbate oxidase-like protein 
At1g19670 coronatine-induced protein 1 
At4g31500 cytochrome P450 monooxygenase (CYP83B1) 
At4g15550 UDP-Glucose:indole-3-acetate beta-D-glucosyltransferase (iaglu) 
Atl g24100 putative indole-3-acetate beta-glucosyt transferase 
At5g49360 xylosidase 
At5g65730 xyloglucan endo-transglycosylase-like protein 
At4g39950 cytochrome P450 like protein 
At5g28020 cysteine synthase 
At3g47560 unknown protein 
At1g62560 similar to flavin-containing monooxygenase 
At1g15550 GA 3 beta hydroxylase 
Atl g14920 signal response protein (GAI) 
At3g60290 SRG1 like protein; GA 20-oxidase 
At5g64570 beta-xylosidas6 
At4g14440 carnitine racernase like protein 
At3g23470 cyclopropane-fatty-acyl-phospholipid synthase, putative 
At1g43800 stearoyl acyl carrier protein desaturase, putative 
At2g15050 putative lipid transfer protein 
At2g31790 putative glucosyltransferase 
At3g23730 xyloglucan endotransglycosylase, putative 
At3g53190 pectate lyase -like protein 
At1g67750 pectate lyase 1-like protein 
At4g24780 pectate lyase like protein 
At4g19420 putative pectinacetylesterase 
At3g06770 unknown protein 
At3g61210 putative protein 
At3g30180 cytochrome P450 homolog, putative 
At3g25570 s-adenosylmethionine decarboxylase, putative 
At1 g 12240 beta-fructosidase like protein 
At4g02290 putative endo-1,4-beta glucanase 
Atl g18590 hypothetical protein 
At5g02890 unknown protein 
At3g48720 putative protein 
At3g58990 3-lsopropylmalate dehydratase-like protein (small subunit) 
Atl g17990 hypothetical protein 
At2g46650 putative cytochrome B5 
At2g34490 putative cytochrome P450 
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Supplementary Table 6. Late Down-regulated Genes by Cold, (cont'd) 
AG! ID Gene Name 

At4g39510 
At5g44680 
At2g23430 
At1g69780 
At4g36540 
At3g61960 
At1g73830 
At5g67060 
At5g46690 
At4g01460 
At5g48560 
At5g65640 
At2g18300 
At3g58120 
At1g68190 

At1g06160 
At5g25190 
At4g17460 
At5g60890 
At4g01680 
At2g33480 
At1g 14770 
At1g79720 
At4g28270 
At2g47440 
At4g10150 
At1g63B00 
At3g15680 
At2g40670 
At1g75580 
At1g53700 
At2g41090 
At5g35670 
At2g 15680 
At4g33000 
At1g68780 
At4g22730 
At3g28040 
At2g41820 
At1g48480 
AtSg05160 
At4g32710 
At5g03140 
At3g12610 
At3g 19830 
At4g19530 
At4g10270 
At2g46330 
At1g03870 
At1g2Q190 

cytochrome P450 -like protein 
unknown protein 
cyclir 
homoobox gone 13 protein 
putat 
putat 
putat 
putat 
putat 
putat 
putat 
putat 
putat 

•dependent kinase inhibitor protein 

ve bHLH transcription factor {bHLH058 
ve bHLH transcription factor (bHLH067 
ve bHLH transcription factor (bHLHOSO 
ve bHLH transcription factor (bHLH088 
ve bHLH transcription factor (bHLH071 
ve bHLH transcription factor (bHLH057 
ve bHLH transcription factor (bHLH078) 
vo bHLH transcription factor (bHLH093) 
ive bHLH transcription factor {bHLH064) 

bZip transcription factor AtbZip61 
putative zinc finger protein 
ethylene response factor, putative 
ethylene-responsive element like protein 
homeobox-leucine zipper protein HAT1 (hd-zip protein 1) 
Myb transcription factor homolog (ATRI) 
putative transcription factor 
putative NAM (NO apical meristenn)-like protein 
PhD-finger protein, putative 
unknown protein 
putative protein 
unknown protein 
putative protein 
putative ubiquitin-conjugating enzyme 
putative zinc finger protein 
putative two-component response regulator protein 
auxin induced protein, putative 
auxin-induced protein kinase, putative 
calcium binding protein (CaBP-22) 
putative protein 
putative calmodulin-like protein 
putative protein (fragment) 
unknown protein 
leucine rich repeat receptor kinase-like protein 
unknown protein 
putative receptor-like protein kinase 
protein kinase, putative 
receptor-like protein kinase 
putative protein kinase 
receptor like protein kinase 
unknown protein 
hypothetical protein 
TMV resistance protein N like 
Probable wound-induced protein 
arabinogaiactan-protein AGP16 
predicted GPI-anchored protein 
expansin S2 precursor like protein 
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Supplementary Table 6, Late Down-regulated Genes by Cold, (cont'd) 
AGI ID Gene Name 

At4g28250 putative beta-expansin/allergen protein 
At2g39700 putative expansin 
At3g29030 expansin At-EXP5 
At2g28950 putative expansin 
At2g40610 putative expansin 
At1g69530 expansin-liKe protein 
At1g14360 UDP-galactose/UDP-giucose transporter 
At3g45710 putative transporter protein 
At1g52190 peptide transporter like protein 
At2g01420 auxin transporter splice variant B (P1N4) 
At1g23080 auxin transport protein (P1N7) 
At4g04750 putative sugar transporter 
At4g34770 putative protein 
At4g08300 nodulin-llke protein 
At3g28050 unknown protein 
At4g27450 unknown protein 
At5g 18060 auxin-induced protein-like 
At4g34760 putative auxin-regulated protein 
At1g72430 unknown protein 
At1g29440 auxin-induced protein, putative 
At3g53250 putative protein 
At1g29430 auxin-induced protein, putative 
At1g29510 auxin-induced protein, putative 
At1g29500 auxin-induced protein, putative 
At1g28130 auxin-regulated protein GH3, putative 
At5g54510 auxin-responsive-like protein 
At3g26932 putative protein 
At3g 18050 expressed protein 
At1g22335 expressed protein 
At1g31320 putative protein 
At5g07820 putative protein 
At5g52780 unknown protein 
At3g46540 unknown protein 
At5g04190 phytochrome kinase substrate 1 like protein 
At1g14280 unknown protein 
At5g50330 putative protein 
At1g09415 NIMlN-3 
At1g26210 hypothetical protein 
At1g28400 hypothetical protein 
At1g33055 expressed protein 
At1g34640 hypothetical protein 
At1g35180 hypothetical protein 
At1g67080 unknown protein 
At1g70985 unknown protein 
At1g71970 hypothetical protein 
At2g31150 unknown protein 
At2g47930 predicted GPI-anchored protein 
At4g16447 unknown protein 
At4g33666 unknown protein 
At5g35490 putative protein 
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Supplementary Table 6. Late Down-regulated Genes by Cold, (cont'd) 
AG I ID Gene Name 

At5g49100 unknown protein 
At5g50335 unknown protein 
At5g56850 putative protein 
At5g57760 unknown protein 
At5g57785 expressed protein 
At5g66985 putative protein 
At5g57780 putative protein 
At1g27210 unknown protein 
At2g24762 unknown protein 
At2g34620 tiypothetical protein 
At5g24660 unknown protein 
At4g31330 unknown protein 
At1g80180 unknown protein 
At2g42370 iiypotheticai protein 
At3g02170 unknown protein 
At3g59900 putative protein 
At4g12970 putative protein 
At4g19160 unknown protein 
At4g33660 putative protein 
At5g62280 putative protein 
At3g24040 hypothetical protein 
At3g 12920 unknown protein 
At1g11700 unknown protein 
At5g15120 putative protein 
At2g38310 unknown protein 
At4g 17870 unknown protein 
At5g46790 unknown protein 
At5g07240 putative protein 
At3g50750 putative protein 
At4g12690 unknown protein 
At5g12900 putative protein 
At1955360 unknown protein 
At2g24150 unknown protein 
At2g30890 hypothetical protein 
At1g18010 hypothetical protein 
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Supplementary Table 7. Known Cold Up-regulated Genes Used In This Study for Confirmation. 
A G I  I - " '  .  ,  . . .  '  • • .  i  ^  ,  

At1g014T0 expressed protein 
At1g20440 dehydrln (COR47) 
Atl g204S0 dehydrin (BRD10) 
Atl g27730 salt-tolsrance zinc finger protein 
At2g1S9T0 cold acclimation protein WCOR413 (Triticum ae»tlvum) -rBlated 
At2g31360 delta 9 desaturase {A0S2) 
At2Q42530 colc!-regulat0d protein (cor15b) 
At3g15210 ®tliylen« r«sponsive element binding factor 4 (6RF4) 
Al3g48100 response regulator 2 (ATRR2) 
At3g50060 myts DNA-bimilng protein (MYB77) 
At3g50970 dehydrin (X«ro2) 
AtSgSSew (felta l-pyrrome-S^cartioxylate synthetase B (PSCS B) (PSCS2) 
At40l24BO protease Inhlbltorismd stomgefUpid trmsferprotein (LTP) family 
At4g17090 glycosyl hydrolasa family 14 (beta-antylase) 
At4g25470 DRE binding protein (DREBIC) 
At4aZ5480 ORE binding protein {DREB1A) 
At492S490 C-repeaVDRE binding factor 1 (CBF1) (DREB1B) 
At4g2TS20 putative protein ENOD20 gm« 
At4g33070 pymvate deoarboxylase-1 (Pdcl) 
At5g20830 sucrose synthase (UDP-glucose-fructose gluco6yltransferas®/sucrose-UOP glueosyltransferass/SUSI) 
At5g37770 calmodulin-relatad protein 2, touch-Induced (TCH2) 
At5g47230 ethylene responsive element binding factor 5 (AIERF5) 
At5g52310 low-temperaturs-lnduced protein 78 {8p|Q06738) 
At5g57560 xyloglucan endotransglycosylase (TCH4) 

Genes not included In cold-regulated genes in this study are Italicized. 
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INTRODUCTION 

Due to their sessile nature plants frequently have to endure unfavorable environmental 

conditions. Consequently, plants have developed unique mechanisms to cope vi/ith 

environmental stresses such as chilling and freezing temperatures. Plants from temperate 

regions can acquire freezing tolerance after being exposed to low nonfreezing 

temperatures. This process is known as cold acclimation (Guy, 1990). Cold acclimation is 

associated with complex biochemical and physiological changes in plants including 

changes in gene expression (Thomashow, 1994), leaf ultrastmcture (Ristic and Ashworth, 

1993), membrane lipid composition (Lynch and Steponkus, 1987; Miquel et al., 1993), 

enzyme activities, levels of sugars and poiyamines (Levitt, 1980; Strand et al., 1997), and 

ion channel activities (Knight et al, 1996). 

In Arabidopsis, a number of genes are induced during cold acclimation 

(Thomashow, 1999). These include RD29A (a.k.a. COR78 or LTJ781KINJ, K1N2 (a.k.a. 

COR6.6), C0R15A, and COR47 (a.k.a. RDJ7). The products of these genes are highly 

hydrophilic but none of their functions except for C0R15A have been established thus 

far. Constitutive expression of C0R15A in Arabidopsis increased freezing tolerance at the 

chloroplast and protoplast levels (Artus et al, 1996). C0R15A appears to function by 

decreasing the tendency of membranes to form the lamella-to-hexagonal II phase, which 

leads to membrane damage under freezing (Steponkus et al, 1998). 

DNA regulatory elements in the promoters of cold-responsive genes have been 

identified and named dehydration-responsive element (DRE) or C-repeat (CRT) (Baker et 



129 

al, 1994; Yamaguchi-Shinozaid and Sbinozaki, 1994). DRE/CRT binding proteins, 

CBFl (or DREBIB), CBF2 (or DREBIQ, and CBF3{or DREBIA) have been cloned and 

shown to function as transcriptional activators (Stockinger et al, 1997; Gilmour et al, 

1998; Liu et al, 1998). CBFs/DREBh are induced by low temperatures and are involved 

in the regulation of the DRE/CRT class of cold-responsive genes. Overexpression of 

CBFl resulted in constitutive expression of the DRE/CRT class of genes and enhanced 

freezing tolerance (Jaglo-Ottosen et al, 1998). Overexpression of a CBFl isolog, 

DREB1AICBF3 also brought about expression of the DRE/CRT class of genes and 

increased drought tolerance as well as freezing tolerance (Liu et al, 1998). 

CBFslDREBh are rapidly induced by low temperatures (Thomashow, 1999), Gilmour et 

al (1998) proposed that an as yet unknown transcriptional activator may exist in an 

inactive form at warm temperatures , but this constitutive transcription factor may 

become activated at low temperatures to turn on the transcription of CBFs/DREBls 

genes. 

Many plant adaptations to stresses invol ve mitochondria (Mackenzie and 

Mcintosh, 1999). Mitochondria have been reported as the main cellular organelles 

affected by low temperatures. Mitochondria at low temperatures exhibit changed 

respiration rate (Lyons and Raison, 1970), decreased cytochrome c oxidase activitiy 

(Prasad et al, 1994b), and enhanced alternative oxidase activity (Prasad et al, 1994b), 

leading to the generation of reactive oxygen species (ROS) such as superoxide and 

hydrogen peroxide, and consequently oxidative stress (Rich et al, 1976; Huq and Palmer, 

1978). For example, low temperatures induce oxidative stress in maize (Prasad et al, 
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1994a) and mitochondrial ROS accumulation (Prasad et al,, 1995; De Santis et al, 1999; 

Gonzalez-Meier et al, 1999). While nuclear contributions to mitochondria have long 

been studied, mitochondrial effects on the nucleus has not received much attention until 

recently. Clearly, nuclear gene expression can be affected by the functional state of 

mitochondria (Parikh et al„ 1987; Parildi et al, 1989). The phenomenon is called 

retrograde regulation (Liao and Butow, 1993). In the yeast Saccharomyces cerevisiae, 

cells lacking mtDNA, thus dysfunctional mitochondria, exhibit upregulation of the CIT2 

gene encoding peroxisomal citrate synthase (Liao et al., 1991). This altered nuclear gene 

expression caused by dysfunctional mitochondria involves two bllLH/ZIP transcription 

factors, Rtglp and Rtg3p (Liao and Butow, 1993; Jia et al, 1997), and a member of the 

heat shock protein family, Rtg2p (Liao and Butow, 1993). In plants, our understanding of 

retrograde communications is limited due to a lack of suitable model system to study 

nuclear-mitochondrial interactions (Mackenzie and Mcintosh, 1999). 

Here we report on the characterization and cloning of an Arabidopsis mutant, 

frostbite! (fro J), which has altered cold responsive nuclear gene expression because of a 

defect in mitochondrial Complex 1. The mutant was recovered in a genetic screen based 

on its reduced reporter gene induction by cold stress. RNA gel blot analysis showed that 

frol plants have lower levels of cold induction of stress responsive genes such as RD29A, 

KINl, C0RI5A, and COR47.froJ leaves appear water-soaked, which mimics wild-type 

leaves that have been subjected to freezing stress. The mutant leaves are constitutively 

leaky to ions and have reduced capacity for cold acclimation. The mutant leaves show 

constitutive accumulation of reactive oxygen species. FROl was isolated through map-
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based cloning. It encodes a protein with high similarity to the 18 IcD Fe-S subunit of 

Complex I (NADH dehydrogenase, EC 1.6.5.3) in the mitochondrial electron transfer 

chain. FR01:GFP fusion protein is localized in mitochondria. These results demonstrate 

that mitochondrial defects impact nuclear gene expression under low temperature 

conditions, possibly through reactive oxygen messengers. 

RESULTS 

Identification of the FROl Locus 

To study stress signaling pathways in plants, we have previously generated transgenic 

Arahidopsis thaliana plants expressing the firefly luciferase reporter gene under control 

of the stress responsive RD29A promoter (Yamaguchi-Shinozaki and Shinozaki, 1993; 

Ishitani et al., 1997). The transgenic plants emit bioluminescence in response to low 

temperature, ABA, or NaCl treatment. Using these plants as the background line, mutants 

were isolated from an ethylmethane sulfonate-mutagenized M2 population based on 

altered luminescence responses under different stress conditions (Ishitani et al, 1997). 

One mutant showing a lower level of luminescence under low temperature treatment was 

chosen for further study. The mutant, in the loscoid category (Ishitani et al, 1997), was 

named frostbitel (fro J) because of its translucent, water-soaked leaf phenotype, which is 

typically found in plants injured by chilling or freezing (Saltveit and Morris, 1990). frol 

was backcrossed to the parental .RD29A::LUC plants (i.e. wild type). Luciferase imaging 

after cold treatment showed that the resulting F1 plants all behaved like the wild type 
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(Table 1). In the selfed F2 generation, plants segregated for wild type and mutant 

RD29A::LUC response phenotypes, at an approximate 3:1 ratio (Table 1). These results 

indicate thoi fro 1 is caused by a single, recessive nuclear mutation, frol mutant plants 

were backcrossed to the wild type for four times to remove possible unlinked mutations. 

All subsequent characterization was earned out using the mutant that had been 

backcrossed. 

frol mutant plants are defective in coM-regiilated gene expression 

A comparison of luminescence images from wild type and frol seedlings show that frol 

mutant clearly had reduced RD29A::LUC expression under cold stress (Figure 1 A). 

However, RD29A::LUC responses to either ABA or NaCl was not substantially different 

between/ro/ and the wild type (Figures IB and IC). Quantification of the luminescence 

intensities reveals that cold-induced RD29A::LUC expression in frol was only about 12 

% of that in the wild type, whereas ABA- or NaCl-induced expression was not 

significantly different between the mutant and wild type (Figure 1D) 

Figure 2 shows the time course of RD29A::LUC expression in wild type andfrol 

seedlings under stress treatments. Wild type plants showed considerable RD29A::LUC 

expression in response to cold treatment for 12 lir or longer. In contrast,yJr;/ mutant 

plants did not show high levels of RD29A::LUC expression even after 48 or 72 hrs of 

cold treatment (Figure 2A), ABA or NaCl treatment for a few hours induced high levels 

of RD29A::LUC expression in both wild type and frol plants. The peak level of ABA 



response was slightly higher mfrol, but the NaCl response was higher in the wild type 

(FigurCsS 2B and 2C). 

