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Based on these observations, a phylogenetic tree
based on the alignment of the AP2/ERF domains of 115
of the AtERF proteins (excluding the seven proteins
AtERF#116-AtERF#122) was constructed. As shown in
Figure 2, this phylogram distinguished 10 groups,
namely, groups I to X, rather than the two major
subfamilies used previously, ERF (group B) and CBF/
DREB (group A). Although the bootstrapping values
for the nodes corresponding to the 10 groups were not
high in every case (data not shown), the reliability of
this clustering was supported by the presence and
position of an intron and the common amino acid se-
quence motifs outside of the AP2/ERF domain, as de-
scribed later. The members of group V and the seven
proteins (AtERF#116-AtERF#122) were classified into
a group, B-6, by Sakuma et al. (2002). Based on the
alignment of amino acid sequences of AP2/ERF do-
mains, however, these seven proteins are distinct from
the other members of the ERF family, including the
group V, as mentioned above (Fig. 1). In addition, as
will be discussed later, a motif analysis indicated that

AtERF#116 to #119 and AtERF#120 to #122 are related
to the genes in groups VI and X, respectively. There-
fore, AtERF#116 to #119 and AtERF#120 to #122 were
classified into groups VI-like (VI-L) and Xb-like (Xb-L),
respectively. In this analysis, AtERF#021 to AtERF#043
were branched into a single clade (group III), which in-
cludes members of groups A-1, A-4, and A-5 (Sakuma
et al., 2002). On the other hand, Sakuma et al. (2002)
classified AtERF#052 (ABI4), AtERF#022, and AtERF#109
into groups A-3, A-5 (identical to group II), and B-3
(identical to group IX), respectively. However, the phy-
logenetic relationships and the common amino acid
sequence motifs suggested that AtERF#052 (ABI4),
AtERF#022, and AtERF#109 should be classified into
group 1V (identical to A-2), group III (including A-4
and A-1), and group X (identical to B-4), respectively
(Fig. 3). Taking these into consideration, the final result
of these analyses was the classification of the Arabi-
dopsis ERF family into 12 groups, groups I to X, VI-L,
and Xb-L (Fig. 3; Supplemental Table II). The rela-
tionship between the present classification and the

Figure 2. An unrooted phylogenetic tree of Arabidopsis ERF proteins. The amino acid sequences of the AP2/ERF domain, except
members of group VI-L and Xb-L, were aligned by ClustalW (Supplemental Fig. 1), and the phylogenetic tree was constructed
using the NJ method. The names of the ERF genes that have already been reported are indicated. The so-called CBF/DREB and
ERF subfamilies are divided with a broken line. Classification by Sakuma et al. (2002) is indicated in parentheses.
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Figure 3. Phylogenetic relationships among the Arabidopsis ERF genes, from group | (A), group 11 (B), group Il (C), group IV (D),
group V (E), group VI (F), group VI-L (G), group VII (H), group VIII (1), group IX (J), group X (K), and group Xb-L (L) in the Arab-
idopsis ERF family. Bootstrap values from 100 replicates were used to assess the robustness of the trees. Bootstrap values >50 are
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shown. The phylogenetic tree, location of the intron (arrowhead), and a schematic diagram of the protein structures of every
group, ['to VI, VIto L, VIl to X, and Xb-L, are shown in A to L, respectively. Each colored box represents the AP2/ERF domain and
conserved motifs, as indicated below the tree. The amino acid sequences of the conserved motifs are summarized in
Supplemental Table IV. The asterisk indicates that these motifs were defined by multiple alignments with manual correction
rather than an MEME search. Classification by Sakuma et al. (2002) is indicated in parentheses.

previous classification by Sakuma et al. (2002) is indi-
cated in Figures 2 and 3, Table II, and Supplemental
Table II.

