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Exposure of imbibed seeds to low temperature (typically 488C) is widely used to break seed dormancy and to improve the

frequency of germination. However, the mechanism by which temperature accelerates germination is largely unknown.

Using DNA microarray and gas chromatography–mass spectrometry analyses, we found that a subset of gibberellin (GA)

biosynthesis genes were upregulated in response to low temperature, resulting in an increase in the level of bioactive GAs

and transcript abundance of GA-inducible genes in imbibed Arabidopsis thaliana seeds. Using a loss-of-function mutant,

the cold-inducible GA biosynthesis gene, AtGA3ox1, was shown to play an essential role in mediating the effect of low

temperature. Besides temperature, AtGA3ox1 also is positively regulated by active phytochrome and negatively regulated

by GA activity. We show that both red light and GA deficiency act in addition to low temperature to elevate the level of

AtGA3ox1 transcript, indicating that multiple signals are integrated by the AtGA3ox1 gene to control seed germination.

When induced by low temperature, AtGA3ox1 mRNA was detectable by in situ RNA hybridization in an additional set of cell

types relative to that in red light–induced seeds. Our results illustrate that the GA biosynthesis and response pathways are

activated during seed imbibition at low temperature and suggest that the cellular distribution of bioactive GAs may be

altered under different light and temperature conditions.

INTRODUCTION

Gibberellins (GAs) are phytohormones that are essential formany

processes of plant development, such as seed germination,

stem elongation, leaf expansion, flowering, and seed develop-

ment (Davies, 1995). GAs are tetracyclic diterpenoids that are

synthesized from geranylgeranyl diphosphate produced mainly

through themethylerythritol phosphate pathway (Kasahara et al.,

2002). Geranylgeranyl diphosphate is converted to biologically

active GAs by terpene cyclases, P450 monooxygenases, and

2-oxoglutarate–dependent dioxygenases (Hedden and Kamiya,

1997). As summarized in Figure 1, most of the genes encoding

GA biosynthesis and catabolism enzymes now have been

identified (Olszewski et al., 2002). Previous studies have indi-

cated that GA-mediated developmental processes are regulated

in part by changing the cellular concentration of bioactive GAs.

Therefore, it has been thought that GA concentrations must be

carefully modulated, perhaps by integrating various endogenous

and external signals (Hedden and Phillips, 2000; Yamaguchi and

Kamiya, 2000).

It has been well documented that GA promotes seed

germination in many plant species. In Arabidopsis thaliana,

severe GA deficient–mutants, such as ga1-3 and ga2-1, are

defective in seed germination (Koornneef and van der Veen,

1980). In addition, chemical inhibitors of GA biosynthesis

enzymes, such as uniconazole and paclobutrazol, inhibit

germination (Nambara et al., 1991; Jacobsen and Olszewski,

1993). These observations indicate that de novo GA bio-

synthesis is necessary for seed germination after imbibition in

A. thaliana (Hedden and Kamiya, 1997). In fact, the level of

bioactive GAs recently has been shown to increase just before

radicle protrusion in germinating A. thaliana seeds (Ogawa et al.,

2003).

Light is a critical environmental determinant for seed germi-

nation in some small-seeded plants, such as Lactuca sativa

(lettuce), Lycopersicon esculentum (tomato), and A. thaliana

(Shinomura, 1997). The effect of light on seed germination is

primarily mediated by the red (R) and far-red (FR) light pho-

toreceptor phytochrome (Borthwick et al., 1952; Butler et al.,

1959). The best-characterized phytochrome control of seed

germination is called the low-fluence response, in which R light

promotes and FR light reversibly inhibits germination (Shinomura

et al., 1995, 1996). There is some evidence that GA biosynthesis

is regulated by phytochrome in germinating L. sativa and A.

thaliana seeds, in which genes encoding GA 3-oxidases (Figure

1) are regulated by R and FR light in a photoreversible manner

(Toyomasu et al., 1998; Yamaguchi et al., 1998). Therefore, it has

been suggested that the control of bioactive GA levels by

phytochrome is responsible, at least in part, for light-dependent

seed germination in these species.

Temperature is another crucial external cue that controls seed

germination (Bewley and Black, 1982). In many plant species,

including A. thaliana, exposure of seeds to low temperatures
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(typically 2 to 58C) immediately after imbibition promotes

germination (Shropshire et al., 1961; Cone and Spruit, 1983).

Although such cold treatment, often called stratification, is

widely used to improve the frequency and synchronization of

germination, the molecular mechanism underlying this thermo-

regulation remains unclear. Because of its positive role in seed

germination, the effect of cold treatment on GA content pre-

viously has been examined in Pyrus malus (apple), Corylus

avellana (hazel), andA. thaliana seeds (Ross andBradbeer, 1971;

Sińska et al., 1973; Williams et al., 1974; Derkx et al., 1994).

These studies indicate that bioactiveGAsweremore abundant in

cold-treated seeds than in non-cold-treated samples. However,

it is not clear from these initial studies whether low temperature

acted as a signal to modulate the GA metabolism pathway

because cold treatment also involved a much longer total

imbibition period (e.g., 7 d at 28C and then 8 h at 248C) compared

with the control sample (e.g., 8 h at 248C) (Derkx et al., 1994). To

understand the molecular basis of how cold treatment promotes

seed germination, it is therefore important to distinguish the

effect of temperature from that of imbibition, which results in

a gradual increase in water content.

Besides the concentration of bioactive GAs, tissue sensitivity

toGA is another parameter to be considered to elucidate howGA

controls developmental processes. In A. thaliana seeds, both

light and temperature conditions can alter the amount of GA

required for seeds to germinate (Derkx and Karssen, 1993a;

Yang et al., 1995; Koornneef et al., 2002). For example, when

GA-deficient ga1 mutant seeds were preincubated at 28C for

7 d in the dark, a lower concentration of exogenous GA4 was

sufficient for the mutant seeds to germinate in comparison with

the casewithout cold treatment (Derkx andKarssen, 1993a). This

observation indicates that the sensitivity to bioactive GAsmay be

enhanced by cold treatment (low temperature or long imbibition)

in A. thaliana seeds, although the molecular nature that deter-

mines GA sensitivity is still unknown.