To determine whether the endogenous RD29A gene induction is also altered in 

frol, RNA blot hybridization was canried out with total RNA extracted from wild type 

and frol mutant seedlings treated with or without cold, ABA or osmotic stress (Figure 

3). Consistent with the expression of the RD29A::LUC transgene, lower cold-induction of 

the endogenous RJJ>29A gene was detected in froJ than the wild type (Figures 3A and 

3B). No significant reduction in RI)29A expression was observed in frol in response to 

either ABA or NaCl treatment. To test if the frol effect on cold regulation is specific to 

RD29A, expression of three other cold-responsive genes, C0R15A, KIN! and COR47 was 

analyzed (Figure 3C). All three genes showed substantially reduced cold-induction in 

frol. In contrast, their expression in response to ABA or NaCl was not lower in the 

mutant (Figure 3C). 

We tested and found that cold-induced expression of CBFl, CBF2 and CBF3 

genes was not lower mfrol (Figure 3A). The CBF genes were induced early and peaked 

at 6 hr in both wild type and/ro/ (Figure 3A). In wild type plants, a consistently reduced 

level of CBF induction was observed at 12 hr and then the induction level recovered to 

some extent at 24 hr. In fro F CBF induction decreased only slightly at 12 hr (Figure 3A). 

At 48 hr, CBF induction was very low in both wild type mdfrol. Cold induction of 

RD29A, C0RI5A, COR47 and KlNl occuiTed later than that of CBFs, and the induction 

levels were lower mfrol throughout the time course (Figures 3 A and 3C). The frol 

mutation reduced the cold induction of CORISA and KlNl more than that of RD29A and 



COR47. The decrease in cold induction of the endogenous RD29A (Figures 3A and 3B) 

does not seem to be as much as that of the RD29A::LUC transgene (Figure 2A). This is 

probably because the transgene only had less than 700 bp of the RD29A promoter region 

(Ishitani et al., 1997). In comparison, the endogenous RD29A gene may contain more 

regulatory elements in its promoter, introns or untranslated regions, and thus may be 

subjected to more complex regulation. 

fwl mutant leaves are translucent and resemble wild type leaves that have been 

subjected to freezing 

Some of the well-known freezing injuries include water-soaked phenotypes in leaves and 

reduced plant growth (Saltveit and Morris, 1990). Some chilling sensitive plants also 

appear water-soaked in response to chilling damage (Saltveit and Monis, 1990). Under 

normal growth conditions, leaves offro! mutant plants appear water-soaked and 

translucent, with dark green color (Figure 4D). This dramatic water soaked leaf 

appearance is reminiscent of wild type leaves that have been frozen (Figures 4A, 4B and 

4C), although there may not be a mechanistic connection since the later is a physical 

process brought about by ice formation. The translucent leaf phenotype of fro J was 

typically found in rosette leaves, but sometimes in cauline leaves as well (not shown). 

A comparison of leaf cross-sections did not reveal gross structural differences 

between/ro/ and the wild type (Figure 5). However, less turgid and irregular-shaped 

cells were Itequently found in fro] leaves (Figures 5B and 5D), compared to wild type 

leaves (Figures 5A and 5C). Chloroplast (Figure 5F) and mitochondria (Figure 5H) in 
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fro I plants did not appear different from those of the wild type (Figures 5E and 5G). 

Interestingly, cell walls 'm frol were substantially thinner than those in the wild type 

(Figures 5E - H). 

frol leaves are coiistitutively leaky to cellular electrolytes and are impaired in cold 

acclimation 

In wild type leaves that have been ijozen, the integrity of membranes is compromised. 

Electrolyte leakage test (Sukumara and Weiser, 1972; Ristic and Ashworth, 1993) is 

considered to be a good indicator of cell membrane integrity. Because the water-soaked 

appearance of/ro/ leaves resembles that of wild type leaves that have been frozen, we 

tested whether frol leaves are more leaky to electrolytes. Even without any cold 

treatment,/ro/ mutant leaves showed a higher level of electrolyte leakage as indicated by 

higher relative conductivity (Figure 6A). After three days of incubation at 4°C, 

electrolyte leakage in detached leaves of wild type and frol was measured. Results 

indicated that the extent of electrolyte leakage did not change much in either wild type or 

frol. After one day of exposure to - PC temperature,/roi leaves showed a large increase 

in electrolyte leakage, whereas wild type leaves only showed a relatively slight increase 

(Figure 6A). These results indicate that the membrane integrity offrol is impaired, and 

frol mutant seedlings are constitutively leaky and hypersensitive to freezing. 

Electrolyte leakage at subzero temperatures was investigated with detached leaves 

from both cold acclimated and non-acclimated plants (Figure 6B), Without cold 

acclimation,/roi leaves showed higher electrolyte leakage over the wild type at all the 
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temperatures tested. With non-acclimated plants, the LT50 values were -2.8°C and -3.5®C 

for frol and the wild type, respectively. After two days of cold acclimation at 4°C, wild 

type showed a large increase in freezing tolerance. In comparison,/ro/ showed a much 

smaller increase in freezing tolerance under the same conditions (Figure 6B). The LT50 

values for cold acclimatedyroy and wild type plants were -4.2°C and ~6.5®C, 

respectively. These results confirm that frol is more sensitive to freezing and 

additionally, it is impaired in cold acclimation. 

frol shows constitutive accumulation of reactive oxygen species 

Prasad et al. (1994a) observed accumulation of hydrogen peroxide when a chilling-

sensitive maize was exposed to cold conditions (either at 14°C or 4°C). ROS has been 

known to cause damages to cellular membranes (Kagan, 1988). It is possible that the 

membrane leakiness in frol is a consequence of oxidative damage. Therefore, the 

presence of ROS in wild type and frol mutant plants was tested with nitroblue 

tetrazolium (NBT) staining for superoxide and 3,3'-diaminobenzidine (DAB) staining for 

hydrogen peroxide. Without stress treatment, wild type leaves did not show significant 

NBT staining, suggesting a lack of superoxide (Figure 7A). However, /ro/ leaves showed 

intense NET staining without any stress treatment, indicating that a high level of 

superoxide was present in the mutant (Figure 7B). After cold treatment, superoxide was 

detected in both the wild type and frol, but the level in fro I was much higher than in the 

wild type (Figure 7C and 7D). Similarly, DAB staining showed that without cold 

treatment,/roi but not the wild type accumulated hydrogen peroxide (Figures 7E and 
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7F). After cold treatment, wild type leaves showed a slight DAB staining, whereas fro J 

exhibited very substantial staining (Figures 7G and 7H). in control treatments with 

superoxide dismutase for NBT staining or ascorbic acid for DAB staining, no staining 

was detected in wild type oxfrol, suggesting that the staining was ROS-specific. These 

results show that the frol mutation causes constitutive accumulation of ROS. 

Growth retardation and germination sensitivity to osmotic stress mfral 

On Murashige-Skoog (MS) agar medium supplemented with 3 % sucrose,yTOi seeds 

germinated approximately one day later than wild type seeds. After germination,/TO/ 

plants also grew more slowly than the wild type. First leaf appearance after germination 

Infrol took 1.7 more days than in the wild type, and inflorescence and first flower in frol 

also appeared with a significant delay (Figure 8A). frol mutant plants were smaller in 

size than wild type plants (Figures 8B and 8C). Nevertheless,/ro / plants eventually 

reached similar heights as wild type plants (Figures 8D and 8E) even though/roi leaves 

remained smaller than wild type leaves. Green color and vigor olfrol mutant plants 

lasted longer than those of wild type plants. Whereas the wild type started to dry seven 

weeks after imbibition,/ro/ was still green (Figure 8D) and only began to dry more than 

eight weeks after imbibition. During mutant handling, we noticed that/ro / on MS agar 

medium supplemented with 3 % sucrose showed a slightly lower germination rate. When 

sucrose was removed from the medium, the germination rates of wild type and/ro./ were 

almost the same (data not shown). Because of this observation, we compared frol and 

wild type seed gennination in response to various concentrations of sugars or salt (Figure 
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9). To avoid potential complications caused by MS agar medium, filter papers were used 

for gemiination test. On control filter papers soaked with water, maximal germination 

was achieved for both frol and the wild type on day 4 after imbibition. Germination rate 

was thus scored on day 4 after imbibition. Under our conditions, sucrose or mannitol did 

not affect wild-type germination (Figure 9A and 9B). However,germination was 

affected by all these sugars in a concentration-dependent manner (Figure 9A and 9B), 

suggesting that the reduced germination rate in fro! was probably due to an osmotic 

effect. Glucose at high concentrations reduced wild-type germination, but the effect was 

much more dramatic on frol (Figure 9C). NaCI inhibited both wild-type and/ro/ 

gemiination, but the inhibition on frol was slightly more pronounced (Figure 9D). These 

observations suggest that /ro/ seed germination is more sensitive to inhibition by osmotic 

stress. We further investigated osmotic effect on frol vegetative growth by monitoring 

root elongation. Seven-day-old wild-type mdfi-ol seedlings were transfen-ed onto media 

containing different concentrations of mannitol. Root growth was measured 4 days later. 

No difference in root growth was observed between frol and the wild type (data not 

shown.). 

Isolation of the FROl Gene 

To isolate the FROl gene, a positional cloning strategy was employed../?-©/ mutant plants 

in the C24 background were crossed to wild type plants of the Columbia ecotype. F1 

plants from the cross were selfed and the resulting F2 seeds were collected. Seven 

hundred and eighty one frol mutants from the F2 population were selected by its 



translucent, water-soaked phenotype and used for mapping with SSl,P (simple sequence 

length polymorphism) (Bell and Ecker, 1994) and CAPS (cleaved amplified polymorfjhic 

sequences) markers (Konieczny and Ausubel, 1993). Preliminary mapping results 

indicated that FROl was located at the bottom of chromosome 5. Because molecular 

markers polymoi*phic between C24 and Columbia were scarce, new SSLP makers were 

developed based on simple sequence repeats identified from Arabidopsis genomic 

sequences within this region. Further mapping with these markers delimited FRO I to a 

short region at the lower arm of chromosome 5, south of marker K8K14-C1 (Figure 

1 OA). Because FROl showed a very tight linlcage to the marker K9I9-3, FRO! was very 

likely on the TAC clone K9I9. Therefore, clone K919 was introduced into fro J mutant 

plants via Agrobacterium'mGdhtQd in planta transformation (Liu et al, 1999). 

RD29A::LUC imaging and morphological observations showed that /ro/ mutant plants 

transformed with K9I9 all behaved like the wild type. These results demonstrate that 

FROl is indeed contained within the TAC clone K919. 

Since K9I9 had been sequenced and annotated, several candidate genes were 

amplified from/ro/ and wild type plants and sequenced. After sequence analysis, a 

mutation was found in a hypothetical open reading frame, K9I9.16 (K919.10 by Kazusa), 

which spans from 37239 bp to 38522 bp of K919. The mutation is a G to A change at an 

intron-exon junction at nucleotide 396 from the ATG start codon. This mutation is 

predicted to cause mis-splicing, which would create a premature stop codon 13 bp 

downstream from the mutation. This candidate gene (i.e. K9I9.I6) along with 1.6 kb 

sequence 5' upstream of the translation start codon and 260 bp of 3' untranslated region 
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was cloned into a binary vector and introduced into frol mutant plants. Twelve 

independent transgenic lines were obtained and all grew like the wild type (Figure lOB). 

In the T2 generation, luciferase imaging analysis of cold-treated seedlings revealed 

segregation of wild type and frol phenotypes (Figures IOC and lOD). All seedlings 

showing the wild type RD29A::LUC phenotype were found to have the K9I9.16 

transgene based on their hygromycin resistance. These results prove that K919.16 is the 

FRO! gene. 

FMOl encodes the NADH dehydrogenase subuolt of mitochondrial respiratory 

chain Complex I 

FRO J cDNA was isolated by reverse transcriptase-PCR. A comparison between the 

cDNA and genomic sequences revealed four introns and five exons in the FROI gene. 

This experimentally deduced gene structure is the same as the computer-annotated 

version generated by the Arabidopsis Genome Initiative (Palm et al., 2000). Genebank 

searches found thdi FRO J has high amino acid sequence similarities to the 18 kDa Fe-S 

subunit of mitochondrial respiratory Chain Complex I (NADH dehydrogenase, EC 

1.6.5.3) from diverse organisms. For example, FROI shows 46-47% amino acid identity 

and 63-64% similarity to its ortholog from human (NP__002486.1) or bovine (Q02375). 

Because the bovine protein has been biochemically characterized and its sequence 

confirmed by amino acid sequencing (Walker et ai., 1992), an alignment is shown 

between FROI and the bovine protein (Figure 1 lA and IIB). The calculated molecular 

mass of FROI is 17 kDa, similar to the 18 kOa Fe-S subunit of Complex 1. Hydropathy 
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analysis revealed that FROl is highly hydrophilic with no potential transmembrane 

domains (data not shown). 

RNA blot analysis showed that FROl expression was constitutive and not 

substantially regulated by either cold, ABA or NaCl treatment, except for a slight up-

regulation after I hr of cold treatment (Figure 1IC). Interestingly, no FROl transcript 

could be detected in frol mutant plants, suggesting instability of the mal-spliced mutant 

m R N A .  T h i s  l a c k  o  f  F R O l  t r a n s c r i p t  s h o w s  t h a t  j r o l  i s  a  n u l l  m u t a t i o n  ( F i g u r e  I I C ) .  

Similar to other known 18 kDa Fe-S subunits of Complex I, a putative 

mitochondrial targeting signal peptide was found in FROl, with a cleavage point between 

residues 31 and 32, as analyzed by MitoProt program at 

http://www.mips.biochem.mpg.de/cgi-bin/proj/medgen/mitotilter (Claros and Vincens, 

1996). To confimi FROl subcelluar localization, FROl was fused at its C-terminus in 

frame with the GFF (green fluorescent protein) reporter, under control of the double 35S 

promoter. The construct was introduced into wild type C24 plants via Agrobacterium-

mediated transformation. Stable transgenic plants were obtained and used for FRO I-.OFF 

localization under a confocal microscope. A clear particulate pattern of GFF expression 

was observed (Figure 12). The size of the particles is consistent with that expected of 

mitochondria. The pattern of GFF subcellular localization in FROhGFP transgenic 

Arabidopsis (Figure 12A) is identical with that of {3-ATFase;GFF that is known to be 

localized in mitochondria (Figure 12D) (Logan and Leaver, 2000). These results strongly 

suggest that FROl is localized in mitochondria. The subcellular localization of FROl did 

not change under cold treatment (Figures 12B and 12C). 
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DISCUSSION 

In this study, we identified the frol mutation, characterized/TO/ mutant phenotypes, 

cloned the FROl gene, and analyzed its expression and subcellular localization of its 

gene product./ro/ mutant plants are impaired in cold regulation of not only the 

RD29A::LUC transgene but also several endogenous cold-responsive genes including 

RD29A, COR47, C0RI5A and KINJ. The fact that/ro/ reduces cold-induction of 

RD29A, COR47, C0R15A and KJNI but not the CBF genes is not very surprising, 

considering that the sfr6 mutation was reported to impair the induction of the DRE/CRT 

type genes but not the induction of CBFs (Knight et al, 1999). It is possible that frol 

may affect factors required for the proper function of CBF transcriptional activators. The 

significance, if any, of the increased induction of the CBF genes at 12 hr after cold 

treatment is unclear at the present time. 

frol plants show a translucent, water-soaked appearance, which may be caused by 

membrane ieakiness.,/ro7 mutant plants are defective in one of the components of 

Complex 1 of the electron transfer chain in mitochondria. This molecular lesion leads to 

the accumulation of reactive oxygen species such as superoxide and hydrogen peroxide, 

which may be the intermediary signal that alters cold induction of nuclear genes. Thus 

the frol mutant provides a novel example of retrograde regulation of cold responsive 

nuclear gene expression by functionally compromised mitochondria. 
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Plawt milochondria have basically the same electron transfer system as animal 

cells do. The system consists of the following complexes: Complex I, NADH 

dehydrogenase; Complex II, succinate dehydrogenase; Complex HI, cytochrome bc\\ 

Complex IV, cytochrome c oxidase. Complex I, the first enzyme, transfers electrons from 

NADH to ubiquinone. In plants, Complex I consists of more than 35 polypeptides 

(Leterme and Boiitry, 1993), some of which are encoded in mitochondrial DNA. In 

addition to the common complexes, plant mitochondria have four additional NAD(P)H 

dehydrogenases (Rasmusson et al, 1998) and an alternative oxidase (Yanlerberghe and 

Mcintosh, 1997).These membrane-bound additional NAD(P)H dehydrogenases and 

alternative oxidase bypass Complex I, and Complex HI and IV, respectively. As a result, 

lower proton electrochemical gradient across the inner membrane would be established if 

the two alternative electron pathways are utilized. Nevertheless, the electron transfer 

system would still be functional. Thus, a defect in Complex I in plants will not be lethal, 

as has been shown also in other Complex I mutant plants (e.g. NMSl; Sabar et al, 2000). 

Lower cold induction of the endogenous RD29A \nfrol was not as dramatic as 

that of the RD29A::LUC transgene. This is probably due to sequence differences between 

the endogenous RD29A gene and the transgene. In the hosl mutant, the endogenous 

RD29A gene is also not affected as much as the RD29A::LUC transgene (Ishitani et al., 

1998). These observations suggest that there might be additional regulatory elements in 

the endogenous RD29A. gene promoter, intron or untranslated regions, which m,ay be 

enough to confer some cold responsiveness or transcript stability. In this regard, it is 

interesting that C0R15A and KIN I were affected more dramatically by fro! than the 
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endogenous RD29A and CORA? (Figure 3). Perhaps the "additional regulatory elements" 

are not present in C0R15A and KIN J. 