The Relationship between Gene Structure and
Phylogenetic Classification

It was reported previously that most of the genes in
the ERF family of Arabidopsis possess no introns and
only four of these genes have an intron (Sakuma et al.,
2002). These four genes likely correspond to four of the
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five genes in group V (Fig. 3E). In this study, 20 genes,
including these four genes, were found to contain a
single intron in their open reading frame regions (Fig.
3,D,E, H,K,and L). As shown in Figure 3, E, H, K, and
L, most of genes in groups V, VII, X, and Xb-L contain a
single intron, with the position of the intron being
conserved in each group. This further validates the
classification of the ERF family genes of Arabidopsis in
this study. In addition, groups V and X were further
classified into two subgroups based on the existence of
an intron.
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Table Il. Comparison of group/subgroup size between Arabidopsis
and rice ERF families

Group Subgroup AtERF Genes OsERF Genes
I (A-6) a 2 2
b 8 7
Il (A-5) a 6 2
b 7 11
C 2 2
Il (A-1, -4, -5) a 3 -
b 4 6
C 6 11
d 4 7
e 6 2
IV (A-2, -3) a 5 1
b 4 5
V (B-6) a 4 5
b 1 3
VI (B-5) - 8 6
VI-L (B-6) - 4 3
VIl (B-2) a 5 14
b - 1
VIl (B-1) a 8 8
b 7 5
IX (B-3) a“ 3 3
b* 6 4
c* 8 11
X (B-3, -4) a 6 7
b 1 3
C 1 3
Xb-L (B-6) - 3 -
X1 - - 4
Xl - - 1
X1 - 1
XV - - 1
Total 122 139

“Classification by Sakuma et al. (2002).
McGrath et al. (2005).
(2004).

bSubclassification by
“Subclassification by Gutterson and Reuber

Conserved Motifs outside of the AP2/ERF Domain

Generally, regions outside the DNA-binding do-
main in transcription factors contain functionally im-
portant domains involved in transcriptional activity,
protein-protein interactions, and nuclear localization
(Liu et al., 1999). Such functional domains, or amino
acid sequence motifs, are often conserved among mem-
bers of a subgroup in large families of transcription
factors in plants, such as MYB, WRKY, NAC, Dof,
GATA, and GRAS (Kranz et al., 1998; Eulgem et al.,
2000; Lijavetzky et al., 2003; Ooka et al., 2003; Reyes
et al., 2004; Tian et al., 2004). Proteins within a sub-
group that share these motifs are likely to share similar
functions.

An investigation of the conserved motifs in the pro-
teins of each group in the ERF family of Arabidopsis
was carried out via a multiple alignment analysis with
ClustalW (Thompson et al, 1994). The conserved
motifs found in the AtERF family are summarized in
Supplemental Table IV. Most of the motifs are selec-
tively distributed among the specific clades in the

Plant Physiol. Vol. 140, 2006
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phylogenetic tree, demonstrating structural similari-
ties among proteins within the same group (Fig. 3).
Based on the conservation of these motifs, most of the
groups in the ERF family can be further divided into
several distinct subgroups (Fig. 3). Although the func-
tions of most of these conserved motifs have not been
investigated, it is plausible that some may play im-
portant roles in transcriptional regulation.

For instance, the motif analysis revealed the motif
CMVIII-1 in group VIlIa (Figs. 3l and 4A). This motif is
identical to an ERF-associated amphiphilic repression
(EAR) motif, which has been shown to function as a
repression domain (Fujimoto et al., 2000; Ohta et al.,
2001). The EAR motif was identified as a conserved
sequence, (L/F)DLN(L/F)xP, in the C-terminal re-
gions of the repressor-type ERF proteins and also in
TFIIIA-type C,H, zinc-finger proteins (Ohta et al,,
2001). Recently, it was reported that similar motifs,
LxLxL within domain I in AUX/IAA proteins and
AtERF4 (AtERF#078; Tiwari et al., 2004) and xLxLxL
within the repression domains in SUPERMAN and its
related TFIIIA-type C,H, zinc-finger proteins (Hiratsu
et al.,, 2004), are important in conferring repression.
Interestingly, it was found that the CMII-2 motif con-
served in group Ila is composed of a DLNxxP se-
quence that is also conserved in the CMVIII-1/EAR
motif (Fig. 4B). The conservation of the DLNxxP se-
quence in these groups suggests it may function in
transcriptional regulation. A recent study showed that
a novel B3 domain repressor protein harbors the
DLNxxP motif in the C-terminal region and that the
mutation of the motif reduced the repression activity
of the protein (Tsukagoshi et al., 2005).