To address how cold treatment stimulates seed germination,

we performed large-scale expression analysis during imbibition

of after-ripened A. thaliana dry seeds at 48C. This analysis

indicates that a number of GA-related genes are differentially

expressed between dry and cold-treated seeds. To clarify

whether low temperature acts as a signal to modulate GA

biosynthesis and/or response pathways, another experimental

system has been developed, in which the effects of different

temperatures during imbibition are directly compared. Our gas

chromatography–mass spectrometry (GC-MS) and quantitative

reverse transcription (QRT) PCR analyses show that GA bio-

synthesis is activated in response to low temperature in dark-

imbibed seeds at least in part through changes in the transcript

abundance of particular GA biosynthesis genes. Using a loss-of-

function mutant of the cold-inducible AtGA3ox1 gene, we show

that AtGA3ox1 is required for cold-promoted synthesis of bio-

active GAs and seed germination. Furthermore, our data show

that the low temperature signal increases the number of cell

types in which the AtGA3ox1 transcript is detectable by in situ

RNA hybridization analysis, suggesting a complex regulatory

mechanism in which the spatial distribution of bioactive GAs is

determined under varying environmental conditions.

RESULTS

Some GA Biosynthesis Genes Are Responsive

to Low Temperature

We analyzed differential transcript accumulation between after-

ripened dry seeds (stored at room temperature) and seeds

imbibed at 48C in the dark for 48 h using an oligonucleotide-

based microarray consisting of �8200 genes. This type of cold

treatment (stratification) is known to be effective to promote and

synchronize seed germination. Throughout this study, we refer to

seed imbibition at 48C in the dark as cold treatment. Thus, cold

treatment in this study involves both imbibition and exposure

to 48C. In this study, both dry and cold-treated seeds yielded

approximately equal amounts of total RNA and labeled target

RNAs. Therefore, our comparison of relative mRNA levels in this

microarray analysis roughly represents relative amounts per

seed basis.

Our microarray analysis indicated that transcript levels of 161

and 152 genes were upregulated and downregulated, respec-

tively, when dry seeds were subjected to cold treatment. Genes

were classified as being differentially expressed if the signal

values deviated either positively or negatively fourfold or more

between the two samples in duplicated experiments using

independent seed batches. Identities of such genes are shown in

the supplemental data online. We found that several GA bio-

synthesis genes, such as AtGA20ox3 and AtGA3ox1, were up-

regulated upon cold treatment of dry seeds as shown in Table 1.

In addition, it was noted that cold treatment–responsive genes

include several genes that also were regulated by GA during

seed germination (Ogawa et al., 2003). Among 161 genes that

were upregulated upon cold treatment, 38 genes (24%) were

classified as being GA inducible based on their responsiveness

to 50 mM GA4 in imbibed ga1-3 mutant seeds (Ogawa et al.,

2003; see supplemental data online). Similarly, 38 genes (25%)

that were downregulated upon cold treatment correspond to

GA-repressible genes identified in the same study (Ogawa et al.,

2003; see supplemental data online). Taken together, these

Figure 1. The Major GA Biosynthesis Pathway in A. thaliana.

Dotted lines indicate the steps that are catalyzed by GA 20-oxidase.

CPS, ent-copalyl diphosphate synthase; ent-CDP, ent-copalyl diphos-

phate; GGDP, geranylgeranyl diphosphate; KAO, ent-kaurenoic acid

oxidase; KO, ent-kaurene oxidase; KS, ent-kaurene synthase.
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results suggest that GA biosynthesis might be substantially

upregulated during cold treatment, resulting in an upregulation of

at least part of the GA response pathway.

Because we compared after-ripened dry seeds with seeds

imbibed in the dark at 48C by microarray analysis, the genes

identified by this analysis would have responded to a difference

in the state of imbibition (water content), light, and/or tem-

perature. Therefore, to examine whether GA-related genes re-

sponded to low temperature, another set of experiments was

designed. It has been shown previously that two genes encoding

GA 3-oxidases, AtGA3ox1 and AtGA3ox2 (Figure 1), are

regulated by light through phytochrome (Yamaguchi et al.,

1998). To eliminate the effect of phytochrome to study tem-

perature regulation of GA biosynthesis, wild-type seeds were

imbibed in the dark, irradiated with an FR light pulse, and then

incubated in the dark for 48 h at 22 or 48C (Figure 2A). The FR

pulse treatment is necessary to inactivate phytochrome that is

stored in dry seeds in the active form (Hayes and Klein, 1974).

Under the light condition given in Figure 2A, wild-type seeds do

not germinate at both temperatures (up to 96 h). Also, both

samples undergo the same period of seed imbibition. Therefore,

we reasoned that any difference observed between these two

samples would reflect the effect of temperature.

Figure 2B illustrates the result of QRT-PCR analysis of GA

metabolism genes in wild-type seeds incubated at 22 or 48C. In

this experiment, we focused on GAmetabolism genes that show

a higher transcript level in cold-treated seeds than in dry seeds

by microarray analysis (Table 1). Among transcripts that encode

GA 20-oxidases, those of AtGA20ox1 and AtGA20ox2 accumu-

lated at much higher levels at 48C than at 228C (Figure 2B). No

significant difference was observed in the level of AtGA20ox3

mRNAat the two temperatures.AtGA3ox1 andAtGA3ox2 are the

major genes encodingGA 3-oxidases that are expressed in light-

imbibed A. thaliana seeds (Yamaguchi et al., 2001). Although

transcript abundance of AtGA3ox1 was highly elevated at 48C,

that ofAtGA3ox2 remained low at both temperatures (Figure 2B).

These results indicate that particular members of the AtGA20ox

and AtGA3ox gene families are upregulated by low temperature.

Transcript levels of earlier GA biosynthesis genes, AtKO and

AtKAO1, were not significantly higher at 48C relative to those at

228C (Figure 2B). Whereas GA 20-oxidase and GA 3-oxidase

are involved in the biosynthesis of bioactive GAs, GA 2-oxidases

are responsible for deactivatingGAs via 2b-hydroxylation (Figure

1). Our QRT-PCR analysis indicated that in contrast with

AtGA3ox1, the level of AtGA2ox2 transcript was lower at 48C

than at 228C.

To study the effect of low temperature on the GA biosynthesis

pathway in more detail, we determined time-course changes

in the level of AtGA3ox1 and AtGA3ox2 transcripts during in-

cubation of wild-type seeds at 4 or 228C as shown in Figure 2A.

