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Abstract

AP2/EREBP transcription factors (TFs) play functionally important roles in plant growth and develop-
ment, especially in hormonal regulation and in response to environmental stress. Here we reported
verification and correction of annotation through an exhaustive cDNA cloning and sequence analy-
sis performed on 145 of 147 gene family members. A RACE analysis performed on genes with potential
in-frame up-stream ATG codon resulted in identification of At2g28520 as an authentic AP2/EREBP
member and corrected ORF annotations for three other members. A further phylogenetic analysis of this
updated and likely complete family divided it into three major subfamilies. The expression patterns of the
AP2/EREBP family members among the 11 organ or tissue types were examined using an oligo microarray
and their hormonal and environmental responsiveness were further characterized using cDNA custom
macroarrays. These detailed expression profile results provide strong support for a role for AP2/EREBP
family members in development and in response to environmental stimuli, and a foundation for future
functional analysis of this gene family.

Introduction

Most cellular and developmental processes are
controlled by gene expression resulting from a
mobilization of multiple different sets of transcrip-
tion factors (TFs) (Grandori et al., 2000; Stracke
et al., 2001; Dimova et al., 2003; Kohler et al.,
2003). It has been reported that a large percentage
of Arabidopsis open reading frames (ORFs) encode
TFs that belong to more than 30 different families,

each possessing a highly conserved and character-
istic region recognized as the DNA-binding domain
(Riechmann et al., 2000; Ramanathan et al., 2002).
Short sequence motifs outside of the DNA-binding
domain in different TFs are also conserved within a
given subgroup that are involved in both similar
and unrelated biological functions (Heim et al.,
2003). Initial expression and cDNA cloning of the
overall TF genes have been recently reported
(Czechowski et al., 2004; Gong et al., 2004).
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The Arabidopsis genome contains several large
TF families with more than 100 members each,
such as MADS, bHLH, MYB and AP2/EREBP
(Riechmann and Ratcliffe, 2000; Bailey et al.,
2003; Heim et al., 2003; Parenicova et al., 2003;
Toledo-Ortiz et al., 2003; Jiang et al., 2004). The
APETALA2/ethylene-responsive element binding
protein (AP2/EREBP) family is best characterized
by a common AP2 domain of about 60 amino
acids that is important for DNA binding
(Okamuro et al., 1997; Riechmann and Meyero-
witz, 1998; Riechmann et al., 2000; Sakuma et al.,
2002; Magnani et al., 2004). AP2/EREBP genes
are known to be involved in plant hormone signal
transduction as well as in plant’s responses to
biotic, pathogenic, and environmental stresses
(Stockinger et al., 1997; Knight et al., 1999;
Brown et al., 2003; Chakravarthy et al., 2003;
Gutterson and Reuber, 2004; Magome et al.,
2004; Yi et al., 2004). This family was originally
divided into two sub-families (AP2 and EREBP),
and a third subfamily containing one AP2 and one
B3 domain was subsequently added (Riechmann
and Meyerowitz, 1998; Kagaya et al., 1999;
Riechmann et al., 2000). A total of 144 AP2/
EREBP members was recovered from the Arabid-
opsis genome and was divided into five groups:
AP2, RAV, DREB, ERF and ‘others’ (Sakuma
et al., 2002).

Recent publication indicated that the family has
145 members and it is no longer plant-specific since
homologs have been revealed from the cyanobac-
terium Trichodesmium erythraeum, the ciliate
Tetrahymena thermophila, and the viruses Entero-
bacteria phage Rb49 and Bacteriophage Felix 01
(Magnani et al., 2004). However, systematic infor-
mation regarding the expression patterns for the
complete AP2/EREBP gene family in various
Arabidopsis organs or tissue types, or upon hor-
monal and environmental stresses is not available.
Here we report a further in-depth phylogenetic
analysis and systematic verification of all annota-
tions by cDNA cloning and a sequencing of most
members of this gene family. Both oligo microarray
and custom cDNA macroarray were used to
examine tissue expression patterns and environ-
mental or hormonal regulations of this important
gene family. We found that many members of this
TF family were significantly activated upon
drought or UV treatment, whereas ethylene and
salicylic acid had only a modest effect.

Materials and methods

Plant materials

Arabidopsis thaliana (ecotype Col-0) plants were
grown in environmental growth chambers
(Conviron, Canada) under 16 h of light and 8 h
of darkness photoperiod conditions. Plants were
maintained at 23 �C during the light period and
21 �C during the dark period. Methods for col-
lecting different organ or tissue types used in the
oligo microarray analysis were described
previously (Ma et al., 2005).

All hormonal and environmental treatments
were carried out using 6–8 rosette-leaf-stage
Arabidopsis plants. For ABA treatment, 100 lM
ABA was sprayed on the leaves for 8 h; For NaCl
treatment, whole pots were wetted by 300mM
NaCl and kept for 8 h; For heat-shock (heat)
treatment, plants were pre-warmed at 37 �C for
2 h before transfer to 45 �C for another 2 h; For
UV treatment, plants were radiated with ultravi-
olet light (100 J m-2) for 6 h; For drought treat-
ment, the entire plants were uprooted, placed on
filter papers and allowed to dry for 6 h; For SA
treatment, 4 mM salicylic acid was sprayed on the
leaves for 8 h; for ethylene (eth) treatment, plants
were placed in a closed chamber containing
100 ppm C2H4 for 24 h; cold, plants were placed
in a 4 �C cold room for 8 h; For wound treatment,
rosette leaves were cut into �5mm strips and were
left in the growth chamber for 8 h before being
harvested for RNA isolation. In all cases, parallel
and untreated plants of the same stage were used
as controls.