Regions of acidic amino acid-rich, Gln-rich, Pro-rich,
and/or Ser/Thr-rich amino acid sequences are often
designated as transcriptional activation domains (Liu
et al., 1999). Most of the conserved motifs identified in
this study have such features in their amino acid
compositions (Supplemental Table IV), whereas the
functions of these motifs have not been rigorously
demonstrated.

A unique motif, CMX-2, is conserved in the
N-terminal region of the proteins in groups Xb and
Xb-L (Fig. 3, K and L). This motif contains a charac-
teristic consensus sequence, CX,CX,CX,_,C (Fig. 5).
The Cys repeat feature, which may be a zinc-finger
motif, suggests its function may be in binding to DNA
or in protein-protein interactions, although there is no
experimental evidence at this time.

Several motifs related to putative phosphorylation
sites are conserved in proteins in groups VI, VII, and
IXb (Fig. 6). The functional site prediction tool (see
“Materials and Methods”) predicted that mitogen-
activated protein (MAP) kinase and/or casein kinase I
may potentially phosphorylate the CMVI-3/SP(T/V)
SVL motif (Fig. 6A) in group VL Interestingly, Pat-
match, a peptide pattern search tool available at
The Arabidopsis Information Resource (TAIR) Web
site (http://www.arabidopsis.org/cgi-bin/patmatch/
nph-patmatch.pl), showed that the SP(T/V)SVL motif
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Figure 4. The EAR motif-like sequences con-
served in the C-terminal region of subgroup Vllla

A Subgroup VIIIa/CMVIII-1

and subgroup lla ERF proteins. A, An alignment of AtERF#076 (AtERF11) R-==-=—===--= YEGRRV--~--VLDLIMANF PPPPEN -~ == —=====~~
the sequences of the C-terminal regions of sub- AtERF#077 (AtERF10) PQTAVEEPETSSAVDCKLRMEPDLANASP-—-——~-—————————
group Vllla proteins. B, An alignment of the * AtERF#078 (AtERF4) Gmmmm————— MEKRSQ~-~~LLDLINANLPPPSEQA~ == ====m==m=—
sequences of the C-terminal regions of subgroup AtERF#079 (AtERF8) G--------- AGKISP----PLDLIIAYLAPPAE-——--—-———-——
IIA proteins. The conserved motifs are underlined. AtERF$080 (AtERFY9)  --—---—-—-IRETVKVEPRRELNLYAYLAPPVVDV--—————————
Black and gray shading indicate identical and AtERF#081 (AtERF12) PMMNSS-PSPVTVRRG----—LAT|WBNEPPPLWL———-—-——————
conserved amino acid residues present in more * AtERF$082 (AtERF3)  -D---——- DDIASSSRRRNP-PFQFNANF PPLDCVDLFNGA-—————
than 50% of the aligned sequences, respectively. * AtERF#083 (AtERF7) -G-———- DDIASSSSRRKT-PFQFMANFPPLDGVDLFAGGL ———- -
Consensus amino acid residues are given below » OsERF#074 (OsSERF3) SP——ioi PAALAKKAT —===AFDLIMANCEE —m = = == m e
the alignment. The “x” in the sequence indicates OsERF#075 §P===—=PAVTANKAA=-—=AFDLIAYRPPBVEN - === === == ===
no conservation at this position. Bold letters in the OSERF#076 B s DDASTVRSR-~—-VALFWRYLPPPLDRDHVD === ==
sequence represent conserved amino acid resi- OsERF#077 DEQSDTGSSSSVVDAS PAVG-VGLIMANLPPPTEEA-—~————————
duesintheoﬁgma]EAanoﬁfKNﬁaetaL,2001) OsERF#121 GS---—--DDABASR-T----PLP PPPEEELDMAAVA == ——
Asterisks indicate proteins with demonstrated re- OSERF4#130 VAASLP-STTLELRTGPSAGELP -
pression activity (Fujimoto et al., 2000; Ohta OSERF#132 GASGAG-DEARAPRCS-~~-PLPFINANLPASSPSARAAAEA-~~--~
etal., 2001). OSERF#134 CA-----DAAASPSCR~-L-PEQFIBNT. PBGGGGGGGGGFGCAYDE