Due to the defect in Complex l, froI mutant plants constitutively accumulate 

ROS. Damage by ROS is dosage dependent. A very high dosage of ROS may cause 

hypersensitive cell death (Alvarez et a!., 1998). Hovi'ever,_/roi mutant plants can 

complete their life cycle and set noraial amount of seeds. Thus, the endogenous ROS 

level mfi'ol is not high enough to cause cell death. 

One of the well known cellular damages by ROS is lipid peroxidation in cellular 

membranes (Kagan, 1988). Phospholipid hydroperoxides, a product of lipid peroxidation, 

form clusters that can function as channels. As a result, membrane permeability to 

electrolytes increases (Kagan, 1988). Therefore, the translucent and water-soaked fro l 

leaf phenotype may be attributed to increased membrane permeability as a result of lipid 

peroxidation by ROS. This is supported by the elecrolyte leakage test, which revealed a 

high relative electric conductivity in frol (Figure 6). This damaged membrane integrity 

may somehow result in the irregular cells found in frol leaves (Figure 5). Also, the 

hypersensitivity to osmotic stress in frol during seed gemiination may be caused by its 

impaired membrane integrity. 

Complex 1 inipaimients in plants have been reported in the maize NCS2 mutant 

(Marienfekl and Newton, 1994) and tobacco CMS 1 and If mutants (Gutierres et al., 

1997). Interestingly, like frof the tobacco mutants (cytoplasmic male sterile (CMS) I and 

11) also showed a slow growth phenotype (Gutierres et al, 1997), and the maize NCS2 

mutant displayed moderate defect in growth (Coe, 1983; Newton and Coe, \9%()),frol 
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mutant plants, however, are not sterile as the NCS2 and CMS i/ll mutants are. The slow 

growth is likely a consequence of reduced metabolic activity infroL Reduced metabolic 

activity in the mutant may also be responsible for its apparent delayed senescence as well 

as its thinner cell wall. Increased oxidative stress has often been correlated with 

accelerated senescence (Finkel and Holbrook, 2000). Becausehas elevated levels of 

ROS, it is an interesting and novel example of negative correlation between senescence 

and oxidative stress. 

It has been reported that H2O2 activates ANPl, a MAP kinase kinase kinase 

(Kovtun et al., 2000). In Arabidopsis protoplast system, RD29A was not induced by 

exogenous H2O2 (Kovtun et al., 2000). It is thus possible that signaling of the DRE/CRT 

genes may not be mediated by the ANPl pathway. Consistent with this notion, none of 

the cold-responsive genes tested in this study showed constitutive expression even though 

frol accumulated high amount of ROS (Figures 3 and 7). Nevertheless, ROS 

accumulation in fro I may be responsible for the defect in cold-responsive gene 

expression. Cold regulation of gene expression is known to involve calcium signaling 

(Monroy and Dhindsa, 1995; Knight et al., 1996). Oxidative stress has been shown to 

affect cytoplasmic calcium signaling (Price et al, 1994). Therefore, it is possible that frol 

alters calcium signaling under low temperatures through ROS. Recently, with C2C12 

skeletal myocytes that are defective in mtDNA or are stressed with respiratory chain 

inhibitors, Biswas et al (1999) showed elevated basal cytosol Ca*'^'' level and altered 

nuclear gene expression. Exactly how the ROS mfrol alters cold-activated calcium 

signaling is not known, Since the ROS could trigger calcium signaling without cold 



treatment, it may desensitize cells towards the cold-induced calcium signal, thus may 

make the mutant plants less responsive to cold in terms of gene expression. 

METHODS 

Plant Materials and Growth Conditions 

Transgenic Arabidopsis thaUana (ecotype C24) plants expressing the 

RD29A::LlJCAtd,ns%mQ (refeired as wild-type herein) were mutagenized by ethyl 

methanesulfonate to generate M2 seeds. One-week old M2 seedlings on 0.6% agar plates 

containing 3% sucrose and MS salts (Murashige and Skoog salt base, JRH Biosciences, 

Lenexa, KS) were screened for altered LUC expression in response to low temperature, 

ABA, or osmotic stress with a video-imaging system comprised of a CCD camera (CCD-

512SB, Princeton Instruments, Inc., Trenton, NJ), a controller (Princeton Instruments, 

Inc., Trenton, NJ) and a computer with WinView image processing software. For 

luminescence image analysis of seedlings, surface sterilized seeds were plated on MS 

agar (0.6%) plate supplemented with 3 % sucrose and were placed at room temperature 

(22 ± 1 °C) under continuous light after 2-3 day cold stratification. When appropriate, 

seedlings were transferred to soil pots and then allowed to grow in a growth chamber 

with cycles of 16 hour light at 22®C and 8 hour dark at 18 °C. 
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Stress Treatments 

Stress was applied to one-week-old wild type and mutant seedlings grown in the 

same MS agar plate. For cold treatment, the plates were place at 0°C in the dark for the 

designated time periods. For ABA treatment, 100 |.iM ABA ((±)-cis, trans-abscisic acid, 

Sigma Chem. Co., St. Louis, MO) dissolved in sterile H2O was sprayed iinifomily on the 

leaves of the seedlings. ABA-treated plates were kept at room temperature (22 ± 1°C) 

under cool-white light for the designated time periods. For NaCl treatment, seedlings 

were transferred to a filter paper saturated with 300 mM NaCl in MS solution. The 

seedlings were then incubated under light at room temperature for the designated time 

periods. For luminescence imaging, 1 mM luciferin was sprayed evenly onto seedling 

leaves at the end of each treatment. The luciferin-sprayed plates were then kept in the 

dark for 5 min for chlorophyll fluorescence to decay. Luminescence images were taken 

with a CCD camera system. Detailed procedures on imaging as well as screening were 

described previously (Xiong et al., 1999; Lee et al., 2002). 

RNA Analysis 

Nine-day-old seedlings grown on MS agar plates were used for I^^A analysis. 

After stress treatments as described in the text, total UNA was extracted and analyzed as 

described previously (Liu and Zhu, 1997). The RD29A. gene-specific probe was from the 

3' noncoding region (Liu and Zhu, 1997). The CBFl, CBF2, and ^^^(GHlmour et al, 

1998) probes were obtained by amplifying a gene specific region with the following 

primers: CBFl-F, 5'- CGATAGTCGTTTCCATTTTTCrr-3' and CBF1~R, 5'-



TTGCTAGATTCGAGACXjAGCC-3'; CBF2-F, 5'-

TTCGATTTTTATTTCCATTTTTGG-3' and CBF2-R, 5'-

CCAAACGTCCTTGAGTCTTGAT-3'; CBFS-F, 5'-

GAGGAGCCACGTAGAGGGCC-3' and CBF3-R, 5'-

TAAAACTCAGATTATTATTTCCAT-3'. C0R15A and COR47 cDNAs (Gilmour et al, 

1992; Lin and Thomashow, 1992) were provided by Dr. M.F. Thomashow. Probe for 

KINl (Kurkela and Fraiick, 1990) was a 0.4 kb EcoKl fragment of the Arabidopsis 

expressed sequence tag (EST) clone YAP368T7. As a loading control, 25S rRNA, actin2, 

and P-tubulin gene were amplified by PGR with the following primer pairs: 25S rRNA-F, 

5'-GGGATTACCCGCTGAGTTTA-3' and 25S rRNA-R, 5'-

CGTCTCCACAAGCGTATCAA-3'; Actin-F 5'- TGTCGCCATCCAAGCTGTTCTCT-

3' and Actin-R 5'-CCATCGGGTAATTCATAGTTCTTCTCG-3'; Tiibuiin-F, 5'-

CGTGGATCACAGCAATACAGAGCC-3' and Tubulin-R, 5'-

CCTCCTGCACTTCCACTTCGTCTTC-3'. 

Microscopical Analysis 

Leaves from tliree-week-old wild type and frol mutant plants were used to 

compare their ultrastructure using the transmission electron microscopy facility at the 

University of Arizona. Fully expanded leaves of wild type mdfro l plants were fixed in 

0.1 M phosphate buffer (pH 7.4) with 4% formaldehyde and 1% glutai'aldehyde, post-

fixed in 1.0% osmium tetroxide, dehydrated in ethanol series, and embedded in epon 
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araldite. Sections were observed under a transmission electron microscope (JEOL 

lOOCXli). All procedures were carried out following standard protocols (Hayat, 2000). 

For confocal microscopy, FROJ:GFP transgenic seedlings selected on MS agar medium 

supplemented with 25 mg/L hygromycine were mounted on glass slide and green 

fluorescence images were taken using a BioRad MRC-1024 confocal laser-scanning 

microscope with 488 nm laser excitation and emission filter of 522/DF35. 

Electrolyte Leakage Test 

Electrolyte leakage test was carried out to compare membrane integrity and cold 

acclimation capability between wild type md frol plants. To investigate potential 

relationships between the water-soaked leaf phenotype in fro I and membrane leakage, 

approximately three-week-old plants of wild type and frol were treated at 4®C for 3 days 

or at -1°C for 24 hr. With 22®C-grown plants of wild type and frol as control, several 

rosette leaves from either treated or untreated plants were detached and transferred to 

tubes witli 25 mL of deionized water. The conductivity of the solution was measured 

after shaking overnight at room temperature. 

To evaluate cold acclimation, one fully developed rosette leaf was detached from 

approximately three-week-old plants and placed immediately into a test tube containing 

100 ).iL of deionized H2O with only the petiole submerged in water. The tubes were 

placed in a refrigerated circulator with the temperature pre-set at O^C. After 1 hr of 

incubation, ice chips were added to provide ice nuclei in the tubes. The circulator was 

programmed so that the bath temperature step wisely decreased stepwisely to -12®C at a 
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rate of 1°C decrease every 30 niin. The tubes were removed upon reaching designated 

temperatures and were immediately placed on ice to allow gradual thawing. After 

complete thawing, the leaflet and the solution in the tube were transfeiTed to another tube 

containing 25 m.L of deionized water followed by overnight shaking at room temperature. 

After conductivity measurement of samples, the tubes with the leaflets were 

autoclaved. After cooling down to room temperature, the conductivity of the solution was 

measured again. The percentage of electrolyte leakage was calculated as the percentage 

of the conductivity before autoclaving over that after autoclaving. 

Detection of" ROS 

For superoxide detection, leaves detached from approximately three-week-old 

plants were vacuum-infiltrated with 0.1 mg/mL nitroblue tetrazolium (NBT) in 25 mM 

HEPES buffer (pH 7.6). In a control treatment, 10 mM MnCb and 10 U/mL superoxide 

dismutase (SOD) were added to the buffer. Samples were incubated at room temperature 

in the dark for 2 hr. For hydrogen peroxide staining, leaves were vacuum-intlltrated with 

0.1 mg/mL 3,3'-diaminobenzidine (DAB) in 50 mM Tris-acetate buffer (pH 5.0). As a 

control, ascorbic acid at a final concentration of 10 mM was added to the staining 

medium. Samples were incubated for 24 hr at room temperature in the dark. To remove 

chlorophylls, the stained samples were transferred into 80 % ethanol and incubated at 70 

°C for 10 min. For cold treatment, plants were placed at 4 for 2 days before the 

staining, 



Germination Test 

Surface-sterilized seeds were incubated at 4*'C for 4 to 5 days to achievc 

germination uniformity. Then, seeds were planted on a filter paper (in a plate) saturated 

with solutions containing sucrose, glucose, mannitol, or NaCl at various concentrations as 

indicated in the text. The plates were then incubated at room temperature under light to 

allow germination. Germination was scored at day 4. Clear appearance of radicle was 

considered as germination. 

Positional Cloning 

For genetic mapping offrol mutation,/roi was crossed with wild type in the 

eeotype Columbia with the glabrous I mutation. The resulting F1 plants were allowed to 

self and the F2 seeds were collected. Homozygous /;•(?/ mutations in the segregated F2 

population were selected based on their morphological phenotypes. Mapping of the 

mutation was carried out using SSLP (Bell and Ecker, 1994) or CAPS markers 

(Konieczny and Ausubel, 1993). Primers for SSLP markers are as follows: MSN2-F 5'-

ACGTAAACGAGTCGCCACGT-3'and MSN2-R 5'-GTGAGGAGTTTGGTATAGCT-

3'; K21H1 -4F, 5AACCCAAGAGAACCTTGTTT-3 'and K21H1-4R, 5'-

GATTGGGATTTCTTCCTCAT-3'; K919-3F, 5'-

TTTGATAACTAATTAAAGGGGAAA-3'and K919-3R, 5'-

AGCCATAAAAACAGCAATCA-3'. Primers for CAPS makers arc K8K14-C1F, 5'-

AAACTAGCACCTGCAAATTAGTATT-3 'and K,8K 14-C1R, 5 
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CTTCTTCTTCTTAAATAGCTCGAAA-3'. The resulting PGR products were digested 

with Hhal and resolved in 1 % agrose gel 

PlasmW Construction and Plant Transformation 

The K9I9 TAG clone was obtained from Ambidopsis Biological Resource Center 

(Colurabus, Ohio) and was used for in pianta transformation offrol plant. ForfroJ single 

gene complementation, genomic DNA fi-agment of FRO I covering from 1622 bp 

upstream of the start codon to 260 bp downstream of the stop codon was amplified by LA 

taq polymerase(Takara Shiizo CO., Shiga, Japan) using K9I9 TAG DNA as a template 

with the following primers: K9I9. lOFXb, 5'-

AAATATCTAGAATATACAGAAAGATTGATGTTC-3' and K9I9.10RH3, 5'-

ATAATAAGCTTCTCTGTTTCATAATCCAATCAC-3'. The resulting 3178 bp 

fragment was T-A cloned into pBluescript II SK EcoRV site and then subcloned into 

pCAMBIA1200 between the Xbal and Hindlll sites, resulting in pCAMi'7?Oig23. 

To make FROl :GFP construct, FROJ cDNA was first isolated by reverse 

transcriptase -PGR. Total RNA prepared by Trizol (LifeTechnologies, Inc., Rockville, 

MD) was used to synthesize the first strand using SuperScript II (LifeTechnologies, Inc., 

Rockville, MD) with a poly T primer, T7PtxbaI, 5'-

GCTGTAGATAATACGACTCACTATAGGGTTTTTTTTTTTT-3'. Twenty times 

diluted first strand cD'NA was used for amplification of FROJ open reading frame using 

the following primer pair: K9I9.10C1F, 5'-

AATTTTCCAGATTTCTCTAATTGACGATGG-3' and K9I9.10C1R, 5'. 



GGAAGAAGGTGTAACATCAGTTTTCTGG-3'. The amplified fragment was 

SLibcloned into pBluescript It SK EcoRV site, resulting in pBS2SK-T-Fi?0/c5. 

Using pBS2SK-T-F/^Oic3 as a template, FROI coding region was amplified with 

LA taq polymerase to make the GFP fusion construct. The primers used for the 

amplification were, FROlcNcolF, 5'-

CTAATTGACCATGGCGCTTCGTGCTACTACTC-3' and FifOicNcoIR, 5'-

TAAGAAGGirjTCCATGGCGTTTTCTGGTTG-3'. The resulting fragment was 

subcioned into pBulescript II SK EcoRV site, resulting in pBS2SK-T-jP/?0/cNcoI4. 

FRO J coding region was then isolated from pBS2SK-T-Fi?OicNcoI4 with Nco! 

treatment. The Ncol fragment was cloned into pAVA393 Ncof site (von Arnim et at., 

1998), resulting in pAVA393-Fi?Oic5NcoI4. Insert direction was checked by PGR using 

the 35S promoter specific primer, pAVA35S-F, 5'-CTCCACTGACGTAAGGGATGAC-

3' and the FROlcHcolR primer. Hindlll and Bglll fragment of pAVA393-F/^0/c5NcoI4 

was cloned into Hindlll and Bglll sites of pCAMBIA1390, resulting in pCAMBIA1390-

Fi?0/c5NcoI4-27. 

All binary vectors for plant transfomation were first transferred to Agrobacterium 

GV3iOi (pMP90) by electroporation at 1250V with capacitance of 25 f.iF and resistance 

of 400 Q. After appropriate antibiotic selection and PGR confirmation, selected 

Agrobacterium was grown at 28®C in LB medium (Luria-Bertani, bacto-tryptone I % 

(w/v), bacto-yeast extract 0,5 % (w/v), NaCI 1 % (w/v) pH 7.0) or YES (meat extract 5 

% (w/v), bacto-yeast extract 1 % (w/v), pepton 5 % (w/v), sucrose 5 % (w/v) 10 mM 

MgS04, pH 7.4) overnight, and then used for in planta floral vacuum infiltration. 
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Figure 1. i?£)2S'/l;;IlC Luminescence Images of Wild Type and/ro/ Seedlings, 

(A) Morphology of seedlings in an agar plate and their luminescence images after 

treatment at 0®C for 72 hr. 

(B) Morphology of seedlings in an agar plate and their luminescence images after 

treatment with 100 jtM ABA for 3 hr. 

(C) Morphology of seedlings in an agar plate and their luminescence images after 

treatment with 300 niM NaCl for 5 hr. Color scale bar at right shows the luminescence 

intensity from black (lowest) to white (highest). 

(D) Luminescence intensities of wild type and frol seedlings after each treatment. 
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Figure 2. Time Courses ofExpression in Wild Type and fro! Seedlings in 

Response to Cold, ABA, or NaCl. 

RD29A::LUC expression was quantified as luminescence intensity. 

(A) RD29A::LUC expression after low temperature treatment at O^'C. 

(B) RD29A::LUC expression after treatment with 100 pM ABA. 

(C) RD29A::LUC expression after treatment with 300 niM NaCl 
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Figure 3. Gene Expression in Wild Type and fro J Mutant Plants in Response to Stress 

Treatments. 