Figure 2C shows the level of AtGA3ox1 transcript increased

gradually during incubation at 48C. However, AtGA3ox1 expres-

sion at 228C was elevated only slightly during early time points

and remained at low levels after 48 h. In contrast with the induc-

tion of AtGA3ox1 at 48C, the level of AtGA3ox2 mRNA remained

low at both temperatures. These results confirm that AtGA3ox1

transcript abundance is upregulated by low temperature,

whereas this responsewas not observed for theAtGA3ox2 gene.

Levels of Bioactive GAs Increase at 488C

Our QRT-PCR studies revealed that the transcript levels of

AtGA20ox1, AtGA20ox2, and AtGA3ox1 are significantly higher

at 48C than at 228C. By contrast, AtGA2ox2, which is involved

in GA deactivation, was downregulated at 48C relative to that

at 228C (Figure 2B). These results suggest that bioactive GAs

Table 1. Expression of GA Biosynthesis Genes in Dry Seeds versus Seeds after Cold Treatment

Signal Valuea

Enzyme Gene Probe Set

AGI Gene

Codeb
Dry

Seeds

Seeds After

Cold Treatment

Differential

Expressionc

ent-copalyl diphosphate synthase AtCPS1 17498_s_at At4g02780 NDd ND

ent-kaurene synthase AtKS1 15301_s_at At1g79460 ND ND

ent-kaurene oxidase AtKO1 17543_s_at At5g25900 35.1 36.4

ent-kaurenoic acid oxidase AtKAO1 20493_at At1g05160 15.8 2.4

AtKAO2 13021_at At2g32440 8.2 7.1

GA 20-oxidase AtGA20ox1 17299_s_at At4g25420 ND 3.4 Yes

AtGA20ox2 17739_at At5g51810 ND 1.7

AtGA20ox3 12368_at At5g07200 ND 13.7 Yes

GA 3-oxidase AtGA3ox1 17549_at At1g15550 ND 63.4 Yes

AtGA3ox2 17492_at At1g80340 ND 2.3

AtGA3ox3 19250_at At4g21690 ND ND

GA 2-oxidase AtGA2ox1 16292_at At1g78440 ND ND

AtGA2ox2 13789_at At1g30040 ND 2.1 Yes

AtGA2ox3 19480_s_at At2g34500 ND ND

aSignal values from a single replicate are shown.
b Arabidopsis Genome Initiative (2000).
c Genes are classified as being differentially expressed when signal values deviate fourfold or more in duplicated experiments.
d The signal is not detectable (ND) by microarray analysis.
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accumulate at higher levels at 48C than at 228C. However, the

modified transcript abundance of GA metabolism genes alone

does not allow us to assess the content of bioactive GAs at the

two temperatures, given that these genes also are regulated by

GA activity through feedback inhibition or feedforward induction

(Chiang et al., 1995; Phillips et al., 1995; Yamaguchi et al., 1998;

Thomas et al., 1999). In addition, it was not clear whether the

increase or decrease in the transcript levels caused a change in

the corresponding enzyme activity in seeds. To demonstrate that

cold treatment leads to an increase in seed bioactive GA levels,

quantitative analysis of precursor, active, and deactivated GAs

was conducted using GC-MS (Figure 3). Wild-type seeds were

imbibed at 4 or 228C under the light conditions given in Figure 2A

and harvested 96 h after the start of imbibition for GA analysis.

Figure 3 illustrates that the levels of bioactiveGAs,GA4 (themajor

bioactive GA in A. thaliana), and GA1 (the amount of which is

usually�10%of that of GA4) were significantly higher at 48C than

at 228C in wild-type seeds. With the exception of GA29, the level

of which was lower at 48C than at 228C, there was no significant

difference in the level of GA precursors and catabolites between

4 and 228C. These results suggest that multiple biosynthetic

steps are modulated to increase the amount of bioactive GAs at

48C; therefore, a substantial increase or decrease in the level of

particular precursor and/or deactivated forms was not detect-

able. This speculation would be consistent with the observed

upregulation or downregulation of GA biosynthesis/catabolism

genes at different metabolic steps in the GA pathway (Figure 2B).

It also is possible that most of the biosynthetic steps are not rate

limiting and are sensitive to the relative pools of precursor and

product.

Because AtGA3ox1 is upregulated during imbibition at 48C

(Figures 2B and 2C), we examined whether this gene is nec-

essary for the increase in bioactive GA levels at 48C using the

loss-of-function mutant ga4-2. The ga4-2 mutant has a T-DNA

insertion in the AtGA3ox1 gene and does not contain detect-

able AtGA3ox1 mRNA (Chiang et al., 1995). Our GC-MS anal-

ysis showed that in contrast with wild-type seeds, the levels of

bioactive GAs in the ga4-2 mutant were comparable at 4 and

228C (Figure 3). This result demonstrates that AtGA3ox1 is

required for the increase in the amounts of bioactive GAs

in response to low temperature. This finding also is consistent

with the fact that among four genes encoding (putative) GA

3-oxidases, only AtGA3ox1 was upregulated at 48C (Figure 2B,

data not shown for AtGA3ox3 and AtGA3ox4).

GA-Inducible Genes Are Upregulated at 488C

To assess if the increase in bioactive GA levels at 48C caused

activation of theGA response pathway, we determined transcript

abundance of GA-inducible genes that were identified previously

by DNA microarray analysis (Ogawa et al., 2003). To verify GA

responsiveness of such genes, we incubated seeds of the

GA-deficient ga1-3 mutant in the absence or presence of vary-

ing concentrations of GA4. As shown in Figure 4A, five genes

(At-EXP1, At-EXP2, AtCP1, At-XTH5, and At-XTH31) responded

to exogenousGA4 in a similar dose-responsemanner. To analyze

the response of these GA-inducible genes to low temperature,

their transcript levels were determined in wild-type seeds

imbibed at 4 or 228C under conditions depicted in Figure 2A.

QRT-PCR analysis demonstrated that GA-inducible At-EXP1,

AtCP1, At-EXP2, and At-XTH5 genes were upregulated at 48C,

which is consistent with the increase in activeGA levels under the

same condition (Figure 4B). However, transcript abundance of

the GA-upregulated At-XTH31 gene was lower at 48C than at

228C, in contrast with other GA-inducible genes (Figure 4B).