Identification of AP2-like domain containing
proteins

The Arabidopsis genome databases TAIR (Rhee
et al., 2003) and MAtDB (Schoof et al., 2002) were
searched for unique loci using InterPro IPR001471
accession as the family identifier. Concurrent loci
were chosen to yield a multiple sequence alignment
using CLUSTALW 1.8.3 (Thompson et al., 1994).
Manually refined alignment was employed to
construct a Hidden Markov Model (HMM) profile
of the AP2 domains with HMMER 2.3.1 (Eddy,
1998) installed locally. A pattern search with E
values <1 was performed against the Arabidopsis
protein database downloaded from the TAIR ftp
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site (as of 2/28/2004, ftp://tairpub:tairpub@ftp.
arabidopsis.org/home/tair). The resultant sequen-
ces were aligned and checked mannually to
eliminate false positives.

Phylogenetic analysis

A total of 161 AP2 domains were extracted from
147 hypothetical proteins obtained from a data-
base search. Multiple sequence alignment was
performed using CLUSTAL W 1.8.3 (Thompson
et al., 1994) and manually adjusted. Data gener-
ated from the alignment was used to construct the
Bayesian phylogenetic tree of the entire family
with MrBayes 3 (Ronquist and Huelsenbeck,
2003) and with the JTT-f model (Jones et al.,
1992) of amino acid substitution. The alignments
were refined using HMMER 2.3.1 with manual
adjustment. A total of 200 001 trees were gener-
ated with every 100 trees sampled. The saved trees
with a ‘burn-in’ of 1000 were used to construct the
consensus and calculate the posterior probabilities.
Visualization tool TreeView (Page, 1996) was used
to display the consensus tree.

RNA extraction, reverse transcription
and RT-PCR amplifications

Total RNA was isolated either from various
Arabidopsis tissue or organ types, or from 6 to 8
rosette-leaf-stage Arabidopsis seedlings after vari-
ous hormonal or environmental treatments using
the RNeasy plant mini kit (QIAGEN, Germany).
Three lg of the RNA was reverse transcribed in a
total volume of 20 l l using SuperScriptTM First-
Strand Synthesis System for RT-PCR (Invitrogen,
USA). Gene-specific primers for different TFs
were designed according to annotation available in
the Arabidopsis genome (STable 1). RT-PCR was
performed following a previously described pro-
tocol (Ji et al., 2003). PCR products were analyzed
by Agarose gels and purified with a gel extraction
kit (Clontech, USA), cloned into a pENTR/D/
TOPO vector (Invitrogen, USA) and verified by
sequencing of the whole insertion from both ends
(Gong et al., 2004). Since some of the cloned TFs
genes do not possess introns, fractions of all the
RNA samples used for RT-PCR were subjected to
RNase A digestion to confirm that the PCR
products were indeed amplified from cDNA, not
from gDNA.

Analysis of 5¢ sequences and rapid amplification
of 5¢-cDNA ends (RACE)

To find out whether and how many annotated TFs
possessed in-frame up-stream ATGs, we down-
loaded a 500 bp sequence at the 5¢ upstream of
each TF from TAIR and searched for the existence
of different translation initiation sites. RACE
reactions were performed on all those TFs that
showed an in-frame ATG other than the one
annotated in TAIR to obtain putative full-length
cDNAs according to protocols provided by the
manufacturer (Invitrogen, Carlsbad, USA). PCR
amplifications of the 5¢ ends of TFs were per-
formed using GeneRacer 5¢ primers supplied by
the vendor together with gene-specific reverse
primers synthesized for each TF (See Stable 1 for
all primers used). PCR products were first con-
firmed using nested reverse gene-specific primers
and finally by DNA sequence analysis.

Expression pattern analysis by oligo microarray
and RT-PCR

Gene-specific 70mer oligos were designed based
on Arabidopsis genome annotation data available
on Feb. 20, 2002 by Qiagen (http://omad.qia-
gen.com/download/genelist/arabidopsis_V1_384.p
rn) and the microarray slides were printed at Yale
University as described previously (Ma et al.,
2005). The details of this microarray analysis
were described in another report (Ma et al.,
2005). In brief, the chips were scanned at
532 nm (Cy3) and 635 nm (Cy5) wavelengths
with an Axon GenePix 4000B scanner (Axon,
Foster City, USA) at 5-nm resolution, and
quantified with Axon GenePix Pro 3.0 image
analysis. For most genes, each data point repre-
sents the average intensities obtained from four
hybridizations using independent biological repli-
cates on the array. For those very low level
expressers, a minimum of two independent data
points (out of the four hybridizations) were
required for the gene to be included in the
analysis. RT-PCR analyses were performed as a
further validation on a number of TFs that
showed either tissue- or organ-specificity as
revealed by microarray. All gene-specific PCR
primers and basic parameters are shown in
supplementary Table 1 (STable 1). Genevestiga-
tor software tools (Zimmermann et al., 2004)
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were used to find and to compare expression
profiles for those genes that were reported in
other related databases.

Preparation of the custom cDNA microarray

A total of 143 AP2/EREBP TFs originally cloned
in pENTR/D/TOPO vectors (Gong et al., 2004)
were amplified in a 96-well PCR plate in a Perkin–
Elmer 9600 thermocycler in 50 ll reactions using
the flanking sequences of the vector as primers
(primer 1: CAACTTTGTACAAAAAAGCAGG
C; Primer 2: CAACTTTGTA CAAGAAAGCTG
GGT). All PCR cycles consisted of one round at
95 �C for 3 min, 35 cycles including 95 �C for
1 min, 55 �C for 20 s and 72 �C for 90 s, with a
final extension at 72 �C for 5 min. One tenth of
every PCR product was used for restriction
endonuclease digestion and insert verification.
The remaining DNA was precipitated by two
volumes of anhydrous ethanol and redissolved in
10 ll of 50% DMSO for arraying. Each PCR
product was spotted on the slide in triplicates
(CapitalBio Corp., Beijing, China; http://www.
capitalbio.com/Product/protocols.htm). Hybridi-
zations were carried out in triplicate with dye-
swap using independent RNA samples. Signal
intensities of the housekeeping genes (actin2,
tubulin beta-2, 40S ribosomal protein S5A, ribo-
somal protein L19, the eukaryotic initiation factor
4a-1, the cytosolic glyceraldehyde-3-phosphate

dehydrogenase gene (GAPDH) and UBQ10) were
used to normalize the microarray data. Genes that
failed the T-test (at the 0.05 significance level) were
considered to be non-expressed. Coefficient of
variation (CV) was calculated for all data points
that showed higher-than-background expression
after the different treatments.