(A) and (C) RNA blot hybridization with total RNA (20 fig) from wild type and fro J 

mutant seedlings treated with low temperature (0°C) for the indicated time periods, ABA 

(100 |iM) for 3 hr, or NaCl (300 mM) for 5 hr. Gene probes used for RNA blot 

hybridization are indicated on the left. 

(B) RNA blot hybridization with total RNA (20 ̂ ig) from seedlings treated with low 

temperature (0®C) for^either 0 hr or 72 hr. 

25S rRNA and tubulin were shown for loading controls. 
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Figure 4. Water-soaked Leaf Phenotype offi'ol Mutant Plants 

(A) Two-week-old wild type plant (bar = 5 mm) grown at 22°C. 

(B) Two-week-old wild type plant after 4 hr freezing treatment at -10"C followed by 24 

hr incubation at 4°C. (bar = 5 mm). 

(C) Frozen wild type leaf magnified from (B). Arrow indicates water-soaked region in 

the leaf, (bar - 2 mm) 

(D) Three-week-old /roi mutant grown at 22°C (bar = 5 ram). 
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Figure 5. Comparison of Ultrastructure between Wild Type and fro! mutant plants. 

(A), (C), (E), and (G) were from wild type leaves. Chloroplasts (E) and mitochondria (G) 

were shown. 

(B), (D), (F), and (H) were froni/ro/ mutant leaves. Chloroplasts (F) and mitochondria 

(H) were shown. (A) and (B), bar = 20 j-im; (C) and (D), bar = 10 i-ira; (E) and (F), bar = 

lf.im; (G) and (H), bar = 0.5 White an*ows indicate irregular cell shape in fro I. * = 

intercellular space. 



170 

Figyre 5 

, ! 

» 3 
•«4 



171 

Figure 6. Consititutive leakiness and Cold-Acclimation Defect m frol plants. 

(A) Electrolyte leakage in wild type and./ro7 leaves from whole plants without stress or 

with treatment at 4°C for 3 days or at -1°C for I day.(B) Electrolyte leakage at different 

temperatures. For cold acclimation (CA), seedlings were incubated under light at 4°C for 

2 days prior to the test. CA-WT cold acclimated wild type; CA~froI= cold acclimated 

frol. 
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Figure 7. Detection of Reactive Oxygen Species mfrol Lea:ves. 
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(A) and (B) NBT staining for superoxide in unstressed leaves of wild type (A) and/ro/ 

(B). 

(C) and (D) NBT staining for superoxide in cold-treated (4°C for 2 days) leaves of wild 

type (C) and fro I (D). Staining is shown in dark blue col or. 

(E) and (F) DAB staining tbr hydrogen peroxide in unstressed leaves of wild ty|3e (E) 

md frol (F). 

(G) and (H) DAB staining for hydrogen peroxide of cold-treated (4°C for 2 days) leaves 

of wild type (G) and fro I (H). Staining is shown in dark yellow color. Dark yellow spots 

representing DAB staining in wild type are shown in an inset in (G). 
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Figure 8. Difference in Growth and Development Rates between Wild Type and fwl 

mutant plants. 

(A) Difference in organ aptiearance after germination. (n=-40) 

(B) Twenty-day- old wild type (upper) and_/ro/ (lower) plants, (bar = 2 cm). 

(C) Thirty-day- old wild type (left) mdfrol (right) plants, (bar = 5 cm). 

(D) Seven-week-old wild type (left) and frol (right) plants. 

(E) Eight-week-old wild type (left) and frol (right) plants, (bar = 5 cm). 
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Figure 8 

Days after gentiination 
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Blgure 9. Effect of Osmotic Stress on Seed Germination mfro l and the wild type. 

(A) to (D) Germination ratio of wild type md frol on filter papers saturated with 

different concentrations of sucrose (A), niannitol (B), glucose (C), and NaCl (D). Clear 

radicle appearance was considered as germinated and was scored on day 4 after being 

incubated at room temperature. 
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Figure 10. Map-based Cloning of FRO I and Molecular Complementation of fro I 

mutants. 

(A) Markers are SSLP markers except for K8K14-C1, which is a CAPS marker. The 

number of recombinant chromosomes over that of the total chromosomes examined at 

each locus is indicated. The FROl gene structure was obtained by comparing its cDNA 

sequence with the genomic sequence. Black boxes indicate exons and solid lines 

between boxes indicate introns. The position of fro I mutation was indicated. 

(B) Morphological comparison between wild type (WT), frol, and frol transformed with 

FROl {f'rol+FROI, T1 generation) at the same developmental stage (5 week old). 

(C) and (D) Morphology (C) and Luminescence (D) image of wild type ( WT) and 

/ro/seedlings of a segregating T2 population from frol transfonned with F^ROl 

(frol+FROI). 
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Figure 11. Amino Acid Alignment between FROl and Its Homolog from Bos taurus. 

(A) and (B) Alignment between predicted mitochondrial targeting sequences (A) and 

between mature proteins after the targeting sequences are cleaved (B). FROJ homolog 

from Bos taurus, accession number, Q02375 (Walker et al., 1992), Amino acid sequence 

alignment was done by the program CLUSTALW 

(http://dot.imgen.bcm.tmc.edu:9331 /multialign/Options/clustalw.html). Identical amino 

acids are highlighted in black and conservative substitutions are highlighted in grey. 

(C) FROl expression in wild type and frol mutant plants. Seedlings were treated with 

low temperature (0°C) for the indicated times, ABA (100 |.iM) for 3 hr, and NaCl (300 

mM) for 5 hr. Tubulin was used for loading control. 



QC 

Arabidops 

B.taurus 
I^LRA • .TL 

ILWG 

PF HTDAWE 

TV/i 

fi 
3 
m tmm 

UU 

iraJDidops • 

UX'US H. r;;?!? 

ci-lS X tlOp S 2 

S. taoriJS 

Arabidopsi 

/MNTK 

WT 

Coid 

iKgKGHPQPEN - 15 

KRTRVST J 17 

frol 

SQ cs 
< Z 

Cold 
< o 
£Q fs 
< Z 

12 24 ^ 3 6 12 24 48 3 

Tubulin 



183 

Figure 12. Subcellular Localizatoin of FROLGFP 

(A) to (C) Green fluorescence from root tissues of Arahidopsis plants transfomied with 

FR01;GFP was delected under a confbcal microscope. Before confocal imaging, 

seedlings were subjected with the following treatments: (A) No stress, (B) cold stress at 

0°C for 12 hr, or (C) cold stress at 0°C for 24 hr . 

(D) Green fluorescence from root tissue of mitochondria-targeted P- ATPase:GFP 

Arabiclopsis (Logan and Leaver, 2000) is shown as a positive control. 
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Table 1. Genetic Analysis offrol Mutant (Wiid Type x frol f 

Generation 
Seedlings 

Tested 
Wild Type'' frol P 

F1 25 25 0 

F2 544 412 132 0.0196 0.889 

" Female x Male 
The segregation was scored by comparing luminescence intensities from each genotype 
in the same plate. Seedlings with intensities higher than 5,000 counts per seedling after 
cold stress were considered to be wild type. 
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APPENDIX C 

Impaired Cold Induction, of CBF Genes in an Arabidopsis Serine Decarboxylase 

Mutant 

Credits 

Xuhui Hong for mutant isolation 
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INTRODUCTION 

Plants need to cope with many adverse environments for survival. A common 

environmental stress is low temperature, which affects the geographical distribution and 

productivity of plants (Boyer, 1982; Osmond et al, 1987). Plants from temperate zones, 

unlike those in tropical or cold latitudes, experience seasonal temperature changes, 

conditions that require dynamic adjustments. Therefore, these plants have developed an 

unique freezing tolerance mechanism called cold acclimation by which their freezing 

tolerance is increased by being exposed to low non-freezing low temperatures (Guy, 

1990; Thomashow, 1999). Cold acchmation in plants is associated with many 

physiological and molecular changes, including elevated levels of unsaturated membrane 

lipids, a transient increase in cytosolic Ca^"'" concentration, the accumulation of proline 

and soluble sugars and changes in gene expression (Thomashow, 1999). 

The Arabidopsis genes CBFl (also known as DREBIB), CBF2 (akai)i?i?i?/C) 

and CBF3 (aka DREE I A) are cold-inducible transcription activators responsible for the 

expression of many cold-inducible, freezing tolerance effector genes. They can directly 

bind to the conserved C-repeat (CRT)/dehydration-responsive element (DRE) in the 

promoters of many cold-responsive genes and control their transcription (Stockinger et 

al., 1997; Gilmour et al, 1998; Liu et al., 1998). Although successful cold acclimation 

appears to require the coordination of many changes (Stitt and Hurry, 2002), ectopic 

expression of CBFl or CBF3 in Arabidopsis led to the expression of the downstream 

cold-responsive genes at warm temperatures, and confen-ed significant freezing tolerance 
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without cold acclimation (Jaglo-Ottosen et al, 1998; Kasuga et al, 1999). The cctopic 

expression of CBF3 in Arahidopsis was also shown to bring about increased proline and 

sobluble sugar levels, typical biochemical changes occurring during cold acclimation in 

plants (Gilmour et al., 2000). These observations showed that the regulation of CBF 

expression constitutes a major mechanism of cold acclimation in plants. 

Because CISF-dependent gene regulation is important for cold acclimation, it is 

imperative to understand the signaling pathway leading to CBF expression. To this end, 

we developed a mutant screening strategy based on a CBF3 promoter-driven luciferase 

reporter gene and luminescence imaging. Using this system, we identified ICEJ, a bHLH 

transcription factor that is critical for the regulation of CSF expression (Chinnusamy et 

al., 2003). The dominant ice I mutant shows reduced expression of the CBF3 promoter-

driven luciferase transgene under cold stress. Consistent with transgene expression, the 

endogenous CBF3 expression is almost abolished in ice! (Chinnusamy et al, 2003). 

Interestingly, the cold-induction of CBFl and CBF2 is not substantially reduced by the 

ice I mutation. Together with observation of its binding to the CBF3 promoter, these 

results indicate that ICEl is a transcription factor that directly regulates CBF3 expression. 

Here we describe another Arabidopsis muimit, frostbite2 (fro2), which shows 

impaired induction of the endogenous CBF3 and CBF3~IUC trmsgme by cold stress. 

Unlike the ice! mutation,y/-o2 is recessi ve and also decreases the cold-induction of CBFl 

and CBF2. Positional cloning revealed that/ro2 corresponds to a defective serine 

decarboxylase that converts serine into ethanolamine, a precursor for membrane lipids 

such as phosphatidylethanolamine and pho,$phatidy1choline. Interestingly, ethanolamine 
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application rescued the morphological phenotypes but not the CBF gme regulation 

defects offro2 mutant plants, whereas transfonnation with the wild-type FR02 gene 

rescued both phenotypes. Thus, CBF gene regulation requires a FR02 activity beyond 

the production of ethanolamine. 

RESULTS 

fro2 Is Impaired in the Cold Induction of the CBF3-LUC Transgene and 

Endogenous CBF3 

To understand cold stress signaling and the regulation of CBF expression, we generated 

transgenic Arabidopsis plants expressing a CBF3 promoter-driven lueiferase transgene 

(Chinnusamy et al, 2003). The CBF3-LUC Arabidopsis (hereafter referred to as the wild 

type) emits bioluminescence in response to cold stress. The frostbite 2 ifrol) mutant was 

recovered from an ethyl methanesulfonate (EMS)-mutagenized M2 population by a 

genetic screen for mutants with low bioluminescence under cold stress. Compared to the 

wild type plants, the mutant has lower CBF3-LUC expression under cold conditions, as 

indicated by its lower luminescence intensity after 6-hr cold treatment (Figures lA- IC). 

To determine whether the endogenous CBF3 expression was also affected mfro2, total 

RNA from cold-stressed 14-day old seedlings of the wild type 'mdfro2 was isolated and 

used for RNA hybridization analysis. The induction of endogenous CBF3 was 

significantly lower than that in the wild type at any time point tested at CC (Figure ID). 

RNA hybridization with CBFl and CBF2 showed that cold induction of these two genes 
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was also lower mfro2 than in the wild type, at most of the time points (Figure I D). The 

expression kinetics dilfers among the CBF genes in the wild type and/w2. In the wild 

type, the induction of endogenous CBF3 became apparent after 3-hr cold treatment, 

whereas the transcripts otCBF3 mfro2 became detectable only after 6 hr (Figure I D). 

The induction of CBF 1 and CBF2 in ffo2, however, was observed as early as 3 hr, with 

no substantial differences in transcript levels between the wild type and/ro2 at 12 hr 

(Figure ID). Thus, the fro 2 mutation affected CBFl, CBF2, and CBF3 expression 

differentially, with the pattern of CBF3 differing from that of CBFl and CBF2. The 

expression of two C5F target genes, RD29A and C0R15A, was also tested. With 6~hr, 

0°C treatment, both RD29A and C0R15A showed a lower induction level in/ro2 

compared to that in the wild type (Figure 1D). Interestingly, the difference in induction 

between the wild type and fro2 was not observed at 12 hr; at 24 hr, RD29A gene 

induction was higher 'm fro2 than in the wild type, the level of C0R15A being similar 

between the wild type md fro2. 

frol Developmental Defects and Their Rescue Under Short Day Conditions 

Under long day conditions, the size offro2 seedlings was much smaller than that of the 

wild type and the mutant never reached the height of the mature wild type (Figures 2A-

2G). Necrosis was observed along the edges of the mutant leaves (Figure 2C), which is 

reminiscent of freezing damage (thus the name frostbite 2). fro2 is sterile and has 

multiple inflorescence (Figure 2G). Interestingly, the smaller size and multiple 

inflorescence defects in the mutant could be rescued under short day conditions (Figures 



2H - 2K and 2M). Nevertheless, the mutant leaves still showed necrosis along the edges, 

although its appearance was delayed (Figures 2J and 2K). Under short day conditions, 

fro2 flowered earlier than the wild type; the mutant bolted at an average leaf number of 

19, whereas the wild type bolted at an average leaf number of 28 (Figures 2L and 2M). 

Under long day conditions, there was no difference in flowering time between the wild 

type and/ro2; both bolted at an average leaf number of 8 (Figure 2L). 

Molecular Cloning of FR02 

None of the twenty-five Fl plants from a cross between the wild type andyro2 showed 

the fro2 bioluminescence or morphological phenotypes. In the successive F2 generation, 

403 seedlings tested were found to segregate into 292 wild-type phenotypes (both 

bioluminescence and morphology) and 111 fw2 phenotypes (3:1, = 0.0042 , p ~ 

0.837). The results suggest that fro2 is a single recessive nuclear mutation. 

To understand the mechanism of FR02 function, we performed map-based 

cloning of the/ro2 mutant gene. Because fro2 moiphological defects were distinct and 

apparently cosegregated with low luminescence under cold stress, we took advantage of 

the/ro2 developmental defect to select fro2 mutants in the F2 mapping population from a 

cross between Ler and/ro2. Initial mapping delimited the mutation to the middle of 

chromosome I, between the nga248 and nga280 simple sequence length polymorphism 

(SSLP) markers. For fine mapping, new SSLP markers were developed, and the 

mutation was narrowed down to the F2J6 and F28H19 BAC clones (Figure 3A), 

Through sequencing genes in this region and comparing the wild type and fro2 
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sequences, a mutation was found in the Atig43710 gene. The mutation was a change of 

C to T that took place 980 nt from the putative initiation codon of Atlg437l0, with a 

change of C to T (Figure 3A). The mutation resulted in an alteration of (the polar) 

amino acid threonine to (the nonpolar) amino acid isoleucine at the putative 327*^ amino 

acid (Figure 3A). 

To confimi the authenticity of the gene, a genomic DNA tiagment that spans from 

1276 bp 5' upstream of the initiation codon to 410 bp 3' downstream of the stop codon of 

the FR02 ORF was subcloned into a binary vector and transferred into the fro2 mutant 

through Agrobacterium-rnQdiUa^ transformation. The resulting T1 transformants did not 

exhibit the fro2 developmental defects (Figure 3B). Alter self-pollination, the resulting 

T2 seedlings segregated with an approximate 3:1 ratio of normal luminescence to low 

fro2 luminescence under cold stress (Figure 3C and 3D). These results confirmed that 

Atlg43710 is indeed FR02, and the fro2 mutation is responsible for both the 

morphological and gene regulation defects. 

FR02 Encodes a Serine Decarboxylase 

Results of BLAST searches of the Arahidopsis genome database suggested that FRO2 is 

a single-copy gene in the Arahidopsis genome. A FR02 cDNA with a complete ORF 

was available from, the Arahidopsis Biological Resource Center under the clone id 

U09195 ( Yamada et al, 2003), Comparison of the genomic and cDNA sequences 

suggested that FR02 gene contains 5 exons and 4 introns with a 1449-bp coding 

sequence that would result in a 482-ainino acid protein. The FR02 protein does not have 
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any detectable cellular targeting domains. It contains a putative pyridoxal phosphate 

(PLP) binding site spanning from 307 to 328 amino acids (Figure 3A). The PLP binding 

site is a conserved domain among many PLP-dependent decarboxylases, including 

glutamate-, histidine-, tryptophan-, and tyrosine-decarboxylases (Sandraeier et al, 1994). 

The/ra2 mutation occurred in the putative PLP binding site (Figure 3A). Therefore, the 

mutation might affect PLP binding of the FR02 protein. F^ROl was annotated in the 

Arabidopsis database (http://www.arabidopsis.org) as a histidine decarboxylase. 

However, Rotein et al. (2001) showed that FR02 is in fact a serine decarboxylase. The 

authors expressed Arabidopsis FR02 recombinant protein in E. coli using FR02 cDNA 

and found specific decarboxylase activity on serine. They also showed that FRO2 does 

not have significant activity in histidine decarboxylation. 