These results indicate that imbibition at 48C results in upregu-

lation of a subset of GA-inducible genes but not of all of them.

Figure 2. Expression of GA Biosynthesis Genes at 4 and 228C in Dark-

Imbibed Seeds.

(A) Diagram showing light and temperature treatments. Wild-type seeds

were imbibed in the dark and then irradiated with an FR light pulse

(hatched box). The seeds then were incubated in the dark at 22 or 48C

until harvested (see below). The triangle indicates the start time of

imbibition.

(B) Transcript accumulation of GA biosynthesis genes as determined by

QRT-PCR. Wild-type seeds were imbibed as shown in (A) and harvested

48 h after FR light pulse. Values are means with standard errors from

three measurements. Values for AtGA3ox1 and AtGA3ox2 are multiplied

by 10 for clarity.

(C) Time-course changes in transcript accumulation of AtGA3ox1 and

AtGA3ox2 genes as determined by QRT-PCR. Wild-type seeds were

imbibed as shown in (A). Start of imbibition was set as 0 h. Experiments

were repeated twice with similar results. Data from one of the replicates

are shown.
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It has been demonstrated previously that cold treatment

increases sensitivity to exogenous GA in imbibed A. thaliana

seeds (Derkx and Karssen, 1993b; Debeaujon and Koornneef,

2000). Therefore, the elevated transcript abundance of GA-

upregulated genes at 48C relative to that at 228C (Figure 4B)

could be in part because of an increase in the sensitivity to GA.

To evaluate the influence of the twofold increase in active GA

levels at 48C (Figure 3), we examined transcript abundance of

GA-inducible genes in the ga4-2 mutant, in which bioactive GA

levels remained constant at 4 and 228C. As illustrated in Figure

4C, the levels of GA-inducible At-EXP1, AtCP1, At-EXP2, and

At-XTH5 transcripts in wild-type seeds steadily increased during

the incubation at 48C, but this increasewas not observed at 228C.

The induction of these GA-inducible genes by low temperature

was significantly reduced in ga4-2 mutant seeds, indicating that

a cold-induced increase in GA4 content at 48C is at least partially

responsible for activating the GA response pathway in wild-type

seeds. Slightly higher transcript levels of At-EXP1 and AtCP1

at 48C than at 228C in the ga4-2 mutant (Figure 4C) may be

attributable to an elevated sensitivity of seeds to GA at 48C.

AtGA3ox1 Is Required for Cold-Stimulated

Seed Germination

Thedata shown in Figures 3 and4Cdemonstrate that a functional

AtGA3ox1 gene is required for increasing the level of bioactive

GAs and for upregulating several GA-inducible genes at 48C. To

evaluate the physiological importance of AtGA3ox1 for cold-

stimulated seed germination, we examined germination ability of

the loss-of-function AtGA3ox1 mutant ga4-2. Under continuous

white light at 228C, the germination of ga4-2 seeds was

comparable to wild-type seeds (Figure 5B), presumably as a

result of the activity of AtGA3ox2 because the AtGA3ox2 tran-

script is relatively abundant in light-imbibed seeds (Yamaguchi

Figure 3. Endogenous GA Levels at 4 and 228C in Dark-Imbibed Seeds.

As illustrated in Figure 2A, wild-type seeds were imbibed in the dark, irradiated with an FR light pulse, and then incubated in the dark at 22 or 48C for 96 h

until harvested. Data are means with standard errors from three measurements using independent seed batches unless otherwise indicated. The

asterisks indicate means from two measurements (with similar results). Note that the y axis scale for 13-nonhydroxylated GAs (top; GA12,15,24,9,4,34,51)

and that for 13-hydroxylated GAs (bottom; GA53,44,19,20,1,8,29) are different for clarity. gdw, grams dry weight; n.d., detectable but could not be quantified

because of comigration of impurities.
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et al., 1998).When an FR light pulsewas given towild-type seeds

followed by incubation in the dark at 228C, they failed to ger-

minate. However, under the same light conditions, 74% of wild-

type seeds were able to germinate when preincubated at 48C

before transfer to 228C (Figure 5). This observation illustrates that

the inhibition of germination by inactivating phytochrome is

partially removed by exposure to 48C. Importantly, this cold-

promoted germination was not observed for the ga4-2 seeds

(Figure 5B). These data demonstrate that AtGA3ox1 is required

for stimulating seed germination by the exposure to 48C under

these experimental conditions.

Regulation of AtGA3ox1 by Multiple Signals

This study and our previous studies have shown that the

AtGA3ox1 gene is regulated by at least three factors: light

(phytochrome), temperature, and GA activity (feedback inhibi-

tion). Low temperature, R light, and GA deficiency elevate the

level ofAtGA3ox1 transcript. To study how thesemultiple signals

determine the abundance of AtGA3ox1 mRNA, we attempted

to show whether the transcript level of AtGA3ox1 produced in

response to cold treatment could be further increased by R light

and/or GA deficiency. In the experiment shown in Figure 6A, an R

light pulse was given to wild-type seeds during the incubation in

Figure 4. Expression of GA-Inducible Genes at 4 and 228C in Dark-

Imbibed Seeds.

(A) GA responsiveness of genes used in this study. The ga1-3 mutant

seeds were imbibed for 2 d at 48C in the dark and then incubated at 228C

for 1 d under continuous white light as described by Ogawa et al. (2003).

The seeds then were exposed to varying concentrations of GA4 for 6 h.

At-EXP1 and At-EXP2 encode expansins (http://www.bio.psu.edu/

expansins/arabidopsis.htm). AtCP1 is a gene for putative Cys pro-

teinase. At-XTH5 and At-XTH31 code xyloglucan endotransglycosylase/

hydrolase (Rose et al., 2002). Asterisk, the transcript level at 50 mM GA4

was set as 100.

(B) Transcript levels of GA-upregulated genes at 4 and 228C. Wild-type

seeds were imbibed at 4 or 228C under the light conditions depicted in

Figure 2A. The transcript abundance was determined 48 h after the start

of imbibition. Values are means with standard errors from three

replicates.