Results

A further annotation update for the AP2/EREBP
TF family of the Arabidopsis genome

A total of 147 genes that contained at least one
AP2-like domain were retrieved from various
Arabidopsis genome databases. The initial cDNA
cloning of 142 AP2/EREBP TFs was reported
previously (Gong et al., 2004), and three more
cDNAs genes including At1g79700, At3g23230
and At5g50080 were cloned afterwards. Sequence
analysis performed on all of our cDNAs revealed
that a 27-bp intron was not recognized in original
At5g50080 annotation. We submitted the cor-
rected cDNA sequence to GenBank (accession
number AJ580378) after complete sequencing of
two independent clones for that gene. We failed to
obtain cDNA clones for only two of the 147 genes
in the family, At1g16060 and At5g67010, after
repeated attempts.

Table 1. Summary of RACE analysis for TF genes with in-frame up-stream translation initiation sites other than the one
annotated in TAIR.

Locus ID Position of in-frame ATG (bp) RACE results (bp) New GenBank accession Comments

At1g28370 )111 )87 Identical to TAIR

annotated 5¢-UTR

At5g07580 )201 )37 Identical to TAIR

annotated 5¢-UTR

At3g23220 )33 )52 AY974196

At5g10510 )45 )508 AY974197

At2g25820 )177 )270 AY974198

At3g16280 )165 )189 AY995152

At1g12630 )12 ?a DQ145776b A different ORF was

amplified by RT-PCR

At5g67000 )72 ?a DQ145775b A different ORF was

amplified by RT-PCR

At1g50680 )81 ?a – No upstream sequence

was amplified by RT-PCR.

a RACE did not work.
b PCR product containing the putative new ORF as shown in SFigure 1 was submitted to GenBank after DNA sequence confirmation.
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Six TFs might possess in-frame up-stream
translation initiation sites other than the ones
currently annotated

A total of 135 TFs in the AP2/EREBP family,
upon analysis of 500 bp 5¢ upsream sequence of
each member, were found to have in-frame stop-
codons that prevented extension of the annotated
ORFs reported in TAIR. Of the 12 TFs that
contained in-frame up-stream translation initia-
tion codons, three are not suitable for RACE
analysis for they possess in-frame ATGs at -3bp
(At4g27950) or -6bp (At1g51120 and At5g65130)
positions of the annotated translation start sites
(data not shown). RACE experiments were carried
out on nine TFs and four exhibited ORFs different
from the database annotations. A new protein
with a more conserved AP2 domain was derived
from the re-annotated At2g25820 gene (Table 1).
Two of the nine TF genes, At1g28370 and
At5g07580, were found to have identical 5¢-UTRs
as reported in TAIR (Table 1). Since we failed to
obtain RACE results for three of the TFs includ-
ing At5g67000, At1g12630 and At1g50680 after
multiple attempts, we designed several pairs of
gene-specific primers and performed RT-PCR
amplifications on each of these genes. The tran-
scripts of At5g67000 and At1g12630 possessed
ORFs different from the ones annotated in the
database while no amplification product upstream
of the original ORF was observed for At1g50680
(Table 1 and SFigure 1).

A further phylogenetic analysis of the Arabidopsis
AP2/EREBP family

As indicated in Figure 1A, AP2/EREBP family
was divided into three main clades, the 19-mem-
bered AP2, 6-membered RAV and 122-membered
EREBP. The characteristic AP2 domains found
in both the EREBP and RAV subfamilies were

about 60–70 amino acid residues while that of
the AP2 subfamily varied significantly from 41 to
74 (Table 2). Among members of the AP2
subfamily, At4g13040 was the only gene that

Figure 1. Phylogenetic analyses and chromosomal locations

of AP2/EREBP TF genes from the Arabidopsis genome. (A)

Major clades depict the relationships among different

subfamilies within the AP2/EREBP TF family. The topology

of the phylogenetic tree was obtained by running MrBayes 3.

The number of genes in each subfamily or subgroup is shown

in parentheses. The posterior probabilities at the branches

indicate the significance. The arrowhead indicates collapsed

ERF clade. (B) Results of HMM search for all AP2/EREBP

TFs (shown in black bar) with several low homology proteins

that are not included in this TF family (shown in empty bar)

in the Arabidopsis genome.

Table 2. Summary of Arabidopsis AP2/EREBP transcription factor subfamilies.

Subfamily No. of proteins Length of proteins No. of AP2 domains Length of AP2 domains

EREBP 122a 122–391 122 62–73

AP2 19 196–581 32b 41–74

RAV 6 333–361 6 63–65

a Of the total, 57 are in the DREB and 65 are in the ERF subgroups.
b Thirteen of these proteins contain two AP2 domains, and 6 of them contain only one AP2 domain.
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possessed a single R2 domain (Figure 1A,
Table 2). The E value for this protein was
8.6� 10)8 with a score of 38.2 (Figure 1B and
data not shown). Five genes in the Arabidopsis
genome, including the high-affinity nitrate trans-
porter ACH1 (At1g08090), glycosyl hydrolase
family 1 proteins (At3g18070, At3g18080), extra-
large G-protein-related (At4g01090) and the
copia-like retrotransposon family member
(At2g23330) displayed certain sequence similari-
ties with AP2/EREBP family members. Multiple
sequence alignment revealed substantial conser-
vation among the AP2 domains obtained from
the entire family, and especially within each
subfamily (SFigure 2).