We obtained m Arabidopsis line (SALK._070968) with a T-DNA insertion 

(Alonso et al., 2003) in the second intron of FRO2. Through PCR genotyping out of 12 

plants from this line (data not shown), we isolated two plants heterozygous for the T-

DNA insertion. In the generation following self-pollination of the two heterozygous 

plants, we still could not identify any plants that were homozygous for the T-DNA 

insertion (data not shown). This suggested that the T-DNA insertion (potentially full 

knockout of function) in FR02 is lethal, and the//-o2 EMS mutant is a weak allele. In 

support of the essential role of FR02, another./ro2 T-DN A allele discovered by the Seed 

Gene Project (http://www.seedgenes.org) is a recessive-embiyo-defective mutant (hence 

named embryo defective 1075), and the gemiplasm (ABR(2 id: CS16096) is maintained 

http://www.arabidopsis.org
http://www.seedgenes.org


as a heterozygote 

(http://www.arabidopsis.org/servlets/TairObject?type=germplasm&id=l 005161765). 

To study the expression pattern o{FR02, we investigated its promoter activity by 

fusing a 1126-bp genomic DNA fragment upstream of the FR02 ORJ^" to the p-

glucuronidase (GUS) reporter gene. Transgenic Arabidopsis plants expressing the 

FR02p-GVS reporter were then subjected to histochemical GUS analysis. GUS activity 

was detected in whole seedlings and in all organs tested from adult plants, including 

flowers, sliques, roots, and leaves (Figures 4A - 4E). This result suggests a ubiquitous 

pattern of expression of FR02. RNA blot analysis showed that the FR02 transcript level 

is not regulated by a 6 h cold stress (Figure 4H). Similar levels of transcripts were 

detected in the fw2 mutant (Figure 4H). 

Transgenic Arabidopsis plants expressing the GFP-FR02 fusion protein were 

generated to study FR02 subcellular localization. Confocal microscopy analysis with the 

roots of the GFP-FR02 transgenic Arabidopsis detected green fluorescence in the 

cytosol, suggesting a cytosolic localization of the FR02 protein (Figures 4F and 4G). 

This is consistent with the lack of a detectable targeting sequence in FR02. 

Ethanolamlne Rescues the fro2 Developmental But Not Gene Regulation Defects 

Because FR02 is involved in the conversion of serine to cthanolamine and the eventual 

biosynthesis of choline (Rontein et al, 2001), the/roJ mutant seedlings should be 

deficient in these metabolites. We therefore applied cthanolamine or choline to fro2 

mutant plants growing in soil or MS agar plates. Although the application of 50 niM 
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ethaiiolamine on soil grown plants had only a slight effect on the growth of the wild type, 

it remarkably rescued the/ro2 developmental defects (Figures 5Aand 5B). It also 

rescued fro2 sterility (data not shown). Similarly,/ro2 morphology recovered almost to 

that of the wild-type in MS agar plates with ethanolamine (Figure 5C). Although choline 

application also rescued the defects in the fro2 mutant, the effect was not as efficient on 

mutant plants grown in soil as compared with those on MS plates (data not shown). The 

rescue by ethanolamine or choline suggests that the jro2 mutant is indeed defective in the 

conversion of serine to ethanolamine. 

To our surprise, however, the application of ethanolamine or choline did not 

rescue the/ro2 luminescence defect after cold treatment. As shown in Figures 6A - 6G, 

fro2 did not show the wild type level of cold-induced CBF3-LUC expression at various 

concentrations of ethanolamine or choline (choline data not shown). We also analyzed 

the endogenous CBF3 transcript level in fro2 atfer ethanolamine treatment. The defect in 

cold-induced CBF3 gene expression was not rescued (Figure 6H). Therefore, we 

conclude that ethanolamine or choline deficiency in fro2 is responsible only for the/TO2 

developmental defects and FR02 is involved in the cold-induction of CBF genes through 

an additional mechanism. 

DISCUSSION 

In this study, we used a forward genetics screen to identify a locus, FR02, that encodes a 

serine decarboxylase and is crucial for CBF expression and plant growth. Tho ftv2 



mutation blocks cold-induced expression, of CBF'3 and the CBFS-LUC transgene. CBFl 

and CBF2 gene induction by low temperatures was also aftected by the fro2 mutation, 

although the effect was not as great as on CBF3, Using the .same genetic screening 

method, we recently identified an Arabidopsis mutant that shows reduced cold induction 

of CBF3 (Chinnusamy et al,, 2003). This mutant, named icel, however, does not 

substantially reduce the cold-induction of CBFl and CBF2 but, rather, increases CBF2 

expression at certain times (Chinnusamy et al, 2003). The diff'erential effect of the/rc»2 

and icel mutations on CBF3 vs. CBFl and CBF2 suggests that the CBF genes are 

regulated through different, but partially overlapping mechanisms. 

The expression levels of two C5F target genes, RD29A and C0R15A, were lower 

in/ro2 than the wild type at an early time point of cold stress (6 hr). However, at later 

time points (e.g. 24 hr), when CBF expression levels were still lower in fi"o2, RD29A 

expression became higher in the mutant. The observation suggests that RD29A 

expression late in the cold treatment is not dependent on any of the CBFs. 

Serine decarboxylase is involved in the conversion of serine to ethanolamine 

(Rontein et al, 2001). Plants synthesize ethanolamine through either serine 

decarboxylation or phosphatidylserine decarboxylation, but serine decarboxylation is 

thought to be the major source of ethanolamine in plants (Rontein et al, 2001; 2003). 

Ethanolamine is an important metabolite in plants for the synthesis of choline and 

membrane lipids, such as phosphatidylethanolamine and phosphatidylcholine, as well as 

choline betaine in some species. Thus, a deficiency in these ethanolamine-derived 

metabolites might undemiine the membrane system. Many lipid-related Arabidopsis 
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mutants display varying degrees of abnormal morphological phenotypes, which indicates 

a crucial role of lipid biosynthesis in plant growth and development (Wallis and Browse, 

2002). For example, phosphoethanolamine N-methyltransferase (PEAMT)-silenced 

Arabidopsis mutant (/J65) plants are pale green, early aging, and exhibit temperature-

sensitive male sterility (Mou et al, 2002). 

The cytosolic localization of GFP-FR02 is consistent with the soluble property of 

FR02 protein (Rontein et al., 2001). The ubiquitous FR02p-GUS activity is also in 

agreement with the universal requirement of serine decarboxylase in membrane lipid 

biosynthesis. The defect in serine decarboxylase in fro2 was confirmed by the rescue of 

fro2 morphological defects by ethanolamine (Figure 5) or choline application. 

Intermediates in the ethanolamine-to-choline pathway have been implicated as important 

for normal growth and development, because the Arabidopsis mutant defective in 

PEAMT {t365), which functions downstream of FR02 in the biosynthetic pathway, 

displayed abnormal morphological phenotypes, although not as severe as in fro2 (Mou et 

al., 2002). 

The nearly normal growth and development in fro2 under short day conditions is 

intriguing. Apparently, the ethanolamine requirement is either low, or other 

compensation pathways might become activated under short day conditions. An example 

of a conditional phenotype is that found in XhQfab2 Arabidopsis mutant, which is 

defective in the desaturation of stearic acid (18:0) to oleic acid (18:1) (Lightner et al, 

1994). lliafahl mutation results in an elevated level of stearic acid in membrane lipids. 

At 22°C, fab2 shows a dramatic dwarf phenotype, which can be restored to a normal 
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phenotype with high temperatures (i.e., 36*'C) (Lightner et al, 1994). This phenotype 

recovery did not include changes in, fatty acid composition. Thus, this recovery was 

proposed to be due to the increased fluidity of lipids with stearic acid at high 

temperatures. 

The fro2 growth temperature was set at 22®C under both long and short day 

conditions. Therefore, it appears that the different photoperiods somehow brought about 

metabolic differences in plants. Since plants are photosynthetic organisms, it is not 

difficult to hypothesize that their metabolism depends on the duration of light 

illumination. The induction of different genes and physiological changes under different 

photoperiods are well documented (Matt et al., 1998; Schaffer et al, 2001; Masclaux-

Daubresse et al., 2002), Interestingly, the early bolting phenotype offro2 was observed 

only under short day conditions. This obsei-vation suggests that short day inhibition of 

flowering may require metabolism that involves proper FR02 activity in plants. 

A big surprise was the failure to rescue the CBF gene expression defect by 

ethanolamine application, although the wild-type FR02 gene could rescue both the gene 

regulation and the morphological defects (Figure 3). It is possible that the FR02 protein 

functions more than in serine decarboxylation. The Arabidopsis los2 mutant, which has 

impaired expression of several cold-responsive genes, is defective in a bifunctional 

enolase (Lee et al, 2002b), In addition to being a glycolytic enzyme, enolase can 

localized partly to the nucleus and bind to the human c-myc gene promoter and the 

Arabidopsis cold-responsive STZ/ZATIO gem promoter. Thus, L0S2 appears to function 

not only as an enolase but also as a transcription regulator (Lee et al, 2002b). There is 



m 

not any obvious DNA binding domain in FR02, which implies that FR02 is unlikely to 

be a direct transcription regulator. Further, GFP-FR02 was not detected in the nucleus. 

Therefore, FR02 must modulate CBF expression indirectly, even if it is a bifunctional 

protein. 

One hypothesis that we favor is that the/ro2 mutation causes the accumulation or 

deficiency of some intermediates or metabolites in membrane lipid synthesis. One of the 

metabolites might be important as a cofector for cold responsive gene expression or as an 

intermediate in cold signal transduction. The disturbance in metabolite homeostasis 

might be a consequence of the serine decarboxylase defect. Alternatively, the serine 

decarboxylase enzyme may be involved in other metabolic processes, which generate 

metabolite(s) important for CBF expression under cold stress. Since the loss-of-function 

of serine decarboxylase may result in an increase in the substrate serine, we grew wild 

type seedlings in MS agar media supplemented with serine to test if a high level of serine 

may reduce cold induction of CBF3-LUC expression. No substantial effect of the 

treatment on the reporter gene expression was observed (data not shown). However, it is 

difficult to draw any conclusions from the data, because we do not know whether the 

serine was taken up by the plants. 

METHODS 



Plant M.aterlals and Growth Conditions 

Arahidopsis thaliana Columbia glJ plants expressing the CBF3 pi-omoter-driven 

luciferase transgene (the wild type) were mutated by use of ethyl niethanesulfonate to 

generate M2 seeds. Surface-sterilized M2 seeds were put on MS (Miirashige and Skoog 

salt base, JRH Biosciences, Lenexa, KS) agar (0.6%) plates supplemented with 3% 

sucrose and placed at room temperature (22 ± 1°C) under continuous light after 2-3 day 

cold stratification. Seven-day-old seedlings were screened for altered LUC expression in 

response to cold treatment at 0°C with use of a video-imaging system comprised of a 

CCD camera (CCD-5I2SB, Princeton Instruments, Inc., Trenton, NJ), a controller 

(Princeton Instruments, Inc., Trenton, NJ) and a computer with WinView image 

processing software. Cold stress at 0°C with light was applied to 1-week-old wild-type 

and mutant seedlings grown in the MS agar plates for the designated time periods. 

Detailed procedures on imaging and screening were as described previously 

(Chinnusamy et al., 2002; Lee et al., 2002a). When necessary, seedlings were transferred 

to soil pots in a growth chamber under 22''C cycles of 16-hr light/8-hr dark. For short 

day conditions, 22°C cycles of 8-hr light/16-hr dark were used. Stock solutions of 1 M 

ethanolamine and choline chloride (Sigma, St. Louis) were prepared, and the pH was 

adjusted to 5.8 with HCl when necessary. Appropriate working concentrations were then 

prepared. Ethanolamine or choline was added into the MS agar media or sprayed every 4 

to 5 days on soil-grown Arahidopsis plants. 
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Gene Expression Analysis 

Nine-day-old seedlings grown on MS agar plates were used for RNA analysis. After 

stress treatments as described in the text, total RNA was extracted and analyzed as 

described previously (Liu and Zhu, 1997a). The -specific probe was from the 3' 

noncoding region (Liu and Zhu, 1997a). The CBBl, CBF2, and CBF3 probes were 

obtained by amplifying a gene-specific region with the following primers: CBFI-F (5'-

CGATAGTCGTTTCCATTTTTGT-3') and CBFJ-R (5'-

TTGCTAGATTCGAGACGAGCC-3'); CBF2-F (5'-TTCGATTTTTAT-

TTCCATTTTTGG-3')and CBF2-R (5'-CCAAACGTCCTTGAGTCTTGAT.3'); and 

CBF3-F (5'-GAGGAGCCACGTAGAGGGCC-3')and CBF3-R (5'-

TAAAACTCAGATTATTATTTCCAT-3'). For the C0R15A probe, C0R15A cDNA 

kindly provided by M. F. Thomashow (Michigan State University, East Lansing, MI) was 

used. As a loading control, the ^-tubulin gene was amplified by PGR with the following 

primer pairs: Tubulin-F(5'-CGT-GGATCACAGCAATACAGAGCC-3') and Tubulin-R 

(5'-CCTCCTGCA-CTTCCACTTCGTCTTC-3'). For the FR02 probe, FR02 full-length 

cDNA was used. 

Positional Cloning 

For genetic mapping of the/ro2 mutation,/ro2 was crossed with the wild type in the 

ecotype Landsberg erecta. The resulting FI plants were allowed to self and the F2 seeds 

collected. Homozygous fro2 mutations in the segregated F2 population were selected on 



the basis of their cieveiopmental defects. The mutation was mapped with use of SSLP 

markers (Bell and Ecker, 1994). If necessaiy, new SSLP markers were developed by ii.se 

of the Cereon Arabidopsis Polymorphism collection at 

http://www.arabidopsis.org/Cereorii/index.htnil. Newly developed SSLP markers arc as 

follows: Fli21-6K (F1I21-6KF, 5'-TCCAGTCCTTAAGCGGATTT-3'; FII21-6KR, 5'-

GCATAACACAATGTTCAGACAAA-3'), T10P12-20K (T10P12-20KF, 5'-

TAGCAAAGCTTTCGATCCAT-3'; T10P12-20KR, 5'-

ATTCTGTTGGGTTGCTATGC-3'), F2J6-92K (F2J6-92KF, 5'-

GTGCGGGAGTGTGATAGAAT-3'; F2J6-92KR, 5'-

TCCTCGAAAGATTCATTGATTT-3'), F28H19-10K (F28H19-10KF, 5'-

GTGCGGGAGTGTGATAGAAT-3'; F28H19-10KR, 5'-

TCCTCGAAAGATTCATTGATTT-3'), F28H19-83K (F28H19-83KF, 5'-

GGAGCCAAAACCAGCAACTA-3'; F28H19-83KR, 5'-

GTTCTTGGTTGAGTGGAACG-3'), T12C22-nK (T12C22-1IKF, 5'-

TCCACCGGAGTAAACTCCATA-3'; T12C22-1IKR, 5'-

TCCGGAGATAGCTCAACAGC-3'). 

Plasmtd Construction and Plant Transformation 

The F2J6 BAC clone and U09195 cDNA clone were obtained from the Arabidopsis 

Biological Resource Center (Columbus, Ohio) and used as a PCR template for FR02 

genomic DNA or ORF amplification. For/ro2 complementation, the 3451-bp genomic 

DNA fragment of FR02 covering 1276 bp upstream of the translation start codon to 410 

http://www.arabidopsis.org/Cereorii/index.htnil
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bp downstream of the stop codon was amplified by LA taq polymerase (Takara Shuzo 

CO., Shiga, Japan) with use of F2J6 BAC DNA as a template and the following primers: 

L 126GKpnI~F (5 '-CGGGGTACCTCATGTTCTCCGAGAGTTAGGGATA-3') and 

L126GXbaI-R2 f5'-GCTCTAGACTTTTGTGTTGTTAGCGTCTATGCAG-3'). The 

resulting fragment was cloned into pCAMBIA1200 between the Kpnl and Xbal sites, 

resulting in pCAM1200-F/^02g. For the FR02 promoter-driven GUS (^-glucuronidase) 

construct, a 1126-bp fragment spanning -1134 ~ -9 upstream of tlie FR02 ORF was 

amplified by PCR with use of F2J6 BAC DNA as a template and the primer pair 

L126pEcoRI-F (5'-GAAAGAATICCTTTGGGGTCTTTGGTTG-3') and L126pBamHI-

R (5'-TAAAGGATCCTGTAGA'rCTGAGTGATTGGA~3'). The FR02 promoter 

fragment was then subcloned into pCAMBIA1381 between the EcoRI and BamHI sites, 

which resulted in pCAM1381-F^02p-GUS. For the construct for the GFP-FR02 fusion 

protein, FR02 ORF was amplified by PCR with U09195 cDNA used as a template and 

the primer pair L126GFP-XhoI-F (5'-

TTAAACTCGAGATGGTTGGATCTTTGGAATCTG-3') and L126GFP-BamHI-R (5'-

AATGGGGATCCCGCTTGTGAGCTGGACAGAT-3'). The amplified FR02 ORF was 

subcloned into pEZTNL between the Xhol and BamHI sites, which resulted in pEZTNL-

GFP-FR02. pCAM1200-Fi?(92gand pCAMi381"Fi?02/>GUS were transferred to 

Agrohacterium GV3101 (pMP90) and pEZTNL-Gf 'P-F/?02 to Agrobacterium LBA4404 

by electroporation at 1250V with capacitance of 25 pF and resistance of400 O. After 

appropriate antibiotic selection and PCR confirmation, selected Agrohacterium was 

grown at 28®C in LB medium (Luria-Bertani, bacto-tjyptone 1% [w/v], bacto-yeast 
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extract 0.5% [w/v], IMaCI 1 % [w/v] pH 7.0) overnight and then used for in planio 

transfomiation by floral infiltration. 