(C) Effect of the ga4-2 mutation on transcript levels of GA-upregulated

genes at 4 and 228C. Wild-type and ga4-2mutant seeds were imbibed at

4 or 228C under the light conditions depicted in Figure 2A. The transcript

abundance was determined 48, 72, and 96 h after the start of imbibition.

Experiments were repeated twice with similar results. Data from one of

the replicates are shown.

Figure 5. Effects of Cold Treatment on Germination of Wild-Type and

ga4-2 Mutant Seeds.

(A) Diagram showing temperature and light conditions. Wild-type and

ga4-2 mutant seeds were imbibed in the dark, irradiated with an FR light

pulse (hatched box), and then incubated in the dark at 48C for 48 h before

being placed at 228C for 72 h in the dark to allow germination (1 cold). As

a control, the incubation at 48C for 48 h was omitted (� cold). Seeds also

were imbibed at 228C under continuous white light. The triangle indicates

the start time of imbibition.

(B) Germination rates under conditions described in (A). Asterisk, no

germination (0%).
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the dark at 48C. QRT-PCR analysis showed that the R light

irradiation further elevated transcript accumulation ofAtGA3ox1.

Figure 6B shows that the GA-deficient ga1-3 seeds accumulated

the AtGA3ox1 transcript at a much higher level than wild-type

seeds, indicating that the cold-elevated AtGA3ox1 mRNA level

is further increased by the ga1-3 mutation that causes GA

deficiency.

Cellular Localization of AtGA3ox1 mRNA at 488C

In situ RNA hybridization was employed to determine cell-type

specificity of AtGA3ox1 expression in seeds after the induction

by low temperature. AtGA3ox1 mRNA was clearly observed in

the entire embryonic axes and in the aleurone layer of cold-

treated seeds (Figure 7D), whereas no hybridization signal was

detectable in seeds imbibed at 228C (Figure 7C). It has been

shown previously that AtGA3ox1 mRNA accumulates mainly in

the cortex and endodermis of embryonic axes, but not in the

provasculature and aleurone layer, when wild-type seeds were

imbibed under continuous white light at 228C without cold

treatment (Yamaguchi et al., 2001). These results suggest that

the spatial expression pattern of AtGA3ox1 in imbibed seeds

is modified under different light and temperature conditions. To

verify this hypothesis, it is necessary to ensure that the observed

difference in cell-type specificity is not an artifact because of an

overall change in transcript abundance. As shown in Figure 6A,

when AtGA3ox1 expression was induced by R light after a long

incubation in the dark (90 to 93 h after the FR light pulse), the

AtGA3ox1 transcript level was much lower than that induced

by low temperature. However, when an R pulse is given after

a shorter incubation in the dark (24 h after the FR light pulse;

Figure 7E), as previously reported (Yamaguchi et al., 1998), the

level of AtGA3ox1mRNA was found to be similar to that induced

by low temperature (Figure 7D), as determined by QRT-PCR

analysis (data not shown). We therefore compared cell-type

specificity of AtGA3ox1mRNA in these two samples (Figures 7D

and 7E). In seed treated with R light without cold treatment

(Figure 7E), AtGA3ox1 mRNA was mainly detected in the

endodermis, cortex, and some epidermal cells of the embry-

onic axes, but only weak or no signal was detected in the

provasculature and aleurone layer. To further examine the

signal(s) that possibly modifies the spatial expression pattern

of AtGA3ox1, the effect of GA deficiency was tested using ga1-3

mutant seeds imbibed in the light (data not shown). When

upregulated as a result of GA deficiency, the AtGA3ox1 tran-

script still accumulated mainly in the cortex and endodermis of

embryonic axes in a similar manner to R light–treated wild-type

seeds. Taken together, these results indicate that cold treatment

induces the accumulation ofAtGA3ox1 transcript in an additional

set of cell types relative to that in light-induced seeds.

DISCUSSION

Using DNA microarray analysis, we have identified a group of

genes, whose transcript level is significantly altered when after-

ripened dry seeds are imbibed in the dark at 48C for 2 d.We found

that this group contains several GA biosynthesis genes (Table 1).

In addition,�25%of cold treatment–regulated transcripts found

in this study previously have been shown to be GA regulated

based on their response to exogenous GA4 in ga1-3 mutant

seeds (Ogawa et al., 2003; see supplemental data online). As

GA-inducible and GA-repressible genes represent only 2.8 and

1.5%, respectively, of the total genes examined by previous

microarray analysis (Ogawa et al., 2003), GA-regulated genes

make up a high proportion of the cold-responsive gene group

identified in this study. These observations suggest that GAplays

a substantial role in stimulating seed germination during cold

treatment. We also have shown, using the ga4-2mutant, that an

increase in bioactive GA levels in response to low temperature

is required for cold-induced seed germination in the dark

(Figures 3 and 5). Although an essential role of GA in A. thaliana

seed germination has long been established, as shown by the

nongerminating phenotype of severe GA-deficient mutants

(Koornneef and van der Veen, 1980), our data provide evidence

that cold treatment leads to an increase in bioactive GA levels,

which in turn promotes seed germination.

Our QRT-PCR analyses have shown that the effect of 48C on

imbibed A. thaliana seeds is targeted to particular members of

gene families that encodeGA 20-oxidase, GA 3-oxidase, andGA

2-oxidase genes (Table 1, Figure 2B). Therefore, in addition to

cold-induced upregulation of de novo synthesis of bioactive

GAs, cold-induced downregulation of GA catabolism also might

play a role in increasing the levels of active GAs. Certainly,

imbibition at 48C seems to regulate GA biosynthesis and

catabolism in a coordinated manner. In our previous study, we

Figure 6. Effects of R light and GA deficiency on AtGA3ox1 Transcript

Accumulation at 48C.

Schematic diagram is shown at the top of each panel for light and

temperature conditions. Graphs below the diagram show relative

AtGA3ox1 mRNA levels. Values are means with standard errors from

three replicates.

(A) Effect of an R light pulse during cold treatment. Wild-type seeds were

imbibed in the dark, irradiated with an FR light pulse (hatched box), and

then incubated in the dark at 48C for 96 h. During the dark incubation at

48C, the seeds were treated with a brief R light pulse (dotted box) 3 or 6 h

before being harvested.

(B) Effect of the ga1-3 mutation at 48C. Wild-type and ga1-3 mutant

seeds were imbibed in the dark, irradiated with an FR light pulse, and

then incubated in the dark at 48C for 96 h.
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Figure 7. In Situ Hybridization Analysis of AtGA3ox1 mRNA.