Expressional analysis of the Arabidopsis AP2/
EREBP family in different tissue or organ types

Long oligo (70mer) microarray was used to profile
the expression patterns of 139 AP2/EREBP family
members among 11 different tissue or organ types
(Figure 2, Right). A neighbor-joining phylogenetic
tree was generated for the entire gene family
according to the sequence conservation patterns
observed from the common AP2 domain (Fig-
ure 2, Left). Detailed search of the literature
revealed that the expression patterns of 31 genes
(as indicated by a red star following the individual
locus ID in Figure 2) out of the 139 characterized
in our tissue-specific microarray studies did not

Figure 2. Construction of protein maximum likelihood trees for the AP2/EREBP family and expressional profiling obtained from

oligo microarray. Unrooted trees for each sub-family are shown on the left and results obtained from oligo microarray analysis of

139 TFs in various Arabidopsis tissue or organ types are shown on the right. Ratios obtained by dividing the hybridizing intensity

from a particular tissue or organ type with that of rosette leaves for a particular TF was subjected to logarithmic transformation

and used as a graphic unit. Red bars, genes increased more than 8-fold; pink bars, genes increased 2- to 8-fold; yellow bars, genes

changed between±2-fold; green bars, genes decreased more than 2-fold. Genes that either failed the T-test (at the 0.05 significance

level) or produced total signal intensities below threshold (equal to or less than 200) are shown in gray and were considered as

non-expressers. The median CV for all expressed data points were 0.288. nd, genes not included in the oligo microarray. Boldface

locus IDs denote genes previously studied in the literature.
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match with those reported in the Genevestigator
database (https://www.genevestigator.ethz.ch/).
The transcript levels of quite a few newly identified
TFs were found to increase more than 64-fold in
one or more Arabidopsis tissue or organ types. A
similar number of genes were suppressed more
than 16-fold when compared to that of rosette
leaves (Figure 3A). At5g52020 (DREB subgroup)
was detected only in vegetative tissue with the
highest amount found in roots while At1g25470
(ERF subgroup) was mainly expressed in the

reproductive parts with residual amounts found
in seeds and siliques (Figure 3B, C). We inserted
RT-PCR results above each graph for validation
of the microarray data. The tissue specific expres-
sion profiles of one previously characterized AP2
subfamily member (At3g54990) and eight new
members, including four from DREB (At2g38340,
At2g40340, At1g33760 and At4g16750), two from
the ERF subgroup (At5g13910 and At1g25490)
and one each from the AP2 (At1g51190) and RAV
subfamilies (At3g25730) were confirmed by

Figure 2. (Contiuned).

859



Figure 2. (Contiuned).
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Figure 3. Summary and validation of genes with tissue-specific expression patterns. (A) Genes with hybridizing intensities increased

more than 64-fold or decreased more than 16-fold in a particular tissue or organ type when compared to that of rosette leaves.

Locus IDs are listed above/below each organ or tissue type. (B) At5g52020 (DREB subgroup) was expressed only in vegetative tis-

sue. Oligo microarray data were plotted on a Log2 scale and RT-PCR results are inserted above the graph. (C) At1g25470 (ERF

subgroup) was expressed specifically in the reproductive parts. Data were arranged as in (B). (D) RT-PCR confirmations of several

tissue-specific TFs. Boldface locus IDs denote genes previously studied in the literature.
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RT-PCR analysis (Figure 3D). To complete the
expression profile for the whole family, we carried
out RT-PCR analysis on 8 of the TFs that were
missing on the microarray probed with various
Arabidopsis tissue and also on 4 of the TFs
missing on the microarray probed with hormone-
treated or environmental stressed RNA samples
(Figure 4).

Identification of hormonal or environmental
responsive TFs

The ORF fragments of 143 AP2/EREBP TFs were
PCR amplified and custom-printed on macroarray
slides, and were probed with RNA samples
prepared from Arabidopsis seedlings after various
hormonal or environmental treatments. A large
percentage of the TFs were found expressed at
lower than 1% of the values obtained for the
actin2 internal control gene in untreated
Arabidopsis seedlings. Drought, UV, cold and
NaCl treatments resulted in the activation of
many more TF genes than other treatment
(Tables 3 and 4). Thirteen TFs responded to
drought with more than 8-fold increase in signal
intensity, with nine TFs responding to UV, five
TFs to NaCl and one TF to heat (Table 3, shown
in bold). At3g23240 (ERF1) was mainly induced
by UV treatment with modest responses to ethyl-
ene, NaCl and drought treatments. At1g04370
(AtERF14) responded significantly to UV and
drought while At4g25480 (DREB1A/CBF3) was
activated only under drought conditions with
modest responses observed after NaCl and UV.
Five of the 7 internal control genes were found to
be expressed at consistent levels after different
hormonal or environmental treatments, with
UBQ10 and GAPDH appearing to be saturated
under all or most of the experimental conditions
(STable 2). A systematic search using all the Locus
IDs available currently was carried out to sum-
marize the previously published literature regard-
ing this gene family (STable 3).

Discussion

Based on the presence of the conserved AP2-like
domains, 147 proteins were identified as belonging
to the AP2/EREBP family (Figures 1 and 2) from
the Arabidopsis genome in this analysis, compared
with the previously reported 141 (Alonso et al.,
2003), 144 (Sakuma et al., 2002) or 145 (Magnani
et al., 2004). At1g22190 and At1g63040 were not
included in any previous studies and were recog-
nized in our analysis as members of the DREB
subfamily (Figure 2 and SFigure 2). The putative
polypeptide encoded by At2g25820 (a member of
the DREB subgroup) contains only 29 amino
acid residues in the conserved AP2 domain as

Figure 4. RT-PCR analysis of TFs that were not included on

the microarrays. (A) Expression profiling of 8 TFs in various

Arabidopsis tissue or organ types. (B) Expression profiling of

4 TFs upon different hormonal or environmental treatments.

* denotes genes that were represented on the respective

microarrays. We produced RT-PCR results of these genes to

assist a direct comparison of the two different data sets.
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Table 3. Profiling of 143 AP2/EREBP TFs with reference to the absolute signal intensities of the actin2 gene.