DLNxxP

B Subgroup IIa/CMII-2

AtERF#006
AtERF#007
AtERF#008
AtERF#009
AtERF#010
AtERF#011
OsSERF#007
OsERF#008

is conserved within another 33 putative proteins,
some of which are MYB-like transcription factors
and GATA transcription factors (data not shown).
Putative MAP kinase phosphorylation sites are con-
served in the proteins of groups VII and IXb (Fig. 6, B
and C).

Characteristics of Each Group in the Arabidopsis ERF
Gene Family

The characteristics of each group in the Arabidop-
sis ERF family are described below. For reference, the
current knowledge regarding the functions of the
genes in the ERF family is summarized in Table III.

Figure 5. A putative zinc-finger motif con-
served in group Xb and group Xb-L proteins.

——————————————————— ESGDI-—====—==~
------------------- AYGL--------==
—————— DPENSDGDDDECVKR
--DIMECSSKEGFEKRC-NGSLERVY DEETSDDD-———-—~
REEEEEDEDDKRLRSG-GRLLDRVIY DPESSDEEWESKH--
--------------- G-G-LLELV]s DPENLDDDLVGK--~-
------- TEDTSDDE--——-—-
--EQHHHHEQKHQRTAWSGRAKNFE)N SPENSDAE

D (L/M)NxxP

Group 1

Group I was divided into two subgroups, Ia and Ib
(Fig. 3A; Table II). At this time, the functions of these
genes are unknown. DBF1 from maize (Zea mays)
has been shown to activate the drought-responsive
element 2 (DRE2)-dependent transcription of ABA-
responsive rabl7 in transiently transformed maize
callus (Kizis and Pages, 2002). Since DBF1 contains
CMI-1 and CMI-2 motifs, it is a member of subgroup Ib
in maize (data not shown). Recently, the overexpres-
sion of Medicago truncatula WXP1 has been shown to
activate wax production in transgenic alfalfa (Medicago
sativa; Zhang et al., 2005). The WXP1 protein contains
all conserved motifs identified in subgroup Ib, with

Group Xb and Xb-L/CMX-2

Black and gray shading indicate identical
and conserved amino acid residues present
in more than 50% of the aligned sequences,
respectively. Consensus amino acid residues
are given below the alignment. The “x” indi-
cates no conservation at this position.
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ALERF#109 E-NETABCQGFSSDSTVI SAGMBRLDSDTEOVER TEGE YFFAPNQRTEKNHQ
AtERF#120 /eG-DTNSHA-——-—~ WEAD---LBPLNAGPS VEPR-————mmmmmm
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AtERF#122 DDASSSN--—-—- LIITS--VBPPDAGPS Fa e
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Figure 6. Putative protein kinase phos-
phorylation sites conserved in ERF pro-