(A) Schematic drawing of a longitudinal section. ale, aleurone; cot, cotyledon; HY, hypocotyl; RA, radicle; SA, shoot apical meristem; SC, seed coat.

(B) Schematic drawing of a transverse section. ale, aleurone; cor, cortex; cot, cotyldon; end, endodermis; epi, epidermis; PV, provasculature; SC, seed

coat.

(C), (D), and (E) Longitudinal (left) and transverse (center) sections of imbibed seeds were hybridized with digoxigenin-labeled antisense AtGA3ox1 RNA

probe. Magnified views (right) highlight the aleurone layer (the area surrounded by a box in (C) was magnified). Wild-type seeds were incubated at 228C

in (C) or 48C in (D) for 96 h after FR light pulse as depicted in Figure 2A. All incubations were performed at 228C in (E) as described by Yamaguchi et al.

(1998). Wild-type seeds were incubated at 228C for 24 h after FR light pulse and then harvested 4 h after the R light pulse. Bars ¼ 50 mm.
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predicted that de novo GA biosynthesis, rather than catabolism

by GA 2b-hydroxylation, was mainly responsible for determining

bioactive GA levels in light-imbibed seeds (Ogawa et al., 2003)

because expression of all (putative) AtGA2ox genes stayed at

low levels throughout germination. Moreover, the time-course

curve for GA34 (a deactivated form of GA4) nearly paralleled that

of GA4, suggesting that the amount of GA34 is dependent on the

level of GA4 (Ogawa et al., 2003). In this study, we found that the

AtGA2ox2 transcript accumulated at a higher level in the dark at

228C than at 48C (Figure 2B). This result suggests that repression

of GA 2-oxidation alsomight contribute to elevating bioactive GA

levels at 48C. However, the effect of AtGA2ox2 downregulation

on bioactive GA levels is not yet clear because the amounts of

GA8 and GA34 did not change significantly at 4 and 228C. Loss-

of-function AtGA2ox mutants would be useful to examine the

possible regulatory role of 2b-hydroxylation in cold-stimulated

seed germination.

The effect of low temperature on GA biosynthesis has been

studied previously in Thlaspi arvense (pennycress), which

requires cold for flowering (Hazebroek and Metzger, 1990;

Hazebroek et al., 1993). In the shoot tip of this species, in vivo

and in vitro metabolism studies suggested that the conversion of

ent-kaurenoic acid (KA) into ent-7a-hydroxy KA is upregulated

by low temperature. The conversion of KA into GA12 through ent-

7a-hydroxy KA is catalyzed by a single multifunctional P450

monooxygenase (Figure 1; Helliwell et al., 2001). In this study, we

did not see cold-induced transcript accumulation ofAtKAO1 and

AtKAO2 genes in A. thaliana seeds (Table 1, Figure 2B). These

observations suggest that the low temperature signal may be

targeted to distinct steps in the GA biosynthesis pathway in

different plant species and/or at different developmental stages.

To assess this hypothesis, it would be necessary to examine

whether the temperature regulation of KA metabolism involves

a change in transcript accumulation of KA oxidase gene(s) in

T. arvense.

Recently, large-scale expression studies have been per-

formed during the exposure of A. thaliana seedlings to low

temperatures (in most cases, 48C) using DNA microarrays

(Fowler and Thomashow, 2002; Kreps et al., 2002; Seki et al.,

2002; Provart et al., 2003). Unlike our results from imbibed seeds,

noGAbiosynthesis genewas classified as being cold responsive

in A. thaliana seedlings upon exposure to 48C (Fowler and

Thomashow, 2002; Kreps et al., 2002; Seki et al., 2002).

Moreover, only a few genes were determined to be cold re-

sponsive commonly in both seeds and seedlings based on this

study and published microarray data. These observations

indicate that the response to low temperature is drastically

modified at different developmental stages. However, when

light-grown A. thaliana seedlings at 228C were exposed to

a moderately low temperature (128C), the transcript level of

AtGA3ox1 increased and that of AtGA2ox2 decreased (Provart

et al., 2003). These results suggest that GA biosynthesis might

be regulated by temperature in A. thaliana seedlings as well.

However, it is not clear if the alteration in transcript abundance of

GA biosynthesis genes results in an increase in the amount of

bioactive GAs in seedlings because such a change in mRNA

accumulation also would occur through feedback and feedfor-

ward mechanisms when active GA levels are lowered (Chiang

et al., 1995; Phillips et al., 1995; Yamaguchi et al., 1998; Thomas

et al., 1999). In addition, physiological roles of GA during the

temperature shift from 22 to 128C in seedling development also

should be clarified.

In agreement with the elevation of bioactive GA levels at 48C

relative to those at 228C (Figure 3), our QRT-PCR analyses have

shown that several GA-inducible genes are upregulated at the

lower temperature (Figure 4). However, unlike other GA-inducible

transcripts, the level of At-XTH31 mRNA was not higher at 48C

than at 228C (Figure 4B) despite its dose-dependent response to

exogenous GA4 in light-imbibed ga1-3 seeds at 228C (Figure 4A).

This result suggests that the capacity of individual GA-regulated

genes to respond to GA in seeds may be modified under dif-

ferent environmental conditions. This hypothesis should be

further verified by analyzing the effect of exogenous GA4 on the

abundance of a larger number of GA-responsive transcripts at

the two temperatures. If the distribution of bioactive GAs is

changed under different environmental conditions, the failure of

AtXTH31 to be upregulated by low temperature also may be

explained by the fact that it is only expressed in cells in which

bioactive GAs do not accumulate at a sufficient level to activate

it. Although previous physiological experiments have suggested

that the tissue sensitivity to GA is modulated by light and

temperature signals, the molecular basis for GA sensitivity is not

yet clear (Derkx and Karssen, 1993a; Yang et al., 1995;

Debeaujon and Koornneef, 2000). Our finding that only a fraction

of GA-inducible genes responded to an increase in endogenous

GA levels at 48C suggests that a difference in GA sensitivity may

be visualized by grouping GA-regulated genes on a large scale

based on their response to GA at varying environmental

parameters. Our QRT-PCR analysis showed that a GA catabo-

lism gene, AtGA2ox2, is expressed at a lower level at 48C than at

228C (Figure 2B). If GA 2-oxidation (deactivation) activity was

reduced at 48C, this might be partly responsible for the increase

in tissue sensitivity to exogenous GA at low temperature.