Locus ID Cold NaCl ABA Wound Drought Ethylene SA Heat UV CK

At1g01250 49±7 138±42 109±14 74±8 125±33 51±12 104±20 50±8 46±9 84±23

At1g03800 4±3 5±4 4±4 3±3 10±2 0±0 8±5 4±5 10±1 6±5

At1g04370 7±4 24±16 4±3 2±2 122±29 7±7 25±45 8±12 448±28 10±8

At1g06160 12±2 12±7 4±2 5±2 7±4 45±20 41±13 5±2 70±6 21±10

At1g12610 2±2 21±12 3±5 2±2 57±20 1±1 2±3 1±3 3±3 5±3

At1g12630 5±3 4±3 3±3 4±2 4±2 1±1 5±7 2±3 3±3 5±3

At1g12890 328±34 288±57 236±20 263±4 193±67 310±50 291±37 158±34 381±37 272±50

At1g12980 2±3 5±3 3±1 1±1 3±2 0±0 3±4 6±14 3±3 3±4

At1g13260 548±105 380±67 80±3 191±25 150±49 390±87 331±30 119±20 206±10 321±77

At1g15360 2±2 2±4 3±3 2±1 5±1 1±2 3±4 3±1 2±4 3±3

At1g19210 4±2 79±22 5±4 10±3 186±52 3±5 10±2 3±3 21±4 9±6

At1g21910 65±6 156±57 126±9 16±5 114±32 186±43 45±5 122±18 19±6 110±29

At1g22190 128±5 351±60 209±4 130±21 620±61 232±44 193±29 477±80 407±26 229±48

At1g22810 4±3 202±48 13±2 8±2 222±67 11±9 14±5 2±4 66±7 5±5

At1g22985 3±2 1±2 4±1 1±2 3±1 1±2 2±2 3±2 1±3 2±3

At1g24590 6±5 6±6 3±4 3±3 9±3 2±2 8±11 6±3 5±4 6±5

At1g25470 33±3 20±10 16±5 20±3 17±8 20±8 24±5 25±8 31±5 30±9

At1g25560 815±91 632±108 434±35 284±24 299±34 626±137 561±107 221±21 524±29 555±128

At1g28160 8±3 26±11 6±2 6±1 38±19 8±7 12±7 9±8 31±6 12±10

At1g28360 6±4 27±13 10±3 9±2 26±8 8±6 18±7 4±2 13±4 15±8

At1g28370 21±5 178±41 47±6 28±4 202±70 142±37 73±17 10±4 207±18 39±10

At1g33760 3±3 4±2 3±3 3±2 5±4 2±3 4±5 2±4 3±2 3±5

At1g36060 28±8 40±12 26±9 23±2 62±8 85±14 24±6 93±19 89±5 70±18

At1g43160 17±7 135±34 28±11 96±10 626±233 113±14 105±22 34±16 354±19 17±6

At1g44830 6±3 28±15 4±3 3±1 24±13 38±10 11±5 17±5 6±5 12±8

At1g46768 130±19 18±8 37±5 13±3 45±13 15±9 20±9 32±7 41±7 22±7

At1g49120 10±1 22±6 13±3 9±3 13±3 9±9 18±4 4±6 28±6 16±8

At1g50640 121±11 128±37 103±5 76±5 162±50 76±25 107±14 153±6 218±11 120±30

At1g50680 4±3 5±6 4±4 1±2 7±4 1±1 4±4 3±5 6±2 4±4

At1g51120 3±3 6±5 2±3 1±3 12±15 1±1 7±4 3±3 4±4 5±6

At1g51190 7±4 7±3 5±3 7±2 10±2 4±4 8±4 8±5 10±7 8±4

At1g53170 56±4 97±19 43±4 34±4 267±108 64±15 65±7 12±11 127±12 65±14

At1g53910 707±73 454±36 677±60 385±42 581±184 531±97 475±47 456±30 477±25 484±89

At1g63030 4±2 9±5 7±6 2±3 12±2 1±3 3±3 4±3 2±3 3±5

At1g63040 8±4 22±16 4±3 15±7 23±7 3±3 8±6 4±5 5±2 10±15

At1g64380 33±5 195±61 203±13 109±11 531±51 91±20 107±30 16±7 53±8 42±11

At1g68550 113±17 120±36 74±7 73±5 119±27 119±27 105±13 153±35 149±8 91±23

At1g68840 536±55 288±17 150±9 76±10 237±72 383±94 182±22 127±17 365±4 523±100

At1g71130 135±12 127±35 131±6 83±5 153±34 57±15 102±32 64±16 224±13 129±26

At1g71450 3±3 4±3 3±4 1±3 7±2 1±1 1±2 1±2 3±3 3±4

At1g71520 1±2 5±2 5±2 0±1 4±4 0±2 3±5 1±2 11±3 1±3

At1g72360 461±48 58±21 65±8 49±4 87±20 155±23 53±12 52±10 189±22 85±17

At1g72570 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

At1g74930 9±4 181±53 9±2 41±4 134±22 17±7 31±11 6±6 79±5 48±14

At1g75490 35±3 16±7 5±4 5±2 30±3 21±6 19±6 9±5 65±9 61±18

At1g77200 7±4 5±3 5±4 1±3 9±4 2±2 6±4 1±4 5±2 6±4

At1g77640 27±7 62±31 46±5 12±5 50±9 38±17 25±7 15±14 9±4 29±11

At1g78080 168±13 397±60 224±13 267±34 570±115 290±45 332±39 330±50 444±75 263±55

At1g79700 339±9 28±7 65±6 24±2 140±32 50±10 31±5 113±11 149±9 406±59

At1g80580 6±3 9±3 5±2 6±1 14±5 3±4 7±6 5±3 11±4 8±4

At2g20350 174±28 89±12 106±4 73±10 142±20 109±22 76±19 76±17 128±11 92±16

At2g20880 16±6 75±24 21±8 48±6 1310±260 58±12 61±9 25±7 201±18 56±14

At2g22200 7±4 20±9 13±5 27±2 64±6 13±4 36±6 5±8 21±4 15±7

At2g23340 4±2 2±3 4±2 2±2 2±1 1±1 1±2 2±4 1±3 2±3

At2g25820 15±3 62±12 16±3 27±4 104±8 17±7 54±10 12±3 32±5 12±5
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Table 3. (Continued).