Microscopic Analysis 

Glufosinate-ammonium resistant GFP-FROl transgenic seedlings, selected in soil by 

spraying 30 mg/L Finale (AgrEvo Einvironmental Health, Montvale, NJ), were mounted 

on glass slides, and green fluorescence images were taken under a BioRad MRC-

1024 confocal laser-scanning microscope with 488 nra laser excitation and an emission 

filter of 522/DF35. For GUS staining, the buffer 3 niM x-Gluc, 0.1 M Na-phosphate 

buffer, pH 7, 0.1% Triton X-lOO, and 8 niM B-mercaptoethanol was added to the FROlp-

GUS transgenic seedlings. The samples were incubated overnight at 37°C and subjected 

to treatment with 70% ethanol at 70°C to remove chlorophyll. GLJS pictures were taken 

under a dissecting microscope. 
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Figure 1. Gene Expression in fm2, 

A. Luminescence intensities from wild type {CBF3-LUC) and fro2 befoi-e and after 

cold treatment at 0°C. 

B. and C. Wild type mc\fro2 on an MS agar plate (B) and the coiTesponding 

luminescence image after cold 6-hr treatment (C). 

D. Wild type and fro2 RNA hybridization analysis at different time points at 0°C. 

Gene probes are indicated at the left side. Tubulin was used as a loading control. 
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Figure 2. Growth and Development offro2. 

A - C. 3-week"0ld wild type (A) md fro2 (B and C) grown under long day 

conditions. Bar = 1 cm. C is a magnified image of B. 

D - E. 5-week-old wild type (left in D) and/ro2 (right in D) grown under long day 

conditions. Bar = 5 cm. E is a magnified image of one of the fm2 seedlings. 

F ~ G. 7-week-old wild type (left in F) and fro2 (right in F) grown under long day 

conditions, G is a magnified image of one of the/ro2 seedlings. 

H -1. 38-day-old wild type (H) and fro2 (I) grown under short day conditions. 

J - K. 43-day-oId wild type (J) and/ro2 (K) grown under short day conditions. 

L. Comparisons of leaf number upon bolting between the wild type and /ro2. 

M. Difference in bolting between the wild type and/ro2 under short day 

conditions (63-day-old). 
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Figure 3. Molecular Cloning and Complementation of/roZ 

A. Map-based cloning of FR02. SSLP markers used were, from left to right above 

the recombination mark; F1I21-6K, T10P12-20K, F2J6-.92K, F28H19-10K, 

F28H i9-83K, and T12C22-11K.. The number of recombination events was out of 

a total of 948 chromosomes. The mutation in FR02 gene is a C to T change at 

980 nt, which resulted in threonine to isoleucine change at the 327'*' amino acid. 

Green box indicates the PLP binding domain. 

B. Molecular complementation off-02 developmental defects in 5-week-oldJro2 

transformed with the wild type FR02 gene (Tl). 

C. Molecular complementation offro2 luminescence defects in 1-week-old fro2 

transformed with the wild type FR02 gene (T2). 
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Figure 4. Expression Pattern of FJU)2p~GUS and Localkatlon of GFP-FR02 

Fusion Protein. 

A ~ E. FR02 promoter-driven GUS activity in the whole seedling (A), flower (B), 

silique (C), roots (D) and leaf (E). 

F - G. Cytosolie localization of GFP-FR02 fusion protein in root cells. 

H. FR02 expression in the wild type mdfro2 with or without eold stress. rRNA 

gel picture was shown as loading control. 
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Figure 5. fro2 Morphology After Ethanolainiiie or Choline Treatment. 

A - B. Comparison of the wild type and fro2 with or without 50 mM ethanolamine 

treatment. 

C. fro2 morphology recovery rate with ethanolamine or choline treatment in MS 

agar plates. 
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Figure 6. CBF3~LUC and CBF3 Expression In fra2 After Ethaoolamine Treatment. 

A. Diagram showing the genotypes and treatments for B • • G. Plates for 

luminescence imaging (B ~ D) and corresponding iurainescence images (E - G). 

H. RNA blot analysis of the wild type and Jro2 with or without ethanolamine 

treatment at different durations of cold stress. CBF3 was used as a probe, and rRNA 

gel pictures are shown as loading controls. 
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APPENDIX D 

STABl, a CoId-Upregulated Nuclear Protein, Is Required for Pre-mRNA Splicing, 

m:RNA Turnover and Cold Stress Tolerance 

Credits 

Avnish Kapoor for nuclear run-on analysis 

Changqing Zhang for mutant isolation 
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INTRODUCTION 

Gene expression is controlled at the transcriptional and posttranscriptional levels. The 

instability of mRNAs facilitates the tight control of specific temporal and spatial 

expression patterns. In higher plants, control of niRNA stability has been associated with 

growth, development and response to hormones, as well as biotic and abiotic stresses 

(Abler and Green, 1996; Carrington and Ambros, 2003; Kiihn and Schroeder, 2003; Shi 

et al., 2003). Much effort has been made to understand the RNA silencing pathway for 

the degradation of mRNAs containing sequences complementary to short regulatory 

RNAs, such miRNAs or siRNAs (Voinnet, 2002; Bartel and Bartel, 2003; Camngton and 

Ambros, 2003). miRNAs and siRNAs assemble in endonuclease-containing complexes 

termed miRNP and RISC, respectively, and can target homologous RNA sequences for 

endonucleolytic cleavage (Hamilton and Baulcombe, 1999; Hammond et aL, 2000; 

Zamore et al, 2000; Hutvagner and Zamore, 2002). Factors involved in miRNA or 

siRNA biogenesis or actions are important determinants of the abundance of target 

mRNAs. 

Many endogenous mRNAs with a high turnover rate are not targeted by miRNAs 

or siRNAs. Some of these unstable mRNAs in plants contain, as instability determinants, 

multiple overlapping AUUUA or DST (downstream element) sequences that are not AU-

rich (Ohme-Takagi et a/., 1993; Johnson et al, 2000). However, the primary or 

secondary sequence features conferring instability to most of the unstable mRNAs are not 

known. The cellular machinery important for the degradation of the unstable mRNAs is 



expected to consist of RNases, RNase inhibitors, RNA-binding proteins and, potentially, 

other cellular fectors. To identify the cellular factors regulating RNA stability, two 

Arabidopsis mutants defective in DST-mediatedmRNA decay were isolated by Johnson 

et al. (2000). However, the genes responsible for the mutant phenotypes have not been 

identified (Johnson et al., 2000). In contrast to the paucity of genetic studies of niRNA 

stability control in multicellular organisms including plants, extensive genetic analysis 

has been conducted in yeast and has elucidated general mRNA decay mechanisms. The 

main pathway for the turnover of both unstable and stable transcripts in yeast is the 

deadenylation-dependentdecapping pathway (Caponigro and Parker, 1996). In addition, 

yeast has mRNA surveillance systems that detect and degrade aberrant mRNAs (Hilleren 

and Parker, 1999), which include mis-processed transcripts and transcripts with 

premature nonsense codons. Nonsense-mediated decay also occurs in plants, but whether 

the mechanisms are the same as in yeast is unclear. 

Because of their sessile nature, plants have evolved sophisticated mechanisms to 

cope with environmental challenges (Zhu, 2002). Recently, RNA metabolism has been 

shown to be important in plant responses to abiotic stresses (Forment et al, 2002; Gong 

et al., 2002b; Kuhn and Schroeder, 2003). That the expression of the RS domain of an 

SR-like splicing protein, AtSRLI, conferred salt tolerance to Arabidopsis suggests an 

important role of pre-mRNA splicing in salt tolerance (Forment et al, 2002). los4, an 

Arabidopsis mutant defective in a DEAD box-RNA helicase similar to the yeast RNA 

export factor Dbp5p, showed impaired chilling and freezing tolerance (Gong el al, 

2002b). At least four genes involved in RNA metabolism have been implicated in plant 
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responses to drought and the stress hormone abscisic acid (ABA) (Kuhn and Schroeder, 

2003). The ABA-hypersensitive hyll Arabidopsis mutant is defective in a double-

stranded RNA binding protein (Lu and Fedoroff, 2000). HYLl appears to affect the 

production of some miRNAs that in turn regulate the expression levels of their target 

genes (Han et al, 2004). ABHl and SADl from Arabidopsis and AKIPl from Viciafaba 

appear to be directly involved in RNA processing, which somehow affects ABA 

responses. ABHl encodcs a large subunit of a dimeric mRNA cap-binding complex 

(Hugouvieux et al, 2001), while SADl encodes an Lsm snRNP similar to the yeast 

LsmSp (Xiong et al, 200 la). AKIPl is a single-stranded RNA binding protein 

homologous to hnRNP A/B (Li et al, 2002). 

We have used the firefly luciferase reporter gene driven by the stress-responsive 

RD29A promoter to facilitate genetic dissection of plant responses to abiotic stresses 

(Chinnusamy et al., 2002; Lee et al, 2002). The reporter gene system has allowed for 

the identification of a number of signaling components important for the transcriptional 

regulation of stress-responsive genes (Lee et al, 2001; Xiong et al, 2001a; Xiong et al, 

2001b; Xiong et al, 2001c). In addition, this reporter system has helped to isolate a 

DNA glycosylase that is essential for preventing transcriptional gene silencing (Gong et 

al, 2002a). We noticed that the luciferase transcript used in our studies is very unstable 

'm Arabidopsis (Ishitani et al, 1998). Although the instability sequence in the luciferase 

reporter gene is not known, this unstable reporter has permitted us to isolate several 

Arabidopsis mutants with altered regulation of mRNA stability. Here, we present the 

characterization of one such mutant, stabilized 1 (STAB I), the cloning of the STAB I gene, 
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and the finding that STAB J is required for both pre-mRNA splicing and degradation of 

certain transcripts. In addition, STAB! is critical for plant tolerance to cold and other 

stresses. 

RESULTS 

The stabl Mutation Enhances the Stability of the Luciferase Transcript 

We have previously described a mutant screening strategy that uses a low light 

luminescence imaging system and transgenic Arahidopsis expressing the firefly 

luciferase reporter driven by the stress-inducible RD29A promoter (Chinnusamy et al., 

2002; Lee et al, 2002). Using this system, we isolated many mutants that show altered 

luminescence responses under stress conditions. One such mutant, recovered from a 

population of Columbia plants expressing the RD29A-hici ferdsc transgene (hereafter the 

wild type) mutated with ethyl methanesulfonate (EMS), showed higher luminescence 

than the wild type after cold, ABA, or NaCl treatment. The mutant, named stabilized 1 

(stabl), was characterized in this study, after several backcrosses were carried out. 

RD29A promoter-driven luciferase {RD29A-LUC) activity was tested with 

seedlings grown on MS agar media supplemented with 3% sucrose. Under the tested 

stress conditions, the stabl mutant seedlings showed higher luminescence than wild type 

(Figure 1). Under cold conditions, the 72-hr treatment greatly enhanced the 

luminescence intensity in the stabl mutant, but not in wild type (Figure IC). ABA or 
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NaCl treatment; also induced higher luminescence in stab J than in wild type, with a peak 

at the 3-hr treatment. 

The steady state levels of the luciferase transcript and the endogenous RD29A 

transcript were examined by RNA blot analysis in both the wild type and stabl mutant. 

Because of its unstable nature, the luciferase transcript was virtually undetectable in wild-

type plants, even after cold, ABA or NaCl treatment (Figure 2). However, a high level of 

luciferase niRNA was detected in the stabl mutant after 72 hr of cold treatment (Figure 

2). This result also revealed that the endogenous KD29A transcript level was not higher 

in the stabl mutant than in the wild type under any of the conditions (Figures 2A and 

2B). Therefore, it is unlikely that the stabl mutation caused increased transcription from 

the RD29A promoter, since both the transgene and the endogenous RD29A gene have the 

same promoter. 

To detemiine whether the enhanced luciferase transcript level in stabl is due to 

increased transcription or posttranscriptional changes in stability, nuclear run-on assays 

were carried out. We used samples collected after a 72-hr cold treatment, when the 

dramatic difference between wild type and stabl luciferase transcript abundance was 

observed (Figures 2A and 2B). The nuclear run-on results showed that stabl did not 

have higher transcription rates for either the endogenous RD29A or the luciferase 

transgene than in the wild type (Figure 2C). Taken together, these results suggest that the 

higher level of luciferase niRN A in the stabl mutant is due to enhanced transcript 

stability. 
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Physiological and Developmental Pheiiotypes of the staM Mutant 

Because of the potential role of mRN A stability in plant stress responses and 

development, the stabl mutant was examined for possible stress tolerance and 

developmental phenotypes. 

ABA is a stress hormone with inhibitory functions in seed germination and root 

growth. In the absence of exogenous ABA, the wild type and stabl mutant germinated 

completely on MS agar media with 3% sucrose four days after imbibition. However, 

when 0.1 fiM ABA was added to the medium, the germination rate of stabl mutant seeds 

at four days was reduced to virtually zero, whereas approximately 60% of the wild-type 

seeds could still geminate (Figure 3A). Three days later, the wild-type seeds overcame 

the inhibitory effect of 0.1 pM ABA to reach a gemination rate of about 92%. The 

gemination rate of stabl mutant seeds was also improved to about 90% in the presence 

of 0.1 pM ABA (Figure 3B). stabl mutant seeds, however, still showed a lower 

germination rate than the wild type at 0.5 pM and 1.0 pM ABA even at seven days post-

imbibition (Figure 3B). 

Low temperature responses of the stabl mutant were tested at 4°C. Four-day-old 

seedlings grown under normal conditions on a vertical plate were transferred to 4°C 

under light. Under this cold condition, the stabl mutant was clearly damaged and all 

seedlings were eventually killed, whereas the wild-type seedlings were alive and growing 

(Figure 3C). The result showed that the stabl mutant is chilling sensitive. 

Root growth is affected by various stress conditions and has been used as an index 

for stress sensitivity. The root growth of the wild type and stabl mutant was compared 
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on MS agar media supplemented with ABA, NaCl, mannitol or LiCl With ABA, the 

stabl mutant showed a lower relative root growth rate than the wild type, although the 

difference became smaller at higher ABA concentrations (Figure 4A). ABA at low 

concentrations is known to have a stimulatory rather than an inhibitory effect on root 

growth (Davies and Zhang, 1991). In our analysis, this root growth-ijromoting effect of 

ABA was observed at 0.1 to 0.5 piM ABA (Figure 4A). Although both the wild type and 

stabl mutant responded positively in root growtli to 0.1 p,M ABA, the positive ABA 

effect was much smaller in the stabl mutant than in the wild type. At 0.5|iM ABA, the 

root growth of the wild type seedlings was still promoted, but the stabl mutant root 

growth was inhibited (Figure 4A). This result suggests that stabl mutant seedlings are 

hypersensitive to ABA in root growth. 

The relative root growth rate of the wild type and stabl was not significantly 

different in NaCl-containing plates, although it appeared that the wild-type root growth 

became more sensitive to high concentrations (120 and 150 mM) than the stabl root 

growth (Figure 4B). Interestingly, the stabl mutant showed a clearly higher level of 

tolerance in relative root growth to osmotic stress caused by mannitol (Figure 4C). The 

osmotic stress tolerance of stabl can also be observed at the whole seedling level. The 

size of the wild-type seedlings on mannitol-containing plates was reduced greatly as the 

concentration of mannitol increased. In contrast, the size decrease in stabl seedlings by 

mannitol was relatively small (Figure 4E), Indeed, the appearances of the wild type and 

stabl seedlings were very similar at 300 mM mannitol dosage, whereas the stabl mutant 

seedlings were much smaller without mannitol. 
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The greatest difference in the salt and osmotic stress responses between the wild 

type and stabl mutant was observed under LiCl treatment. The stabl mxrtant was 

hypersensitive to LiCl in both relative root growth and seedling morphology (Figures 4D 

and 4F). Approximately 100% of the relative root growth in the wild type was 

maintained up to 10 mM LiCl concentration, whereas stabl displayed only about 55% 

(Figure 4D). The stabl mutant seedlings were so sensitive to LiCl that they were all 

killed at 20 mM LiCl, whereas the wild-type seedlings were all alive under this condition 

(Figure 4F). 

stabl mutant plants are smaller in size and height than the wild type (Figures 5A, 

5B, and 5C). stabl mutant leaves were also smaller than the wild-type leaves. In 

addition, the mutant leaves were more serated and had a pointy leaf tip (Figure 5D). 

Although the stabl mutant completed its life cycle at a similar rate as the wild type, the 

inflorescence of stabl started bolting earlier than that of the wild type (Figures 5E and 

5F). stabl mutant plants generally bohed at a leaf number of six, whereas the wild type 

started to bolt at about a leaf number of eight. 

STABl Encodes a Pre-mRNA Splicing Factor 

None of the 31 F1 plants derived from a cross between the wild type and stabl showed a 

mutant phenotype in luminescence or development (Table 1). In the successive F2 

generation, 23% of the progeny seedlings displayed the levels of luminescence of the 

mutant (intensities higher than 1x10^' counts per seedling after 72-hr cold treatment). 

These results suggest that a single recessive nuclear mutation is responsible for the stabl 
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mutaiii phenotypes. To clone the mutant gene, F2 seeds from a cross between wild-type 

plants in the Ler ecotype and stabl were used as a mapping population. Seedlings with 

high luminescence after 72~hr cold treatment were mapped with known simple sequence 

length polymorphism (SSLP) markers as well as SSLP markers that were developed in 

this study. The mutation was delimited to a 50-kb region between the 30-Kb and 80-Kb 

positions on the BAC clone F9H3. Through sequencing of this region in the stabl 

mutant, a mutation was found in the F9H3.5 gene (At4g03430) that had a computer 

annotation of "putative pre-mRNA splicing factor". In the stabl mutant, six base pairs 

(1249 to 1254 bp from the translation initiation site) were deleted from At4g03430, 

which resulted in two amino acid deletions in-frame in the open reading frame (ORF) 

(Figure 6A). 

