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Abstract

Microarray analysis is used to identify transcriptional targets. However, the direct targets of transcription factors cannot be distin-
guished from indirect ones; further, genes with low-expression levels cannot be identified by this method. In the present study, we exploit
the cis-element dehydration-responsive element (DRE) that is known to be responsible for the transcription of DRE binding factor 1
(DREBI) targets in the promoter region of all Arabidopsis genes. Putative targets whose promoters contain the elements were verified
by both microarray and reverse transcription-polymerase chain reaction (RT-PCR) analysis. Five new DREB1/CBF direct targets were
identified. Compared with traditional microarray analysis, our method is convenient and cost-effective for identifying the downstream
targets of transcription factors.
© 2007 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in

China Press. All rights reserved.
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1. Introduction

The DREBI/CBF family of transcription factors is
responsible for activating the expression of many cold
resistance genes induced during cold acclimation in Arabid-
opsis [1,2]. It is important to identify and characterize genes
that are controlled by these transcription factors to reveal
the molecular mechanisms of freezing tolerance. Micro-
arrays have been used to identify the downstream targets
of DREBI/CBF [3-5]. The transcriptional profiles of both
wild-type and transgenic Arabidopsis plants that overex-
press these transcription factors were compared, and the
genes that exhibited changes in the transcription levels were
selected for further characterization. However, most tar-
gets identified by this method were found to be regulated
indirectly by the DREBI/CBF transcription factors.

" Corresponding author. Tel.: +86 10 68902345; fax: + 86 10 68981191.
E-mail address: yhe@mail.cnu.edu.cn (Y. He).

Furthermore, genes with low-expression levels could not
be identified by microarray analysis.

A variety of methods have been developed to identify
the transcriptional regulatory regions in genomic sequences
[6-10]. However, these have not been widely used in iden-
tifying the downstream targets of transcription factors.
Genome-wide analysis of abscisic acid (ABA)-responsive
elements (ABRE) and their coupling elements was used
to identify ABA-responsive genes in Arabidopsis [11].
But, since ABA induces multiple and complex gene expres-
sion in Arabidopsis, it is difficult to determine which pro-
teins bind to ABRE and promote gene expression, and
thus, it is difficult to predict the regulatory pathways or
mechanisms underlying the expression of ABA-responsive
genes.

Previous studies were unable to clearly elucidate the reg-
ulation of ABA-responsive genes. In the present study, we
aimed to identify target genes of DREBI1/CBF that binds
to a 9-bp conserved cis-element DRE with the sequence

1002-0071/$ - see front matter © 2007 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited

and Science in China Press. All rights reserved.
doi:10.1016/j.pnsc.2007.10.014



580 H. Zhao et al. | Progress in Natural Science 18 (2008) 579-583

TACCGACAT [12,13]. The genes that contain DRE in
their promoter region were predicted to be candidate
downstream targets of DREB1/CBF. To verify this, the
transcriptional levels of candidate genes in both transgenic
and wild-type plants, determined by microarray analysis
and reverse transcription-polymerase chain reaction (RT-
PCR), were compared. Direct targets of DREB1/CBF that
were previously undetected were identified by this method.

2. Materials and methods
2.1. Genome-wide scanning

The DRE search sequence was retrieved from the Arabid-
opsis genome database TAIR (ftp://ftp.arabidopsis.org/
home/tair/Genes/). The program Element Finder was devel-
oped and used in this study to scan the genome for DREB1/
CBF binding sites. The program can be downloaded from
our website http://life.cnu.edu.cn/soft/Element_Finder.rar.
In all Arabidopsis genes, regions extending 2000 bp upstream
of the first translation start codon were analyzed for the pres-
ence of the DRE sequence TACCGACAT. The genes that
contain DRE in their promoters were output as candidate
downstream targets of DREB1/CBF.

2.2. Plant material and growth conditions

Arabidopsis (ecotype ws-2) and its DREBIb/CBFI over-
expression line [14] were kindly provided by M.F. Thoma-
show (Michigan State University, USA). Seeds were
surface-sterilized and then spread on petri plates contain-
ing MS medium (Sigma, USA) solidified with 0.8% agar.
Immediately after plating, the seeds were stratified for
4 days at 4 °C to ensure uniform germination. Plants were
grown in controlled-environment chambers under the con-
ditions of 16 h light/8 h darkness at 22 °C for 14 days. For
cold treatments, the plates containing the plants were
maintained at 4 °C for 4 h, and tissue samples were har-
vested at 2, 5, and 8 h later.

2.3. RNA isolation

The aerial parts of 50-150 plants were frozen in liquid
nitrogen after treatment. Total RNA was extracted using
TRIZOL reagent according to the manufacturer’s instruc-
tions (Sigma, USA).

2.4. Microarray analysis

Biotinylated target RNA was prepared from total RNA
using the procedure described by the manufacturer of the
Arabidopsis Gene-Chip (Affymetrix, Santa Clara, CA)
and hybridized to Arabidopsis genome ATH1 microarrays,
according to the protocol provided by the manufacturer
(Affymetrix), in a hybridization oven (model 640, Affyme-
trix). The microarrays were washed and stained with strep-
tavidin—phycoerythrin using a Microarray Fluidics Station

model 400 and then scanned with a Gene Array Scanner
(Hewlett-Packard, Palo Alto, CA).