Locus ID Cold NaCl ABA Wound Drought Ethylene SA Heat UV CK

At2g28550 562±48 260±30 254±16 220±22 265±56 145±24 222±37 214±49 101±10 220±39

At2g31230 100±7 112±41 61±8 102±12 96±24 178±29 154±28 30±11 611±30 77±19

At2g33710 31±9 55±19 27±5 19±2 56±15 35±7 38±8 14±7 150±15 28±7

At2g35700 9±3 17±7 7±3 11±3 25±11 7±9 14±7 5±5 4±2 9±5

At2g36450 74±7 82±29 58±4 60±3 116±23 59±12 88±20 41±12 199±15 78±17

At2g38340 158±19 713±146 389±28 762±85 616±129 422±80 667±79 63±9 537±18 358±84

At2g39250 11±4 35±12 31±8 20±6 23±6 14±6 26±6 5±3 8±4 16±6

At2g40220 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

At2g40340 103±10 98±25 95±12 77±8 273±74 170±32 102±19 240±53 236±17 49±14

At2g40350 26±5 17±3 15±8 11±2 27±8 25±11 22±7 21±13 21±2 13±7

At2g41710 251±20 148±30 143±8 94±5 141±31 199±33 144±19 200±20 252±18 218±43

At2g44840 8±4 85±9 22±4 24±6 43±7 17±6 27±4 3±3 52±5 19±8

At2g44940 55±10 64±15 49±9 76±5 44±6 26±6 65±15 5±7 29±4 31±9

At2g46310 35±4 28±12 30±2 22±2 29±5 33±5 24±8 25±11 30±6 36±10

At2g47520 11±15 11±3 4±2 3±1 13±2 6±5 13±9 55±32 129±22 5±4

At3g11020 61±4 71±21 27±3 26±4 164±43 43±10 38±7 142±11 142±15 38±11

At3g14230 537±82 193±29 245±14 146±11 215±32 387±88 158±26 429±79 370±30 207±33

At3g15210 111±10 188±54 67±7 78±8 283±57 90±13 130±22 40±10 255±15 84±19

At3g16280 9±2 17±11 7±1 10±1 27±7 6±6 24±16 3±4 75±8 11±5

At3g16770 994±43 425±33 313±22 205±20 797±197 633±70 275±50 444±56 703±54 705±165