AtERF#063 TENVEEA---——--- STEVKGVSD-FIIG---GGECLE ESPFSGESTAVKEEFVGV teins. A, Putative MAP kinase and/or
AtERF#064 KKKKKKN-~—-———- NKSKKSVTASSSISRSSSNOCLC RSPFA----~ V-DEFSGI P S

casein kinase | phosphorylation sites con-
AtERF#065 IEEKPVI---—-—- MTTPTPTTSSSESTEE-DLCHLSHETEVLNHR---SEE- IQQVOQPF di VI and VL broteins. B
AtERF#066 QEQE~—-—--~—-~ QEPESNMSVSTSESMD-DSCHLS NYQTYVSEEPTDSLIKPV served in group Vi and Vi-L proteins. b,
AtERF#067 —---m- Tommmmme PVIDLQTVSACDYGRD-SRCSLHSFTRVLRFN---VNEETEHEIEAT Putative MAP kinase phosphorylation sites
AtERF#068 TEVLPET--===== PVIDLETVSGCDSARE-SQISLC] RFS---HNDETEYRTEPT conserved in group VIl proteins. C, Puta-
OSERF#053 VPPEVAERVPQPPGASKNASPATSYDSGEE-SH RSFPP-SAVVATADTANK tive MAP kinase phosphorylation sites
OsSERF#054 DP === === ————————— VAVGYESGAE-SSPAVS| VLRKVP--5-LCSLAEDKDD conserved in subgroup IXb proteins. The
OSERF#055 PSRATYA-—-——=====— -GAASGYDESSD-ESCLV RPMP--ARATAKKEAKEE conserved motifs are underlined. Black
OSERF#056 ASVPDPTPAPPEEDRANDS----§~—-—--~= FNE-FASITEVLR Y ARACEVTARS — - ~—~ and gray shading indicate identical and
AtERF#116 ~VVTVTSCCLE JASVSCVSADDLSKEK---TS ; . ) .

- _ conserved amino acid residues present in

OSERF#108 TPT=== === e PTASSSSSTSRAPFAHP EATKPAPKPESPPLPEQA ;

more than 50% of the aligned sequences,

++ ivelv. The “+” indi .

respectively. The “+" indicates an amino

acid matching the motif patterns provided
B Subgroup VII/CMVII-4 8 p p

by the ELM (http:/elm.eu.org/browse.
OsSERF#071 LAP--TMTGVLDSAFLONNASDAM------~ VEE--VM html).
OSERF#072 FVPNAAMPAYGEPAYLTGGAPKRMRNNYGIAVEQGNGM
OSERF#070 (OSEREBP1) IAPIS-TIAEVDESAFIKS-STNPM-—----- VEE--VM
AtERF#074  REROCEFRGWSDOAPTIREDTSEAVIN--——- NNNSALEFEEANPAKK---—--— LK--—--
AtERF#075  EEROCEERGHSDHGPKESET SEMLVN----- NNE-ASEVEETNAAKK------= LKB---N

AtERF#102 (AtERFS)
AtERF#103 (AtERF6)

OsERF#096

AtERF#104

BtERF#105 = —==—= CPLTPSSWKGFWDGADSKDM-——-—-

OsSERF#0594 ARAESSPATESSWSWEQY~====m===m==m———m=
OsSERF#095 -----TSPSPSSEAAACGGGGGELFVPPMPSSWSWDQLEGEFGI
OsERF#097 EPTSFPVVTEPSSWSWDQYWD—=——=—= === mmmmmmmmmee P

++

the closest related protein in Arabidopsis being
AtERF#059.

Group 11

Group 1I consists of three subgroups, Ila, IIb, and Ilc
(Fig. 3B; Table II). All of the genes in this group contain
the CMII-1 motif in the C-terminal region adjacent to
the AP2/ERF domain. This motif is similar to the
CMIII-1 motif found in group III (Supplemental Table
IV). In addition, subgroups Ila and IIb, but not Ilc,
contain additional motifs at the C terminus. The proteins
in group Ila contain a CMII-2 motif that is similar to the
EAR motif as described above. The members of group
IIb, except AtERF#015, have the CMII-3 motif at the C
terminus. This motif is also found in subgroups IIIb,
IlIc, AtERF#036 of IIld, and AtERF#042 of Ille, in
subgroup III, and group VII (except AtERF#072), as
described below.