The results were quantified and analyzed using Micro-
Array Suite 5.0 software (Affymetrix, Inc.). First, genes with
reliable signal levels (detection p-value, <0.05) were given
detection calls of “P” (present) and others were called as
“A” (absent). Next, changes in RNA levels in the DREBIb/
CBFI overexpression line were assessed using Wilcoxon’s
signed rank test as described (Affymetrix: Statistical Algo-
rithms Reference Guide). When the increase in the signal level
in the DREBIb/CBFI overexpression line was significant
(change p-value, <0.0045), a call of “I” (increase) was given.
When the decrease in signal was significant (change p-value,
>0.9955), a call of “D” (decrease) was given.

Genes in the DREBIb/CBFI transgenic samples with an
absolute call of present, difference calls of increase, and an
at least twofold change in expression were selected as genes
upregulated by DREBIb/CBFI overexpression.

2.5. RT-PCR

The total RNA from each sample was reverse-tran-
scribed into single-stranded cDNA using oligo (dT) 15
primers and Superscript II reverse transcriptase (Invitro-
gen, USA). Each single-stranded cDNA was diluted for
subsequent PCR amplification. Specific primers for PCR
were designed according to the sequences of the candidate
downstream genes of DREB1/CBF and were analyzed by
BLAST search to ensure that the primers would not mis-
match with other genes. PCR was carried out under normal
conditions, with adjustments of the cycle number and
annealing temperature according to the gene expression
level and the melting temperature (7;,) of the primers.
Three independent experiments were performed. The RT-
PCR fragments were fully sequenced. elF and Actin were
used as internal quantitative controls in every PCR.

3. Results and discussion
3.1. DREBIICBF downstream targets identification

The promoter regions of all Arabidopsis genes were
scanned for the DRE sequence and the binding site of
DREBI, using the program Element Finder as described
above. Eighty genes containing the DRE sequence in their
promoters were identified. Among them, three genes have
been reported being DREBIb/CBF1 targets: A15g52310,
At5g1596, and At5g15970 [12-14]. This demonstrated that
the program was effective in identifying cis-regulatory ele-
ments that are known to be responsible for the transcrip-
tion of target genes.

3.2. Gene expression level determined by microarray analysis
The ATHI Affymetrix chips containing more than

22,000 probe sets corresponding to 24,000 genes were used
to identify genes controlled by the DREB1b/CBFI tran-
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scription factor. The mRNAs extracted from transgenic
Arabidopsis plants that overexpressed DREBIb/CBFI and
wild-type control plants were used.

The Affymetrix Microarray Suite software (MAS ver-
sion 5.0) was used to analyze the signals for each probe
set. The genes that exhibited calls of increase and at least
twofold changes in expression were considered as genes
responsive to DREB1b/CBF1 (Table 1).

The Arabidopsis genome contains a total of approxi-
mately 25,500 protein coding genes [15]. The ATH1 micro-
array contains probe sets corresponding to 24,000 genes.
Approximately 6% of all Arabidopsis genes were undetected
(no probe sets). A total of 303 genes (1.2% of all genes) were
upregulated twofold or more in the DREBIb/CBFI overex-
pression line, and 291 (1.1%) were downregulated twofold or
more (Fig. 1(b)). Of the candidate DREB1/CBF targets,
five genes (6.3%) (At5g44600, Atlg34050, Atlg70390,
At2g20825, and At3g01940) were undetected by microarray
analysis, and eight genes (10%) (At2g15970, At2g47180,
At3g25140, At3g45600, At5g15960, At5g19570, At5g49910,
and At5g52310) were upregulated twofold or more. No can-
didate DREB1/CBF targets were downregulated by more
than twofold (Fig. 1(a)).

Ten percent of the candidate target genes of DREBI/
CBF were upregulated in the transgenic line. It is difficult
to identify direct targets of DREB1b/CBF1 among these
genes. However, most of these genes are regulated by
DREBIb/CBF1 because only 1.2% of all Arabidopsis genes
were upregulated, and the proportion of target genes pre-
dicted to be upregulated was higher than this value. There-
fore, this method is effective in identifying direct targets of
transcription factors.

However, the transcription level of other candidate genes
was not influenced by the overexpression of CBF1/DREBIB.
This suggests that the DRE element is not enough for the
expression of candidate downstream genes even if CBF/
DREBI can bind to the element in the promoter region.
Some specific sequences or DNA secondary structures near
the DRE element may influence gene transcription.