To confirm that the correct gene was cloned, a genomic fragment containing 1513 

bp upstream of the start codon, the putative 3090-bp ORF, and 253 bp downstream of the 

stop codon was introduced into the stabl mutant through Agrobacterium-vciQdidX&d 

transformation. Transgenic plants (Tl) expressing this genomic fragment did not display 

stabl mutant developmental phenotypes (Figure 6B) and following self-pollination, the 

resulting T2 seedlings showed a 3:1 segregation ratio between seedlings with nornial 

luminescence intensity and high luminescence intensity after cold treatment (Figure 6C). 

These results confirm that At4g03430 can complement the stabl mutant phenotypes. 

The At4g03430 gene does not contain an intron, and its CIRF has been confirmed 

by Yamada et al (2003). The STABl ORF is predicted to encode a polypeptide of 1029 

amino acids with a molecular mass of about 115.6 kDa. The deduced amino acid 
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sequence of STAB J exhibits a significant degree of overall homology with human U5 

snRNP-associated 102-kDa protein (094906) (53% identity and 69% similarity). STABl 

protein is also similar to the fission yeast pre-mRNA splicing fector PRPlp (Q12381), 

and budding yeast pre-mRNA splicing factor Prp6p (S12319), with identities of 42% and 

31%, and similarities of 61% and 48%, respectively. STABl exists as a single-copy gene 

in the Arabidopsis genome. We attempted to isolate a homozygous T-DNA knockout 

allele of stab]. The SALK line SALK 009304 contains a T-DNA insertion at 286 nt 

from the translation initiation site, which likely represents a null allele. However, 

genotyping of many plants identified only wild-type and heterozygous alleles but not 

homozygous T-DNA mutants. This suggests that the homozygous T-DNA mutant is 

lethal. 

Domain analysis revealed that the STABl protein has a bipartite nuclear 

localization signal as well as 14 HAT (half a tetratricopeptide repeat; TPR) helix domains 

and 2 TPR domains (Figure 7A). The HAT domain has a sequence and structure similar 

to the TPR domain and is found in many RNA processing proteins (Preker and Keller, 

1998). HAT domains are present in multiple repeats, and it is believed that 

intramolecular HAT-HAT interaction provides a protein-protein interaction surface. The 

stab! mutation took place in one of the HAT domains (Figure 7A). Therefore, it is likely 

that the protein interaction surface provided by the HAT domain is affected by the 

mutation in STABl. The TPR domain is a degenerate 34 amino acid repeat forming two 

a-helixes and is often an-anged in tandem. Proteins with TPR repeats are involved in 

many cellular events such as cell cycle control, splicing, transcription, protein folding, 



and protein transport (Blatch and Lassie, 1999). TPR participates in these activities by 

mediating protein-protein interactions. Interestingly, the N-terminal 85 amino acid 

residues in STABl are predicted to contain a ubiquitin domain by PROSITE Database of 

Protein Families and Domains (http://iis.expasy,org/prosite) (Figure 7A). This ubiquitin 

domain was also found in the STABl homolog in rice, but not in humans or yeasts, 

which suggests an evolutionary divergence of the plant protein. 

To investigate the subcellular localization of STA!31, we generated transgenic 

Arabidopsis expressing a GFP-STABl fusion protein. The green fluorescence was 

detected in nuclei, which suggests a nuclear localization of the STABl protein (Figures 

7B-7E). This observation is consistent with the presence of a nuclear localization signal 

in the STABl amino acid sequence. 

To detemiine the tissue distribution of STAB l expression, an approximately 1.5-

kb sequence upstream of the STABl initiation codon was amplified by PCR and used to 

drive the expression of the GUS ((3-D-glucuronidase) reporter gene. STABl promoter-

GUS transgenic Arabidopsis plants were assayed to detect GUS expression. The GUS 

reporter gene was expressed in all tissues tested, which suggests a ubiquitous pattern of 

expression of STABl (Figures 7F-7M). 

STABl Is Stress Iiicliidble and Recpired for Both Pre-inRNA Splicing and niRNA 

Turnover 

The notion that STABl is a pre-mRNA splicing factor and the stabl mutant may be 

defective in pre-mRNA splicing is supported by experimental evidence. Results of RNA 
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blot analysis revealed an additional, slightly higher band when the C()RI5A gene was 

used as a probe (Figure 8). This higher band was present only in cold stress-treated stab I 

mutant plants. The size of the higher band corresponds to that of the C0RJ5A transcript 

with an intron. Since the C0RJ5A gene has only one intron, we labeled this intron 

fragment as a probe for RNA blot analysis. As predicted, the intron probe detected a 

signal only in cold stress-treated stab J mutant plants, and the size of the signal was the 

same as the "upper band" detected by the C0RI5A cDNA (Figure 8). These results 

demonstrate that the stahl mutant is indeed defective in pre-niRNA splicing. 

It is interesting that the C0RI5A splicing defect occurred only under cold stress 

conditions, even though C0RJ5A was also induced by ABA or NaCl (Figure 8). The 

preferential splicing defect under cold stress and the increased cold sensitivity of the 

stab I mutant prompted us to test whether STABl might be preferentially needed under 

cold stress and thus its expression might be up-regulated by cold. Indeed, we found that 

the STABl transcript level is up-regulated by cold stress but not by ABA or NaCl 

(Figures 9A amd 9B). Surprisingly, we found that the cold-induced STABl transcript 

level was substantially higher in the stab J mutant than in the wild type (Figures 9A and 

9B). Results of nuclear run-on assays revealed no substantial difference in STABl 

transcription rates between the wild-type and stabl mutant plants (Figure 9C). Thus, the 

STABl transcript is highly unstable because it was not detectable without cold stress by 

RNA blot analysis, even though the STABl promoter has strong constitutive activities 

(Figure 7). Therefore, the stabl mutation causes the stabilization of the normally 

unstable STABl transcript. 
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To identify ottier endogenous genes with enhanced transcript stability in the stabl 

mutant, full genome microarray analysis was carried out with use of Affymetrix 24K 

GeneChip. Total RN A extracted from 14-day-old seedlings of the wild type and stab I 

mutant grown under normal conditions was used for the transcript profiling. From two 

independent experiments, we found 43 genes with a two-fold higher transcript level in the 

stabl mutant than in the wild type (Table 2). The STAB ! gene itself was not included in 

our list of the 43 genes, probably because our microarray analysis was carried out with 

seedlings not under cold treatment. However, the microarrfciy result still indicated that the 

level of the STABl transcript was about L7-times higher in the stabl mutant than in the 

wild type grown under normal conditions. One of the 43 genes, steroid sulfotransferase 

{STF, At2g03760), which showed a high transcript level in the stabl mutant by the 

microarray assay, was tested by RNA blot analysis. The STF gene was found to be up-

regulated by cold and NaCl stress (Figures 9A and 9B). Consistent with the microarray 

result, RNA blot analysis showed that the STF transcript level is higher in the stabl 

mutant than in the wild type, particularly after 72-hr cold stress (Figures 9A and 9B). To 

investigate whether this higher transcript level was also due to transcript stabilization, we 

carried out nuclear run-on assays, which revealed no substantial difference in the 

transcription rate for STF between wild type and the stabl mutant (Figure 9D). 

Therefore, the higher level of STF transcript in the mutant appears to be caused also by 

enhanced transcript stability. 

DISCUSSION 
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In this study, we used a genetic approach to identify novel factors important in mRNA 

turnover. The recessive stabl mutation causes the stabilization of not only the firefly 

luciferase reporter gene transcript but also transcripts from at least two endogenous genes 

{STABl itself and STF). Interestingly, STAB I encodes a protein with strong homology to 

a pre-iiiRNA splicing factor. Indeed, stahl mutant plants are defective in the splicing of 

the CORISA gene. Our work thus identified a cellular factor required for both transcript 

turnover and RNA splicing. Furthermore, we found that STABl expression is regulated 

by cold stress, and the gene plays an essential role in cold stress tolerance. 

Pre-raRNA splicing is an indispensable process for removing introns irom pre-

mRN A for proper gene expression in eukaryotie cells and is carried out by the 

spliceosome, a multicomponent complex of small nuclear RNAs (snRNAs) and many 

protein factors (Jurica and Moore, 2003). snRNAs include Ul, U2, U4, U5 and U6, and 

each constitutes a small ribonueleoprotcin (siiRNP) with several protein subunits. 

Although the spliceosome is made up of approximately 300 polypeptides that include 

many other proteins (Rappsilber et al, 2002; Zhou et al, 2002), these snRNPs form the 

core. The remaining non-snRNP protein factors are known to participate in recruiting the 

core splicing machinery and/or connecting splicing to other processes such as 

transcription, 5'-end capping and 3'-end cleavage/polyadenylation (Proudfoot et al,  

2002). 

The sequence of STABl suggests that it is a IJ5 snRNP-associated protein. It has 

high similarities to human U5 snRNP-associated 102-kDa protein (094906), fission yeast 
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pre-mRNA splicing factor Prplp (Q12381.), and budding yeast pre-mRNA splicing factor 

Prp6p (812319). In budding yeast, Prp6p mediates the interactions between U4/U6 

snRNP and U5 snRNP. U4/U6 snRNF and U5 snRNP form, a tri-snR.NP before being 

integrated into the spliceosorae. Galisson and Legrain (1993) showed that the U4/U6-U5 

tri-snRNP did not accumulate in theprpd mutant. Instead, the U4/U6 snRNP and U5 

snRNP were present separately in the mutant, which suggests a Pri36p requirement in 

U4/'LJ6-U5 tri-snRNP fonnation. The U5 snRNP-associated i02-kDa protein, human 

Prp6p ortholog, is also thought to bridge U4/U6 snRNP and U5 snRNP through specific 

interaction with the U4/U6 snRNP-associated 61-kDa protein (Makarov et al, 2000; 

Makarova et al, 2002). Thus, it is likely that the STABl gene product has a similar 

function in plant U4/U6-U5 tri-snRNP formation. However, we found that STAB] was 

not capable of complementing the temperature-sensitive growth phenotype of the prp6-l 

yeast mutant Sel (Urushiyaraa et al, 1997). Nevertheless, the in vivo splicing defect in 

the stahl mutant, together with the strong sequence similarity between STABl and the 

human and yeast proteins, support STABl as a bona fide splicing factor. The inability of 

STABl to complement the yeast mutant is likely due to sequence and possibly functional 

divergence of the plant protein. The N-teminal region of STAB 1 has an ubiquitin 

domain not observed in the non-plant orthologs. Interestingly, the PatchCalling database, 

which provides data on global protein-protein interactions by use of industrialized, high-

throughput yeast two-hybrid technology (Uetz et al., 2000; 

http;//portal.curagen.com/pathcalling_portal/index.htm), contained an interaction between 

Prp6p and Ubc9p, an ubiquitin-conjugating enzyme in budding yeast. This suggests that 
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ubiquitin conjugation, may also be required for proper function of STAB 1 homologs in 

non-plant systems. STABl might have acquired the ubiquitin moiety as an 

intramolecular domain during evolution. 

It is unclear how the stabl mutation enhances transcript stability or how STABl 

normally promotes transcript turnover. Evidence suggests that posttranscriptional 

processes such as RNA processing, export, translational regulation and degradation are 

interconnected. In addition, RNA processing events, including splicing, can be coupled 

to transcription in higher eukaiyotes (Proudfoot et al, 2002; Jensen et al, 2003). As 

RNA emerges druing transcription, it is packaged into a messenger ribonuclcoprotein 

(mRNP) complex. Failure to form a proper mRNP complex may lead to retention by a 

nuclear surveillance system, resulting in mRNA degradation. We suggest that STABl 

and possibly the entire spliceosome may be part of the nuclear surveillance system that 

recognizes and degrades certain transcripts before they exit the nucleus. It is not Icnown 

what primary or secondary sequence features are being recognized by this surveillance 

system. It is interesting to note that all three transcripts (luciferase, STABl and STF) 

confirmed to be stabilized in the stabl mutant do not have introns. However, many of the 

43 genes showing enhanced transcript levels in the mutant do have introns, although we 

do not know whether the ones with introns are directly or indirectly affected by the stabl 

mutation. 

Among the 43 genes with higher expression levels in the stahl mutant than the 

wild type are tv^o spliceosonial proteins. They include U5 snRNP-associated 200~kDa 

protein (At2g42270) and PRP22-like protein (At4gl6680). Results of many studies 



showed these proteins to be present in the spliceosome, along with U5 snRNP-associated 

102-kDa protein, the human counterpart of STABl (Jurica et ai, 2002; Makarov et al, 

2002; Rappsilber et al, 2002; Zhou et al, 2002). The enhanced expression of these 

genes might imply a cellular mechanism to compensate for the defect in STABL 

Complementation of defects in the splicing machinery by overexpressing other 

components is not surprising. The addition of a high amount of SR proteins, auxiliary 

splicing factors rich in arginine-serine (RS) dipeptides, compensated for the loss of Ul 

snRNP function or U2AF depletion in an in vitro splicing system (Crispino et al., 1994; 

Tam and Steitz, 1994; MacMillan et al, 1997). A cellular compensation system for 

stahl defects could possibly affect RNA processing, which in turn may have resulted in 

the enhanced transcript stability of certain genes in the stahl mutant. Recently, UBPl, a 

U-rich intron and 3'-UTR binding hnRNP protein, was cloned and characterized in 

tobacco (Lambermon et al., 2000). UBPI overexpression led to enhanced stability of 

certain transcripts. UBPI can bind the 3'-UTR of mRNAs and thus may protect the 

mRNAs from exonucleolytie degradation (Lambermon et al, 2000). Interestingly, 

UBPI-enhanced transcript stability was observed only for intronless gene transcripts or 

less efficiently spliced intron-containing transcripts (Lambermon et al., 2000). 

The function of STABl appears essential in Arabkiopsis, since stahl null mutants 

are lethal. Yeastprp6 null mutants also appear to be lethal, as indicated in the 

Saccharomyces Genome Database (http://ww%v.yea8tgenome.org/; Giaever et al, 2002). 

It is likely that the in-frame deletion of two amino acids in stab I represents a partially 

functional mutant allele. Microarray and promoter-GUS analyses showed that STABl is 
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expressed coiistitiitively. Indeed, the stabl mutant exhibits a phenotypic defect in the 

absence of cold or other stress, which also suggests that stabl is not a temperature-

sensitive allele. However, the mutant defect is most severe under cold stress, as indicated 

by the mis-splicing of C0R15A in the cold and chilling sensitivity of the mutant plants. 

The cold stress phenotypes of stab J mutant plants suggest an important requirement of 

STABl under cold stress. This requirement is reflected in the cold-stress up-regulation of 

STABl expression. 

stab J mutant plants are also altered in their responses to ABA and salt stress. The 

mutant is hypersensitive to ABA in germination and root growth, as are the phenotypes 

ofabhl and sadi, both of which affect {WA metabolism (Hugouvieux et al, 2001; 

Xiong et al, 2001a). In addition, stabl mutant plants show a serrated leaf phenotype that 

is also observed in the abhl mutant, although stabl but not abhl is smaller and bolts 

early relative to the wild type (Hugouvieux et al., 2002). However, the ABA 

hypersensitivity in stabl is not as strong as that in abhl or sadL Unlike the abhl or sadl 

mutant, stabl does not have a detectable phenotype in stomatal opening or closing (data 

not shown), even though the STABl promoter-GUS is expressed in guard cells. The 

weak existence or absence of certain ABA phenotypes in stabl mutant plants may be 

because the mutation (an in-frame deletion of two amino acid residues) causes only a 

partial loss of function under the conditions, stabl mutant plants are also hypersensitive 

to LiCl (Figures 4D and 4F). This phenotype is consistent with the defect of stabl mutant 

in pre-m,RNA splicing, as LiCl is well known for its inhibitory effect on RNA processing 

enzymes (Dichtl et a!., 1997), 



METHODS AND MATERIALS 

Plant Materials and Growth Conditions 

RD29A-LUC expressing Arabidopsis thaliana ecotype Columbia gll (referred as the wild 

type in the manuscript) plants were mutated by ethyl methanesulfonate to generate M2 

seeds. Surface-sterilized M2 seeds were plated on MS (Murashige and Skoog salt base, 

JRH Biosciences, Lenexa, KS) agar (0.6%) plates supplemented with 3% sucrose and 

placed at room temperature (22 + !"€) under continuous light after 2-3 day cold 

stratification. Seven-day-old seedlings were used for screening for altered LUC 

expression in response to low temperature, ABA, or NaCl treatment with use of a video-

imaging system consisting of of a CCD camera (CCD-512SB, Princeton Instruments, 

Inc., Trenton, NJ), a controller (Princeton Instruments, Inc., Trenton, NJ) and a computer 

with WinView image processing software as described previously (Chinnusamy et aL, 

2002; Lee et aL, 2002). When necessary, seedlings were transferred to soil pots and 

allowed to grow in a growth chamber with cycles of 16-hr light at 22°C and 8-hr dark at 

18°C. 

Physiological Charaterixaloii 

Stresses were applied to one-week-old wild type and mutant seedlings grown in the same 

MS agar plate. For cold treatment, the plates were placed at 0°C in the dark for the 

designated times. For ABA treatment, 100 j-iM ABA ((±)-cis, trans-abscisic acid, Sigma 
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Cliem. Co., Si. Louis, M,0) dissolved in sterile H2O was sprayed uniformly 011 the leaves 

of the seedlings. ABA-treated plates were kept at room temperature (22 ± 1 ̂ C) under 

cool-white light for the designated times. For NaCl treatment, seedlings were transferred 

to a filter paper saturated with 300 niM NaCl in MS solution. The seedlings were then 

ineubated under light at room temperature for the designated times. 

For germination tests, surface-sterilized seeds were placed on MS agar (0.6%) 

plates supplemented with ABA at designated concentrations. The plates were cold-

treated for two days at 4®C to promote uniform germination. Seven days later, the 

germination was scored. Cotyledon appearance was considered to be germination. 