Group II1

The proteins in group IIl commonly contain a CMIII-1
motif that is similar to the CMII-1 motif conserved in
proteins in group II. Possession of these motifs and the
other phylogenetic relationships suggest a strong sim-
ilarity between groups II and III. Based on other
conserved motifs and phylogeny, group III was di-
vided into five subgroups, Illa to Ille (Fig. 3C).
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BISLSPHPPFGYSQLTVV. .

ZFLSPHEPFGYPQLTVV. .
SPHEHMAFPQLFVIDL
PSLGHSQLVVT.....
SPHEALGFPQLTVN. .
SPHEQMGFPEVAVN. .

Subgroups IIIb and Illc contain two consensus mo-
tifs, CMIII-2 and CMIII-4, in the C-terminal region
(Fig. 3C). The CMIII-4 motif has also been reported as
a LWSY motif conserved in OsDREBIA, B, and C
(OsERF#024, #031, and #026) and in CBF3/DREB1A
(AtERF#031; Dubouzet et al., 2003). In addition, there
are highly conserved regions on both sides of the AP2/
ERF domain in the proteins in subgroup Illc, with both
regions collectively referred to as the CMIII-3 motif.
The presence of conserved sequences in these two re-
gions of this motif, PKK/RPAGRxKFXETRHP (region I)
and DSAWR (region II), were reported previously in
CBFs/DREB1s of Arabidopsis and their homologs of
several other plant species (Jaglo et al., 2001, Haake
et al,, 2002). The remaining genes in group III were di-
vided into two additional subgroups, IIId and Ille (Fig.
3C). In the phylogenetic tree in Figure 3C, AtERF#036,
AtERF#037, AtERF#038, and AtERF#039 are branched
into a single clade. However, AtERF#038, AtERF#039,
AtERF#034, and AtERF#035 were assigned to subgroup
IIId because these proteins commonly contain the
CMIII-6 and CMIII-7 motifs. Similarly, AtERF#036 and
AtERF#037 were assigned to subgroup Ille based on the
presence of the CMIII-5 motif in these proteins, which is
conserved in subgroup Ille.

The functions of the genes in subgroup Illc have
been studied extensively. These genes have been shown
to play crucial roles in low-temperature-, salt-, and/or
drought-stress-responsive gene expression (Gilmour
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Table Ill. ERF genes whose biological function has been reported
Group Genes Functions Method Species® References®

la WXP1 Wax accumulation Overexpression Mt 1

Illc CBF1 to 4/DREB1A to D Freezing, drought, salt tolerance Overexpression At 2,3, 4
DDF1 Salt tolerance, GA biosynthesis regulation Activation tagging At 5

Ille TINY Growth regulation Activation tagging At 6

IVb ABI4 Abscisic acid response, sugar signaling Knockout mutant At 7,89

Va WINT1/SHNs Wax accumulation Overexpression At 10, 11

VI Pti6 Disease resistance Overexpression Le 12,13
Tsit Salt tolerance, disease resistance Overexpression Nt 14
CaERFLP1 Salt tolerance, disease resistance Overexpression Ca 15

\l JERF3 Salt tolerance Overexpression Le 16
CaPF1 Freezing tolerance, disease resistance Overexpression Ca 17

Vllla AtERF4 Ethylene, jasmonic acid, and abscisic Overexpression, At 18, 19

acid response knockout mutant

AtERF7 Abscisic acid response Overexpression, RNAI At 20

Villb ESR1/DRN Organ identity Activation tagging At 21, 22
BD1 Floral meristem identity Knockout mutant Zm 23
Fzp Floral meristem identity Knockout mutant Os 24
LEP Leaf petiole development Activation tagging At 25

IXc ERF1 Disease resistance Overexpression At 26, 27
Pti5 Disease resistance Overexpression Le 13,28
NtERF5 Disease resistance Overexpression Nt 29
TERF1 Salt tolerance Overexpression Le 30

IXa ORCA3 Indole alkaloid biosynthesis Activation tagging Cr 31
OPBP1 Salt tolerance, disease resistance Overexpression Nt 32
Pti4 Disease resistance Overexpression Le 12,13

Xa ABRT Abscisic acid response Knockout mutant At 33

“Prefixes At, Ca, Cr, Le, Mt, Nt, Os, and Zm are Arabidopsis thaliana, Capsicum annuum, Catharanthus roseus, Lycopersicon esculentum,

Medicago truncatula, Nicotiana tabacum, Oryza sativa, and Zea mays, respectively.

b1, Zhang et al. (2005); 2, Liu et al. (1998); 3, Gilmour et al.