At3g20310 81±11 70±18 58±6 41±3 105±32 50±9 62±6 49±16 76±8 77±18

At3g20840 7±2 6±4 3±4 4±2 14±6 4±2 7±3 7±5 10±4 7±5

At3g23220 6±3 83±16 2±2 4±2 13±4 4±3 5±3 4±2 81±19 8±5

At3g23230 32±8 50±8 16±5 13±5 40±7 14±6 16±5 16±11 158±14 21±7

At3g23240 22±4 116±32 30±2 17±5 69±16 135±30 41±10 4±3 473±70 32±8

At3g25730 157±29 136±37 27±5 121±9 198±68 166±36 191±25 52±12 325±20 71±20

At3g25890 232±34 175±48 85±8 131±10 103±28 265±67 134±12 245±58 231±17 177±36

At3g50260 248±24 134±28 63±11 76±10 368±85 137±27 148±10 119±12 263±23 62±14

At3g54320 5±2 6±2 3±2 5±2 5±3 2±2 3±4 7±2 8±5 5±3

At3g54990 63±9 49±14 38±9 57±2 45±4 23±12 59±14 8±5 44±7 24±9

At3g57600 29±4 42±23 16±7 26±3 67±8 19±10 35±7 33±11 31±6 37±12

At3g60490 51±9 77±24 17±6 72±5 49±10 56±9 103±25 46±11 150±21 52±14

At3g61630 100±9 157±49 67±6 47±3 200±64 109±13 83±16 119±20 229±15 84±17

At4g06746 6±4 4±4 5±2 2±2 16±18 1±1 8±12 4±2 7±5 8±8

At4g11140 40±9 52±10 22±4 29±3 72±14 30±12 35±6 24±4 49±9 43±13

At4g13040 81±6 69±19 86±11 54±5 99±25 113±28 70±12 49±1 125±14 129±25

At4g13620 7±4 7±2 6±5 4±3 8±4 3±2 5±4 41±27 9±1 6±5

At4g16750 18±4 36±11 42±4 27±8 37±7 11±4 20±9 4±2 9±5 15±8

At4g17490 157±18 80±15 77±11 62±8 84±24 76±15 75±19 48±13 92±7 110±24

At4g17500 87±14 174±38 155±9 97±18 99±14 182±39 167±20 23±4 417±66 152±37

At4g18450 9±4 4±3 5±1 4±2 12±4 3±3 5±2 1±4 5±2 12±5

At4g23750 50±2 64±10 38±5 47±6 72±10 43±12 50±9 49±10 43±4 73±12

At4g25470 4±4 6±8 3±3 2±2 4±3 1±1 3±3 3±3 5±2 4±4

At4g25480 37±5 72±8 13±2 30±5 132±29 12±3 15±4 5±2 42±2 12±5

At4g25490 15±5 26±11 11±6 5±2 47±15 8±3 6±3 4±3 13±3 7±6

At4g27950 21±4 34±15 8±3 15±5 80±10 17±12 29±7 22±7 44±8 21±8

At4g28140 15±3 112±31 26±3 105±6 894±142 94±19 118±25 24±8 201±10 36±11

At4g31060 18±5 14±9 15±4 16±2 22±22 14±8 23±12 21±9 16±3 31±13

At4g32800 31±2 98±38 52±5 40±4 77±19 54±13 81±21 35±14 35±4 44±12

At4g34410 8±3 286±58 17±5 18±5 519±107 77±22 48±12 6±6 127±15 27±12

At4g36900 178±18 144±41 157±9 73±9 266±53 113±15 110±16 204±36 113±14 135±29

At4g36920 205±29 92±17 84±6 86±9 72±16 76±17 95±18 33±8 56±5 75±15

At4g37750 74±7 64±13 56±5 86±11 54±5 49±12 63±9 69±18 45±10 94±15

At4g39780 28±5 57±19 16±3 34±4 77±22 41±12 69±18 12±6 113±15 54±11

At5g05410 29±3 161±38 85±10 48±6 487±125 94±19 86±25 325±72 116±5 110±22

At5g07310 5±3 15±10 5±2 6±2 25±8 4±4 6±2 2±2 12±4 6±4
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Table 3. (Continued).

Locus ID Cold NaCl ABA Wound Drought Ethylene SA Heat UV CK

At5g07580 790±45 506±94 429±25 312±15 162±36 775±98 504±40 297±29 230±19 440±112

At5g10510 60±6 66±14 49±3 67±6 92±24 38±11 60±17 57±14 110±10 48±10

At5g11190 16±3 9±6 7±3 6±2 16±8 3±2 6±3 9±4 7±4 9±5

At5g11590 22±4 21±13 8±4 10±3 9±3 5±4 15±7 3±2 11±4 14±7

At5g13330 137±10 200±30 265±22 169±23 453±103 209±22 265±36 52±10 409±27 100±25

At5g13910 11±5 13±6 9±3 13±4 16±6 9±6 23±12 16±11 20±5 12±5

At5g17430 66±5 126±34 116±11 107±15 57±18 87±16 108±24 77±21 62±6 82±20

At5g18450 13±3 21±15 11±4 11±5 36±13 12±9 11±5 11±3 18±10 14±8

At5g18560 30±5 51±18 30±5 21±5 55±11 30±14 34±6 29±5 37±5 33±11

At5g19790 19±6 26±13 14±4 22±3 44±5 24±11 24±6 80±17 26±9 27±9

At5g21960 1±2 21±5 2±3 6±1 12±2 1±2 3±4 3±1 11±3 2±5

At5g25190 31±6 38±12 17±2 17±4 41±8 90±16 30±10 16±5 39±7 155±39

At5g25390 5±2 6±2 8±3 5±2 5±3 5±4 4±3 2±1 5±3 4±4

At5g25810 52±7 35±18 33±8 24±1 53±12 22±17 31±7 37±11 28±4 31±10

At5g43410 4±3 6±4 4±2 2±2 6±2 3±4 4±2 5±5 91±8 4±3

At5g44210 58±4 37±11 31±5 24±4 252±67 61±12 30±7 26±5 54±7 42±10

At5g47220 316±6 387±74 268±16 111±8 228±75 484±56 355±28 48±13 927±46 396±91

At5g47230 108±6 186±16 157±9 88±7 253±75 141±23 143±30 24±7 302±41 189±41

At5g50080 8±2 9±6 7±3 5±2 16±4 9±6 7±2 6±3 25±11 9±5

At5g51190 74±6 121±17 127±11 31±5 103±23 116±19 66±18 9±5 170±16 153±30

At5g51990 14±7 15±8 8±2 6±3 20±10 6±6 18±15 4±2 14±1 10±7

At5g52020 10±3 16±3 8±2 9±6 66±23 8±7 13±3 14±8 15±5 10±8

At5g53290 28±9 61±11 20±7 41±4 115±24 25±8 60±9 22±7 59±11 23±8

At5g57390 7±6 8±4 6±5 5±3 13±3 4±4 8±2 7±3 7±3 7±4

At5g60120 81±6 77±17 76±9 60±5 69±17 47±11 64±14 91±14 48±6 72±15

At5g61590 914±40 245±43 242±15 140±23 162±56 527±47 289±19 326±25 204±18 562±135

At5g61600 135±7 179±34 210±22 81±9 95±10 152±22 109±23 44±9 117±8 271±55

At5g61890 10±2 98±24 59±7 96±8 269±57 61±16 66±33 8±4 35±6 15±6

At5g64750 188±11 279±50 63±3 156±12 1418±441 182±32 229±38 121±17 525±41 52±11

At5g65130 6±4 8±4 4±3 2±2 8±3 2±2 7±4 4±2 9±4 6±4

At5g65510 40±6 29±10 30±4 21±5 44±7 28±9 23±5 20±4 64±4 36±11

At5g67000 5±2 6±3 4±3 3±2 13±8 2±3 4±6 5±3 5±3 7±4

At5g67180 23±8 27±13 32±3 20±3 49±8 15±7 27±15 9±6 13±5 20±8

At5g67190 184±20 53±20 39±3 34±3 121±23 51±8 57±11 83±16 82±6 87±19

The signal intensities of all TFs in the nine different treatments as well as in untreated seedlings (CK) are expressed as the permillage of
actin2a. The numbers for each treatment are the means of six hybridizations (including dye-swap)±SD and the numbers for CK
represented 54 data points obtained from hybridizations of all nine chips and six repeats. Boldface numbers indicate that the signal
intensities were increased more than 8-fold under particular conditions. The median CV for all expressed TFs in these arrays was 0.17.
a The average signal intensities calculated from nine different treatments plus the CK for actin2 were 30,307±5052.

Table 4. Statistics of the relative expression levels of all expressed TFs with reference to the absolute signal intensities of actin2.