For growth analysis, four-day-old seedlings grown vertically on MS agar (1.2%) 

square plates were transferred onto MS agar (1.2%) supplemented with various salts. 

Root length was measured four days later and seedling growth phenotypes were 

examined 13 days later. For chilling tests, four-day-old seedlings grown at room 

temperature on MS agar (1.2%) square plates were transferred to 4°C under continuous 

light conditions. Phenotypes were then monitored. 

Gene Expression Analysis 

Nine-day-old seedlings grown on MS agar plates were used for RNA blot analysis. After 

stress treatments as described in the text, total RNA was extracted and analyzed as 

described previously (Liu and Zhu, 1997). 

For nuclear run-on analysis, nuclei were isolated from 2-week-old seedlings 

treated with cold (0"C) for 72 hr. The nuclei isolation and in vitro transcription reactions 
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were caiTied out as described (Doweiier et a 'L, 2000). Comparable amounts of labeled 

RJNA for treated and untreated samples were used for filter hybridization. Slot blots on 

nitrocellulose filter membrane were prepared with 100 ng of denatured purified gene 

fragments or an equivalent amount of denatured linearized plasmid per slot. For 

comparison, two to three slots were used for each probe. Pre-hybridization and 

hybridization was carried out as described by Dorweiler et al. (2000). Following 

hybridization, the strips were washed for 15 min with 5x SSC and 0.1% SDS at42°C and 

then with 2x SSC and 0.1 % SDS for 15 min at room temperature. The strips were 

visualized with use of a STORM 860 Phosphorlmager (Molecular Dynamics, Sunnyvale, 

CA), and signals were quantified with use of the ImageQuaNT software (Molecular 

Dynamics, Sunnyvale, CA). Background was subtracted from each signal before 

normalizing the probe to the signals for control. 

Probes used for both RNA hybridization analysis and nuclear run-on analysis 

were: the RD29A gene-specific probe from the 3' noncoding region (Liu and Zhu, 1997); 

C0R15A cDNA (Gilmour et al., 1992; Lin and Thomashow, 1992) kindly provided by 

Dr. M.F. Thomashow; and C0R15A intron flagment amplified fxom Arabidopsis 

genomic DNA by use of a primer pair of CORl 5 AI-F (5 

AAGGATCTTAGCAGGCAATGTT-3') and C0R15AI-R (5'-

CAAAGGTTTCAAAACACATATCCA-3'). Full length conding regions of both 

luciferase and STAB I were used to detect each transcript signal. Steroid sulfotransferase 

(At2g03760), NFTII, and tubulin probe fragments were amplified from plasmid 

construct, cDNA clone, or genomic DNA by PGR with the following primer pairs: STF-F 
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(5'-TGAAGCTA.AAGATTCCGACATTATC-3') and STF-R (5'-

AGTATCTCTCCATC-CTCCAATCTCT-3'); NPTII-F {5'-

ATGACTGGGCACAACAGACA-3') and NPT II-R (5'-

AATATCACGGGTAGCCAACG-3') 

;Tubulin-F (5'-CGTGGATCACAGCAATACAGAGCC-3') and Tubulin-R (5'-

CCTCCTGCACTTCCACTTCGTCTTC-3'). 

For Affymetrix GeneChip array analysis, 20 j.ig of total RNA from the wild-type 

and stabl seedlings grown for 14 days at normal conditions were extracted by use of the 

RNeasy Plant Mini Kit (Qiagen, Valencia, CA) and used to make biotin-labeled cRNA 

targets. The Af^ymQtx\x Arabidopsis ATHl genome GeneChip, which contains >22,500 

probe sets representing ~24,000 genes, were used, and hybridization, washing, and 

staining were carried out at the Genetic Analysis & Technology Core Facility at the 

University of Arizona. Microarray data were extracted from the scanned GeneChip 

images and analyzed by use of Microarray Suite version 5.0.1 (Affymetrix, Santa Clara, 

CA). If necessary, the data produced by MircoaiTay Suite were exported into the 

Microsoft Excel or the Microsoft Access for further analysis. The microaiTay assay was 

duplicated with biologically different samples. To determine genes with higher transcript 

levels in stabl, the following criteria were used: (1) "present" calls, signal intensities 

from stabl greater than background as determined by the Affymetrix MicroaiTay Suite 

Program; (2) "change" calls, made by the same program, in pair comparison of stabl to 

the wild type were "I" (for "increase"); and (3) "fold change", in pair comparison was 

twofold or more. Values from two comparisons for a single gene in two microarray 



analysis results should all meet these standards to be considered a gene with higher 

transcript level in stab 1 than in the wild type. It should be noted that the "fold change" 

were converted from the "Signal Log Ratio", a difference index calculated by use of the 

Affymetrix Mieroarray Suite Program, per the Affymetrix Manual; if the "Signal Log 

Ratio" is equal to or greater than 0, "fold change" is obtained with 

othemise, (. l )x2-^Sigaal Log Ratio) 

Positional Cloning 

For genetic mapping of the stabl mutation, stabl in the Columbia ecotype was crossed 

with the wild type Landsberg erecta ecotype. The resulting F1 plants were allowed to 

self and the F2 seeds collected. Homozygous stabl mutants in the segregating F2 

population were selected on the basis of high luminescence under stress conditions. 

Mapping of the mutation was earned out with SSLP markers (Bell and Ecker, 1994). For 

fine mapping, new SSLP markers were developed with use of the Cereon Arabidopsis 

Polymorphism collection at http://www.arabidopsis.org/Cereon/index.html. Primers for 

SSLP markers were : T4I9-29K (5'-TTGATCGATCGTCTCGTATTTC-3' and 5'-

TTGGCCATTACTTTGGATC.A-3'), F4C21-27K (5 '-GCTCGTGACGTGGCTATCTT-

3' and 5'-TGGGGGTCAAAACTCAAAAC-3'), F9H3~80K, (5'-

GATCGGAA A ACCAG AAACG A-3' and 5 '-TTTCCGGC AAAATTGTAACAG-3'), 

F9H3-32K (5'-CCGTTACACATAATAAAGGGTTTTC-3' and 5'-

CGTTACTAATGGATTTAGAGTGAGTGA-3'), and F9H3~3K (5'-

GTAGGTCCCCAGCCTTGATT-3'and 5'-TTGAAAACTGCTGACGGAGA.3') 

http://www.arabidopsis.org/Cereon/index.html
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Plasmid Construction awd Plant Transformation 

The F9H3 BAG clone was obtained from the Arahidopsis Biological Resource Center 

(Columbus, Ohio) and used as a PGR template. l*ox stabl complementation, the 4954-bp 

genomic DN A Ixagment of STAB 1, covering from 1513 bp upstream of the start codon to 

253 bp downstream of the stop codon, was amplified with LA taq polymerase{Takara 

Shuzo CO., Shiga, Japan), with F9H3 BAC DNA used as a template with the following 

primers: F9H3.5gKpnI-F (5'-TGTTGCTACCCTTATTGTAGCAATACTTGTTCTTA-

3') and F9H3.5gSall-R (5'~TACAGTCGACAAAAGAAGTTTAATAGCTGAACA-3'). 

The resulting fragment was cloned into pCAMBIA1200 between the Kpnl and Sail sites, 

generating pCAM1200-//C/J. 

For the STAB I promoter-driven GUS construct, a 1493-bp fragment spanning -

1513 to -21 with respect to the ATG start codon of the STAB J ORF was amplified by 

PGR with F9H3 BAC DNA used as a template and a primer pair, F9H3.5pSalI-F (5'-

GTTGGTCGACTTATTGTAGCAATACTTGTTCTTA-3') and F9H3.5pNcoI-R, (5'-

CCGGTCCATGGAACCAAACTATAAAAATCTCT-3'). The STABl promoter 

fragment was then cloned into pCAMBIA138I between the Sail and Ncol sites, resulting 

in pCAM!38i-HC15-GUS. 

For construction of the GFP-STABl fusion protein, the STAB J ORF was 

amplified by PGR with F9H3 BAC DNA used as a template and a primer pair, 

F9H3.5gSalI-F(5'-GATTAGQlCGACATGGTGTTTCTCTCGATTCCAAAC-3') and 

F9H3.5gXmaI-R (5ATTGATCC€GGGCAGCAGAATTCTCTTCCTTGCTCAA-3'). 



245 

The amplified STAB I ORF was subcloned into pFiZTNL between the Xhol and Xnial 

sites, resulting in pEZTNL-HC15-GFP. 

pCAM1200-HCl5 and pCAM138i-HC15-GUS were transferred to 

Agrohacterium GV3101 (pMP90) and pEZTNL~HC15~GFF to Agrohacterium LBA4404 

by electroporation at 1250V with capacitance of 25 fxF and resistance of400 O. After 

appropriate antibiotic selection and PGR confmnation, selected Agrohacterium was 

grown at 28®C in LB (Luria-Bertani, bacto-tryptone 1% [w/v], bacto-yeast extract 0.5% 

[w/v], NaCi 1% [w/v], pH 7.0) oveniight and then used for in planta floral infiltration. 

Microscopy Analysis 

Glufosinate-amraonium resistant GFP-STABI transgenic seedlings selected in soil by 

spraying 30 mg/L Finale (AgrEvo Environmental Health, Montvale, NJ) were mounted 

on glass slides, and green fluorescence images were taken with use of a BioRad MRC-

1024 confocal laser-scanning microscope with 488 nm laser excitation and emission filter 

of 522/DF35. For GUS staining, the buffer 3 mM x-Gluc, 0.1 M Na-phosphate buffer, pH 

7, 0.1% Triton X-100, and 8 mM 6-mercaptoethanol was added to the STABlp-GU^ 

transgenic seedlings. The samples were incubated overnight at 37°C and subjected to 

treatment with 70% ethanol at 70°C to remove chlorophyll. GUS pictures were taken 

under a dissecting microscope. 
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Figure 1. Comparison of limiiiiescenfe Images and intensity between the wOd type 

and stabl under stress. 

A. The wild type and stab J seedlings on MS agar plates 

B. Luminescence images con-esponding to plates in A, 

C. Quantification of luminescence intensities over the time period (error bar = SE) 
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Figure 2. Comparison of expression level in the wild type and stabl between the 

endogenous RD29A and transgene RD29A'LUC by RNA hybridixation and nuclear 

run-on analysis. 

A. RNA hybridization with total RNA (20 ^g) from samples treated with cold (72 

hr), ABA (3 hr), or NaCl (3 hr) 

B. RNA hybridization with total RNA (20 |,ig) from samples treated with cold (0, 6, 

24, or 72 hr) 

C. Nuclear run-on analysis with 72-hr cold-treated samples 
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Figure 3. stMbl germination and chilling sensitivity, 

A, Germination test of the wild type and stahl on MS agar with ABA (0 or 0.1 ^M). 

Pictures were taken 4 days after imbibition. 

E. Germination rate of the wild type and stab I on MS with ABA (0,0.1, 0.5 or 1 

jiM). Rates were scored 7 days after imbibition. Data from three replicate 

experiments were used. (Error bar = SE) 

C. Chilling sensitivity test of the wild type and stabl at 4°C. 4-day-old seedlings 

were transferred at 4°C, and pictures were taken 6 months later. 
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Figure 4. stahJ sensitivity to various salt and osmotic stress conditions. 

A ~ D. Comparisons of the wild type and stah l in root growth on MS agar media with 

ABA (A), NaCl (B), mannitol (C), and LiCl (D). Root growth relative to control 

was used. At least 8 seedling roots were measured. (Error bar = SE) 

E - F. Comparisons of the wild type and stab! in seedling growth on MS agar media 

with mannitol (E) or LiCl (F). Pictures were taken 13 days after seedling transfer 

onto the media. 
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Figure 5. Developmental phenotype M stabl. 

A - C. Morphology of the wild type and stab J plants; 3 weeks old (A), 5 weeks old 

(B), and 6 weeks old (C). 

D. Comparison of leaf morphology between the wild type and stabl 

E. Early bolting phenotype of stab J 

F. Leaf number comparison between the wild type and stabl upon bolting after 

different stratification period. 
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Figure 6. Molecular cloning of STABl and functional complemeiitatlon, 

A. Positional cloning of STABl. Numbers of recombination are from 308 F2 progeny 

seedlings with stabl phenotype. Markers used at recombination position were, 

from left, T4I9-29K, F4C21-27K, F9H3-80K., F9H3-32K,, and F9H3-3K 

B. Molecular complementation of stabl developmental defect with the wild type 

STABl gene. 

C - D. Molecular complementation of RD29A-LUC expression defect with the wild 

type STABl gene. Seedlings on MS agar plates (C) and corresponding luminescence 

image (D) 
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Figure 7. Characterization o f STAB 1. 

A. Predicted domain in STABl protein. * represents mutation site in stab J. HAT 

(half a TPR), TPR (tetratricopeptide repeat), UBQ (ubiquitin), and NLS (nuclear 

localization signal) 

B - D. Confocal microcopic image of Arabidopsis root with the GFP-STABl protein 

expression. 

E, DAFI stained root corresponding to root in (D) 

F - M. Expression of STABl promoter-GUS in Arabidopsis. Whole seedling (F and 

G), root (H), leaf (I), flower (J), slique (K), guard cells (L), and trichome (M). To 

detect STABl promoter-GUS expression in guard cells clearly, only the epidermis 

with guard cells was examined. 
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Figure 8. C0.R15A expression in stahl. 

Total RNA (20 |.ig) from 14-day-old seedlings was subjected to RNA hybridization 

with probes shown. AITOWS indicate C0RI5A non-spliced transcripts. 
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Figure 9. Expression of steroid swifotransfenise and STABl in the wild type and 

stahl, 

A ~ B. RNA hybridization of the wild type and stabi total RNA (20 ^.ig) with STABl 

and steroid siilfotransferase {STF) probes after different treatments (A) or 

different cold durations (B). 

C - D. Nuclear run-on analysis with samples after 72-hr cold treatment. STABl (C) 

and STF (D) were analyzed. 
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Tabie 1. Genetic Analysis of stab1 Mutant (Wild Type x stablf 

Generation 
Number of 
seedlings 

Wiid Type'' stab1 P 

F1 31 31 0 

F2 314 242 72 0.043 0.8352 

a Female x Male 
b For luminescence phenotype, seedlings with intensities higher than 

1 X 10® counts per seedling after stress were considered to be wild type. 



Table 2. List of genes with expression level more than 2 times higher in 
stabi than the wild type. 

2nct Analysis 

Gene Name 

At1g03470 exprossed protein P P 2.3 P P 2.3 
At1g03990 alcohol oxidase-related A P 3.2 P P 2.6 
At1a12030 hypothetical protein P P 2,5 P P 2.0 
At1g17960 threotiyl-tRNA synthetase -related M P 5,3 P P 2.1 
Atl 961800 gluB03e-6-phosphate/phosphat®-trar)slocatar, putative P P 2,1 P P 4.0 
At1g71330 ABC transporter family protein P P 2.5 P P 2.6 
At2g03130 503 ribosomal protein L7/L12 A P 4.9 P P 2,1 
At2g03760 ateroic) suifotransferase, putattva P P 3.2 p P 2.1 
At2g04070 MATE efflux protein family P P 7.0 P P 3.5 
At2g18190 AAA-type ATPasa family A P 5.7 P P 2.8 
At2920800 NADH dehydrogenase family A P 6.1 P P 2.1 
At2g21S90 glucose-1-phosphate adenytyltransfarase, putative P P 2.6 P P 2,3 
At2g3Z680 disease resistance protein family P P 2.0 P P 4,9 
At2g41730 axprossed protein P P 4.3 P P 2.1 
At2g42270 U5 small nuclear riljonuctooprotsln helicaae, putative P P 3.2 P P 2.1 
At2g43620 glycossyl hydrolase family 19 (chitinase) P P 2.3 P P 5.3 
At2g47520 AP2 domain transcription factor, putative P P 3.7 P P 2.6 
At3g02480 expressed protein P P 5.7 P P 8.0 
At3g14050 OTP pyrophosphokinase -related P P 2.0 P P 2.3 
At3g21720 isocitrate lyase -related P P 2.6 A P 8.0 
At3g24954 leucine rich repeat family P P 2,1 A P 29.9 
At3g28290 At14a P P 2.3 P P 3.0 
At3g28580 AAA-type ATPasa family P P 2.6 P P 4,9 
At3g50770 oalmodulin-ralated protein, putative P P 2.5 A P 2.3 
At3g50930 AAA-typo ATPasa family P P 2.1 P P 3.0 
At3g51860 cation exchanger, putative (CAX3) P P 2.3 P P 2,8 
At3g60160 ABC transporter family protein P P 3.2 P P 2.5 
At4g03320 chloroplast protein import component -related P P 2,1 P P 2.0 
At4g04490 receptor-related protein l^inase M P 2.5 A P 34,3 
At4g13810 disease resistance protein family (LRR) A P 2.3 P P 2,3 
At49l3900 disease resistance protein family P P 2.0 P P 2.S 
At4g 16680 RNA helicasa, putative A P 2.8 A P 2.8 
At4g23140 serine thrsonina kinase - liko protein P P 2.0 P P 8.0 
At4g23150 serine/threonine kinase - like protein P P 2.1 A P 3.7 
At4g36700 cupin domain-containing protein P P 4.3 P P 2.1 
At4g373ro cytochrome P4S0, putative P P 2.S P P 2,8 
At5g041S0 bHt.H protein family P P 3,7 P P 3.0 
At5g11410 protein kinasa family P P 2.6 P P 2.1 
At5g18270 NAM {no apical meristemj-related protein P P 2,6 P P 2.1 
At5g23240 DnaJ protein family P p 2.3 P P 2.1 
At5g43450 2-oxoglular8t8-dependent dioxygenase, putative P p 3,2 P P 2,3 
At5g60250 hypothetical protein P P 5.3 P P 2.1 
At5g637S0 ARI-relatsd RING zinc finger protein-iike A P 2.8 A P 2.B 

P, present; A, absent; M, marginal; I, Increase 