(2000); 4, Haake et al. (2002); 5, Magome et al. (2004); 6, Wilson et al. (1996); 7, Finkelstein et al. (1998); 8, Arenas-Huertero et al. (2000); 9,
Huijser et al. (2000); 10, Aharoni et al. (2004); 11, Broun et al. (2004); 12, Zhou et al. (1997); 13, Gu et al. (2002); 14, Park et al. (2001); 15, Lee et al.
(2004); 16, Wang et al. (2004); 17, Yi et al. (2004); 18, Yang et al. (2005); 19, McGrath et al. (2005); 20, Song et al. (2005); 21, Banno et al. (2001);
22, Kirch et al. (2003); 23, Chuck et al. (2002); 24, Komatsu et al. (2003); 25, van der Graaff et al. (2000); 26, Solano et al. (1998); 27, Berrocal-Lobo
etal. (2002); 28, He et al. (2001); 29, Fischer and Droge-Laser (2004); 30, Huang et al. (2004); 31, van der Fits and Memelink (2000); 32, Guo et al.

(2004); 33, Pandey et al. (2005).

etal., 1998; Liu et al., 1998; Haake et al., 2002; Dubouzet
et al., 2003; Magome et al., 2004). Recently, the C-terminal
region of 98 amino acids of CBF1/DREB1B (AtERF#029)
was shown to function as a transactivation domain
(Wang et al., 2005). This region includes CMIII-2 and
CMIII-4. Although the functions of the subgroup IIIb
proteins are unknown, these proteins may also func-
tion as transcriptional activators in gene expression as
a response to abiotic stress based on the conservation
of the acidic amino acid-rich regions, which is also a
feature in the proteins in subgroup Illc. Maize DRE-
binding factor, DBF2 (Kizis and Pages, 2002), is a
homolog of subgroup I1ld, sharing conserved motifs as
well as similarity in the AP2/ERF domain. Arabidop-
sis TINY (AtERF#040) belongs to subgroup Ille.

Group IV

Group IV was divided into two subgroups, IVa and
IVb (Fig. 3D). High homology is present throughout
the N-terminal region outside the AP2/ERF domain
of AtERF#044 (DREB2B), AtERF#045 (DREB2A),
AtERF#046 (DREB2E), AtERF#047 (DREB2H), and
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AtERF#048 (DREB2C), which were assigned to sub-
group IVa. This conserved region is divided into two
blocks, referred to as motifs CMIV-1 and CMIV-2 (Fig.
3D). The CMIV-2 motif includes a putative nuclear
localization signal (Liu et al., 1998). The genes for
AtERF#047 and AtERF#048 contain a single intron at
the N-terminal and C-terminal halves of the protein,
respectively, as shown in Figure 3D. DREB2A
(AtERF#045) and DREB2B (AtERF#044) were identi-
fied as transcription factors involved in DRE-mediated
transcription (Liu et al., 1998). ORCA1 (Menke et al.,
1999) and OsDREB2A (OsERF#040; Dubouzet et al.,
2003) belong to subgroup IVa in Catharanthus roseus
and rice, respectively. The CMIV-1 motif is completely
conserved in the proteins in group IV (Fig. 3D). There-
fore, it is reasonable to assign AtERF#049, AtERF#050,
and AtERF#051, which correspond to the DREB2-
related proteins DREB2D, DREB2G, and DREB2F, re-
spectively (Sakuma et al., 2002), and AtERF#052
(ABI4) to the same subgroup, namely, subgroup IVb.
ABI4 has been shown to be involved in germination-
related ABA signaling (Finkelstein et al., 1998) and
sugar response (Arenas-Huertero et al., 2000; Huijser
et al., 2000).
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Group V