In situ RNA hybridization analysis suggests that exposure of

seeds to 48C results in an increase in the number of cell types that

accumulate AtGA3ox1 mRNA compared with R light–treated

seeds (Figure 7). We predict that the signal responsible for this

spatial modification might be low temperature because the

induction of AtGA3ox1 by R light and GA deficiency did not

cause detectable transcript accumulation in the provasculature

and aleurone layer. However, the role of low temperature in

modifying the spatial expression pattern needs to be carefully

discussed because total incubation time for R light induction

of AtGA3ox1 mRNA (Figure 7E) was shorter than that for the

induction by low temperature (Figure 7D) in our experiments. We

employed these experimental conditions because the two

samples contained similar overall AtGA3ox1 mRNA levels (as

determined by QRT-PCR; data not shown), which allowed us to

assess any difference in the spatial expression patterns directly.

As shown in Figure 6A, when an R light pulse was given at 228C

after a long incubation in the dark (�90 h), the level of AtGA3ox1

mRNA after an R light pulse was much lower than that induced

by low temperature. Therefore, it is possible that a long imbibi-

tion (and a resulting change in the developmental state) also

mayplaya role in theupregulationofAtGA3ox1 in theprovascula-

ture and aleurone layer. As reported earlier, AtGA3ox1 mRNA
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accumulates predominantly in the cortex and endodermis of

embryonic axeswhen seeds are imbibed under continuouswhite

light at 228C (without cold treatment). Under this condition, the

cell-type-specific expression pattern of AtGA3ox1 was consis-

tent at several time points during germination (from imbibition to

radicle protrusion) (Yamaguchi et al., 2001; S. Yamaguchi,

unpublished data). This observation suggests that the cell-type

specificity ofAtGA3ox1mRNAaccumulation does not drastically

change at developmental stages during germination and sup-

ports the idea that the observed spatial change would be caused

principally by a difference in environmental parameters.

We previously have found that the GA-inducible AtCP1

transcript accumulates mainly in the provasculature, epidermis,

and aleurone in light-imbibed wild-type seeds at 228C, whereas

the major GA biosynthesis genes are predominantly expressed

in the endodermis and cortex of embryonic axes. Based on

the distinct cellular locations between GA biosynthesis and

GA-responsive transcripts, we predicted that GA itself or its

secondary signal moves across different cell layers (Ogawa

et al., 2003). In this study, exposure of imbibed seeds to 48C

for a long period substantially elevated the accumulation of

AtGA3ox1 mRNA in the provasculature and aleurone layer

(Figure 7D). These observations suggest that cold treatment

might play a unique role in stimulating seed germination by

increasing bioactive GA levels in the provasculature and

aleurone, which, without cold treatment, may rely largely on GA

or GA signal from other cell types. To predict the physiological

significance of this hypothetical mechanism, it would be helpful

to determine if cellular localization of anyGA-regulated transcript

is modified between the R light–treated and cold-treated seeds.

Such studies also will be valuable to assess if the distribution of

bioactive GAs is in fact modulated according to the modification

of cell types that accumulate the AtGA3ox1 mRNA.

In conclusion, this study has demonstrated that GA bio-

synthesis is activated by low temperature during seed imbibition

at least in part through modulating transcript abundance of

particular GA biosynthesis genes. Combined with our previous

studies, regulation of the final biosynthesis steps to produce

bioactive GAs can be summarized as shown in Figure 8. It has

long been known that light (phytochrome) and temperature are

critical determinants for A. thaliana seed germination. Our work

has indicated that light and temperature signals are targeted

to the transcript abundance of AtGA3ox1 (Figures 6 and 8).

Integration of these environmental signals into the GA bio-

synthesis pathway emphasizes the crucial role of this hormone in

controlling seed germination. We speculate that the light and

temperature regulation ofGAbiosynthesismight be important for

seeds to ensure that germination occurs at the most advanta-

geous time in nature. Besides its regulation by such external

cues, AtGA3ox1 is subject to feedback regulation by GA activity

during seed germination (Yamaguchi et al., 1998). These findings

now allow us to further investigate the mechanisms by which

bioactive GA levels are determined by multiple factors, for

example, through identifying cis-regulatory elements for in-

dividual signals in the AtGA3ox1 gene. Such studies will be

beneficial for understanding the potential interactions among

light, temperature, andGA signals at other developmental stages

as well. Finally, in addition to GA-related genes that have been

studied in detail here, ourmicroarray analysis identified a number

of transcripts whose abundance is modulated upon imbibition of

dry seeds at 48C in the dark (see supplemental data online).

Future work will be valuable that aims to elucidate how such

genes contribute to stimulating seed germination.

METHODS

Plant Materials and Growth Conditions

A. thaliana ecotype Landsberg erecta was used as the wild type in this

study. The ga1-3 seeds were originally obtained fromMaarten Koornneef

(Wageningen University, Wageningen, The Netherlands). The ga4-2

mutant seeds were courtesy of H.M. Goodman (Harvard Medical School,

Boston, MA). To propagate seeds for germination experiments, plants

were grown on soil under continuous light at 228C. Harvested mature

seeds were stored at room temperature at 30% humidity for at least 2

months to allow after-ripening. For germination, the seeds were washed

with 0.02%Triton X solution, rinsedwithwater, and incubated onwet filter

paper (3MM; Whatman, Maidstone, UK). Germination tests were per-

formed using triplicate samples (each containing 50 to 100 seeds). Seeds

were scored as germinated when radicle protrusion was visible. For dark

incubation, seeds were handled under a dim green safety light. The FR

light pulse treatment consisted of 5 min of FR light irradiation

(91 mmol�m�2�s�1) supplied from light-emitting diodes (MIL-IF18; Sanyo

Biomedical, Osaka, Japan) passed through an FR acrylic filter (Deraglass

A900, 2mm thick; Asahikasei, Tokyo, Japan). TheR-light-pulse treatment

consisted of 5 min of R light irradiation (120 mmol�m�2�s�1) supplied from

light-emitting diodes (MIL-R18; Sanyo Biomedical).