3.3. The expression level of candidate DREBI/CBF
downstream genes determined by RT-PCR

The transcriptional levels of genes that contain the DRE
element in their promoters were evaluated by RT-PCR in

Table 1

a
™. 6.3%
10%
83.7%
b
2\ 5.8%
24— 11%
1.2%
91.1%

[ Upregulated genes [ Downregulated genes

E] Undetected genes [0 Unchanged genes

Fig. 1. Pie chart of gene expression in transgenic plants. (a) The
proportion of up/downregulated and undetected genes and genes with
unchanged expression among the candidate DREB1b/CBF1 targets; (b)
the proportion of up/downregulated and undetected genes and genes with
unchanged expression among all Arabidopsis genes.

the DREBIb/ICBFI overexpression line subjected to cold
conditions (Fig. 2). Eleven genes that were upregulated in
the DREBIb/CBFI overexpression line were also upregu-
lated after cold treatment.

Among the 11 genes, the RT-PCR results of 6 genes
(At5g15960, At5g15970, At5g52310, At2g47180, At3g45600,
and At5g49910) were consistent with the results of the
microarray analysis of these genes. Two low-expression
genes (At1g60470 and Atigl4780) were not detected
(““Absent”) by the microarray analysis. This indicated that
genes with low levels of expression, which were not identi-
fied by microarray analysis, could be detected by RT-PCR.
Similar to the results of the microarray analysis, the expres-

Genes upregulated in DREB1b/CBF1 overexpression transgenic line detected by microarray analysis

Gene Function or comment Change (fold)
At2g15970 Cold-acclimation protein, putative (FL3-5A3), similar to cold acclimation WCOR413-like protein 2.4
At2g47180 Galactinol synthase, putative, similar to galactinol synthase 2.1
At3g25140 Glycosyl transferase family 8 protein 2.1
At3g45600 Senescence-associated family protein, similar to senescence-associated protein 5 2

At5g15960 Stress-responsive protein (KIN1)/stress-induced protein (KIN1) 34
At5g15970 Stress-responsive protein (KIN2)/stress-induced protein (KIN2)/cold-responsive protein (COR6.6)/cold-regulated 34

protein (CORG6.6)

At5g49910 Heat shock protein 70/HSP70 (HSC70-7) 2.1
At5¢52310 Low-temperature-responsive protein 78 (LTI78)/desiccation-responsive protein 29A (RD29A) 45.2
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Atlg04410
Atlgl1940
Atlg14780 *
Atlgl9530 *
At1g19540
Atlg25682 *
Atlg48150
At1g53400
At1g60470 *
Atlg64770
At1g70390
Atlg70830
Atlg71050
At1g71950
Atlg78060
At2¢01060
At2g15970
At2g20810
At2¢20825
At2g20890
At2g25280
At2¢26340
Actin
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At2g26690

o At2¢28290 Atdgl1730

g At2¢33260 At4g14070
At2g34590 Atdg18680
At2¢39540 At4g18970
At2g40880 Atdg19670
At2g43710 At4g23920
A2g47180 * At5g14210
At3g05120 At5g15980
At3g06280 At5g15960 *
At3g06780 At5g15970 *
At3g17210 At5g17990
At3g19270 At5g24440
At3g23820 At5g28700
At3g25140 At5g41010
At3g27970 At5g42820
At3g35513 * At5g44100
At3g43230 At5g45670
At3g45600 * At5g44870

N At3g49730 At5g47650

™ At3g52110 At5g48230
At3g57340 At5g49910 *
At3g60290 COE At5952310 *
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Fig. 2. RT-PCR results of the candidate DREB1/CBF downstream genes. The RNA of 35S:DREBIb/CBFI transgenic plants (C), untreated wild-type
plants (0), or cold-treated wild-type plants (cold treatment for 2, 5, and 8 h) was reverse transcribed to cDNA, and the expression of candidate DREB1/
CBF downstream genes was detected by using primers specific to these genes. The asterisks indicate the genes regulated by DREB1b/CBF1 during cold

stress. Actin and elF were used as internal quantitative controls.

sion level of A12g15970 and At3g25140 was found to be
upregulated in the transgenic line by RT-PCR. However,
the expression of these genes was not affected by the cold
treatment, suggesting that these were indirectly regulated
by DREB1b/CBF1.

3.4. New DREBIb/CBFI target genes

According to the microarray and RT-PCR analysis,
eight genes (Atigl4780, Atig60470, At2g47180,
At3g45600, At5g15960, At5g15970, At5g49910, and
At5g52310) could be considered as genes directly regulated
by DREB/CBF1. Four genes (At5g15960, At5gl15970,
At5g49910, and At5¢52310) encoding LEA/COR or heat
shock protein that are thought to play an important role
in freezing tolerance [16] were identified. Other genes
included those encoding enzymes related to carbohydrate
metabolism (A421g60470 and At2g47180), a gene associated
with senescence (A473g45600), and a gene with unknown
function (Atlgi4780). These genes, except for RD29,
Kinl, and Kin2 (At5g52310, At5g15960, and At5g15970)
[14], have not been reported before as DREB1/CBF tar-
gets. The relationship between the five novel DREBI/
CBF targets and stress tolerance has yet to be elucidated
and should be analyzed in the future.

In summary, cis-element-based identification of tran-
scription factor targets is an effective way to identify direct
downstream genes of transcription factors; the identifica-
tion of these genes has not been possible by microarray
analysis. More DREBI1/CBF direct targets were identified

by this method. Moreover, this method is convenient and
cost-effective compared with microarray analysis.
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