Cold NaCl ABA Wound Drought Eth SA Heat UV CK

<1% 47 29 50 47 20 47 35 60 32 39

1–10% 60 71 66 75 69 60 72 58 58 74

10—40% 26 38 24 20 41 29 32 21 40 23

>40% 10 5 3 1 13 7 4 4 13 7

Total signal intensities* 14.0 13.7 9.1 7.8 20.1 12.2 10.9 8.3 17.5 11.5

Average intensities (%) 9.8 9.5 6.3 5.5 14.1 8.6 7.6 5.8 12.2 8.0

Maximum intensities (%) 99.4 71.3 67.7 76.2 141.8 77.5 66.7 47.7 92.7 70.5

* The total signal intensities for all 143 TFs divided by that of the internal actin2 control.
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annotated in TAIR. It was always a questionable
member of this gene family since the missing
b-sheet-forming sequence has been proposed to
have a key role in DNA binding activity (Allen
et al., 1998). Here we found that the original
database-annotated initiation codon ATG (See
also AAT68354, AAK44156 or AAX23824) was
preceded by an in-frame up-stream ATG that
resulted in a perfect AP2 domain (Table 4 and
data not shown). Our RACE results matched
perfectly with GenBank protein entry B84653 (Lin
et al., 1999), clearly suggesting that the upstream
ATG is the one used.

Using established criteria (Ma et al., 2005),
approximately 50% (104/209 total data points for
AP2 and 33/66 for RAV subfamily) to 61% in the
EREBP subfamily (761/1254) were considered as
not expressed (Figure 2). Kim and coworkers
amplified most of the predicted genes on Arabid-
opsis chromosome 2 and discovered that about
84% of the amplicons were expressed in certain
growth stages or under certain environmental
conditions (Kim et al., 2003). Of the 1864 DNA
amplicons representing experimentally confirmed
or predicted Arabidopsis transcription factor genes
printed on the microarray, approximately 1400 or
75% were expressed (Jiao et al., 2003). Discrep-
ancies occurred almost exclusively on low-level
expressers with only 6 genes (At3g57600,
At1g77200, At3g14230, At1g06160, At1g15360
and At1g12980) that could be considered as
intermediate level expressors. Ethylene treatment
did not result in over-all activation of expression
for the AP2/EREBP family of TF genes, but
affected specific individual gene expression
(Table 4). By contrast, the cumulative ratio value
for all the cloned TF genes on the custom
macroarray increased from 11.5 in untreated
seedlings to 20.1 and 17.5 upon drought and UV
treatment, respectively, when compared to that of
the internal actin2 control (Table 4). The respon-
siveness of a large number of AP2/EREBP TF
genes to drought and UV treatment coincided with
the involvement of this gene family in the medi-
ation of environmental stress responses (Okamuro
et al., 1997; Chakravarthy et al., 2003). We failed
to detect significant hybridizing signals for the two
root-specific (At3g20840 and At1g28160) and
three shoot-specific (At3g57600, At5g47220 and
At5g25390) genes reported by Czechowski et al.
(2004) using high-sensitivity real-time RT-PCR

analysis. The seed-specific At1g75490 and
seed-, root- and pet al-specific At5g11190 gene
reported in our microarray (Figure 2) did not
match with results obtained by the same group
(Czechowski et al., 2004).

When the hormonal or environmental respon-
siveness of the AP2/EREBP TFs were compared
to the Genevestigator database (https://www.gene-
vestigator.ethz.ch/) using Genevestigator software
tools (Zimmermann et al., 2004), we found that
the expression patterns of most genes matched well
between the two data sets. Detailed analysis
revealed that a total of 20 TFs showed different
expression for one or two treatments with only one
gene (At5g07580) differed in three treatments.
Similarly, a vast majority of the TFs showed
similar expression profiles between the two data
sets with 15 genes displayed unmatched profiles in
3 or 4 tissue or organ types. At3g14230 and
At1g53710 exhibited different expression profiles
in all tissue and organ types (data not shown). We
attribute these minor inconsistencies to different
growth conditions or treatments, and the distinct
sensitivity of the assays used.

AP2/EREBP genes have been implicated in
controlling Arabidopsis flowering and seed devel-
opment, especially in the specification of organ
and meristem identity (Riechmann and Meyero-
witz, 1998). Several AP2 subfamily members
(At2g28550, At3g54990 and At5g60120) that were
known to be the targets of miRNA172 and were
part of the Arabidopsis flowering time control
mechanism (Aukerman and Sakai, 2003; Schmid
et al., 2003), were detected mainly in vegetative
tissue (Figure 2). At1g12610, a DREB subgroup
member that conferred delayed-flowering pheno-
type when overexpressed in Arabidopsis plants
(Magome et al., 2004), displayed high levels in
stems, roots and cotyledons (Figure 2). Hormonal
or environmental activation patterns for several
known TFs, such as At4g25490, At3g23240,
At3g11020, At4g25480, and At5g05410 (Table 3)
are also supported by previous findings in the
literature for CBF1/DREB1B, ERF1, DREB2B,
DERB1A/CBF3 and DREB2A, respectively
(Stockinger et al., 1997; Solano et al., 1998;
Sakuma et al., 2002). The discovery of organ-
specific or environmental responsive AP2/EREBP
TFs may lead to new tools for understanding the
molecular mechanism(s) of developmental
regulation.
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In conclusion, we cloned 145 of 147 putative
AP2/EREBP TF genes and performed systematic
annotation and phylogenetic updates on this
important gene family. RACE analysis on genes
with potential in-frame upstream ATGs indicated
that At2g28520, with its newly corrected ORF,
could be an authentic AP2/EREBP gene. We
believe that the current comprehensive analysis
provides a likely complete membership list, a
family tree and detailed expression profiling from
representative organ and tissue types as well as
that subsequent to a whole range of hormonal and
environmental treatments.
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