Gibberellin Analysis

One gram of dry seeds was used for each GAmeasurement. Quantitative

analysis of GAwas performed using 2H-labeledGAs as internal standards

Figure 8. Summary of the Regulation of AtGA3ox1 and AtGA3ox2

during Seed Germination.

Thin arrows indicate positive regulation. Feedback inhibition is shown by

the T bar. Conversion of GA9 into bioactive GA4 is indicated by the thick

arrow. Regulation by phytochrome and by GA activity has been reported

previously (Chiang et al., 1995; Yamaguchi et al., 1998).
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as described previously (Gawronska et al., 1995). GA measurements

were performed three times using different seed batches. When data

were available, the mean with standard error from triplicate experiments

(using different seed batches) was indicated in Figure 3.

Microarray Analysis Using Affymetrix GeneChips Microarray

For microarray analysis, total RNA was extracted from dry or imbibed

seeds (starting weight 40 mg of dry seeds) using an RNAqueous RNA

isolation kit with plant RNA isolation aid (Ambion, Austin, TX). Double-

strand cDNAwas synthesized from 5mg of total RNA using a Super Script

Choice cDNA synthesis kit (Invitrogen, Carlsbad, CA) with an oligo(dT)24
primer containing a T7 polymerase promoter site at the 39 end. Biotin-

labeled cRNA was synthesized by T7 RNA polymerase using the double-

strand cDNA as a template (Bioarray high yield RNA transcript labeling kit;

Enzo Diagnostics, Farmingdale, NY) and purified with the use of the

RNeasy RNA purification kit (Qiagen, Valencia, CA). The biotin-labeled

cRNA was fragmented and hybridized to a GeneChip microarray

(Affymetrix, Santa Clara, CA) for 16 h at 428C. After hybridization, the

arrays were washed and stained with biotinylated antistreptavidin

antibody (Vector Laboratories, Burlingame, CA) and a phycoerythrin-

streptavidin conjugate (Molecular Probes, Eugene, OR) according to the

manufacturer’s protocol. Signals were scanned using a confocal micro-

scope scanner (Gene Array Scanner; Hewlett-Packard, Palo Alto, CA) at

570 nm.

Data Analysis

Microarray data were analyzed as described previously (Ogawa et al.,

2003). Briefly, signal values for individual genes were obtained using

statistical algorithms on Microarray Suite software (version 5.0; Affyme-

trix). Genes were classified as being responsive to cold treatment if the

signal values deviated either positively or negatively fourfold or more

relative to those in dry seeds in duplicated experiments using inde-

pendent seed batches.

QRT-PCR

QRT-PCRusing Taq-Man technology (Holland et al., 1991)was employed

to determine transcript levels. Total RNA (2 mg) was treated with DNase I

(RQ1 RNase-free DNase; Promega, Madison, WI) and used as a template

to synthesize first-strand cDNAwith randomhexamer using aSuperScript

first-strand synthesis system according to the manufacturer’s instruc-

tions (Invitrogen). Quantitative real-time PCR was performed using the

first-strand cDNA as a template on a sequence detector system (model

7700; Applied Biosystems, Foster City, CA). By adding transcribed

external RNA (encoding enhanced green fluorescent protein originated

from pIRES2-EGFP; BD Biosciences, Franklin Lakes, NJ) to the reaction

mixture, we confirmed that the efficiency of reverse transcription

reactions for different samples was approximately equal. To compare

mRNA levels across different genes, the copy number of each target

mRNA species was determined by generating standard curves using

a series of known concentrations of target sequences. For normalization

across samples, 18S rRNAwas used as an internal standard. The value at

2 3 10�15 M target RNA in the reaction mixture (25 mL) using 125 ng of

total RNA was arbitrarily set as 1.0 throughout this article. For each

sample, the mean value from triplicate real-time PCRs was adapted to

calculate the transcript abundance. To further confirm the reliability of

data in Figures 2B, 4B, and 6, measurements were repeated using three

independent plant materials. For time-course analyses (Figures 2C and

4C), experiments were performed twice using different seed batches

with similar results. Nucleotide sequences of gene-specific primers and

Taq-Man probes are listed in the supplemental data online.

In Situ Hybridization

In situ hybridization experiments were performed using digoxygenin-

labeled sense (control) or antisense cRNAprobes as described previously

(Yamaguchi et al., 2001).
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Sińska, I., Lewak, S., Gaskin, P., and MacMillan, J. (1973).

Reinvestigation of apple-seed gibberellins. Planta 114, 359–364.

Thomas, S.G., Phillips, A.L., and Hedden, P. (1999). Molecular cloning

and functional expression of gibberellin 2-oxidases, multifunctional

enzymes involved in gibberellin deactivation. Proc. Natl. Acad. Sci.

USA 96, 4698–4703.

Toyomasu, T., Kawaide, H., Mitsuhashi, W., Inoue, Y., and Kamiya,

Y. (1998). Phytochrome regulates gibberellin biosynthesis during

germination of photoblastic lettuce seeds. Plant Physiol. 118, 1517–

1523.

Williams, P.M., Bradbeer, J.W., Gaskin, P., and MacMillan, J. (1974).

Studies in seed dormancy. VIII. The identification and determination

of gibberellins A1 and A9 in seed of Corylus avellana L. Planta 117,

101–108.

Yamaguchi, S., and Kamiya, Y. (2000). Gibberellin biosynthesis: Its

regulation by endogenous and environmental signals. Plant Cell

Physiol. 41, 251–257.

Yamaguchi, S., Kamiya, Y., and Sun, T. (2001). Distinct cell-specific

expression patterns of early and late gibberellin biosynthetic genes

during Arabidopsis seed germination. Plant J. 28, 443–453.

Yamaguchi, S., Smith, M.W., Brown, R.G., Kamiya, Y., and Sun, T.

(1998). Phytochrome regulation and differential expression of gibber-

ellin 3b-hydroxylase genes in germinating Arabidopsis seeds. Plant

Cell 10, 2115–2126.

Yang, Y.Y., Nagatani, A., Zhao, Y.J., Kang, B.J., Kendrick, R.E., and

Kamiya, Y. (1995). Effects of gibberellins on seed germination of

phytochrome-deficient mutants of Arabidopsis thaliana. Plant Cell

Physiol. 36, 1205–1211.

378 The Plant Cell