Group V consists of two subgroups, Va and Vb (Fig.
3E; Table II). The four genes in subgroup Va are closely
related to each other, sharing two motifs, CMV-1 and
CMV-2, in the C-terminal regions. AtERF#003 contains
CMV-2 and part of CMV-1. Only a single gene,
AtERF#002, which does not contain these motifs, was
assigned to subgroup Vb. Two motifs, CMV-3 and
CMV-4, were identified in AtERF#002 through com-
parison with the rice ERF genes in subgroup Vb (Sup-
plemental Table III). Recently, two research groups
showed that the overexpression of WINI1/SHN1
(AtERF#001) results in the enhanced accumulation of
epidermal wax (Aharoni et al., 2004; Broun et al., 2004).
These authors showed that SHN2 (AtERF#004) and
SHN3 (AtERF#005) shared a similar function with
WIN1/SHN1 (AtERF#001; Aharoni et al., 2004; Broun
et al., 2004). Aharoni et al. (2004) also predicted that
these three ERF proteins would have two conserved
motifs corresponding to motifs CMV-1 and CMV-2,
respectively. Their preliminary results also showed
that the overexpression of AtERF#003 (At5g25190) did
not result in the typical morphological shn phenotype
(Aharoni et al., 2004). This might be due to the partial
CMV-1 motif in AtERF#003. Thus, the results of two
studies (Aharoni et al., 2004; Broun et al., 2004) are
consistent with the results of our phylogenetic study
and motif analysis. There is no information regard-
ing the function of AtERF#002. In total, these results
support our concept that the assessment of the struc-
tural relationships between all Arabidopsis ERF fam-
ily proteins should provide information that assists in
predicting the functions of unknown genes.

Group VI

Group VI consists of proteins that share two con-
served motifs, CMVI-1 and CMVI-2, in the N-terminal
region (Fig. 3F; Supplemental Table II). The C-terminal
regions of AtERF#069 and AtERF#070 were shorter
than the others (AtERF#063—-AtERF#068), which shared
the CMVI-3 motif in the C-terminal region. The tobacco
Tsil (Park et al., 2001) and tomato (Lycopersicon esculen-
tum) Pti6 proteins (Zhou et al., 1997) exhibit character-
istic features of group VI. Tsil and Pti6 have been
shown to play a role in abiotic and/or biotic stress-
responsive gene expression (Zhou etal., 1997; Park etal.,
2001).

Group VI-L

As previously described, proteins encoded by the
genes AtERF#116 to #119 are characterized by their
imperfect AP2/ERF domain. Since these proteins all
have two conserved motifs, CMVI-1 and CMVI-2,
characteristic features of group VI, these genes were
classified as group VI-L. For AtERF#116, the Munich
Information Center for Protein Sequences Arabidopsis
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Database (MAtDB) predicts a sequence of 364 amino
acids including two introns in the coding region.
However, TAIR and The Institute for Genomic Re-
search (TIGR) predict a protein of 287 amino acids
with no introns in the coding region. In the latter cases,
two introns are located within the 5’-untransrated
region of the gene. Because one full-length cDNA
(RAFL21-49-G19) matched the gene annotation given
by TAIR and TIGR, a 287-amino acid sequence was
used for the analyses.

Group VII

A characteristic feature of group VII is a
MCGGAI(I/L) motif (Tournier et al., 2003) referred
to as CMVII-1 (Fig. 3H). Two additional motifs,
CMVII-2 and CMVII-3, were also identified (Fig. 3H).
In addition, AtERF#074 and AtERF#075 contain an-
other motif, CMVII-4 (Fig. 3H). AtEBP (AtERF#072)
was the first gene identified in this group (Biittner and
Singh, 1997). All of the genes in this group have a
single intron in the 5'-flanking region of the AP2/ERF
domain (Fig. 3H). Close inspection of the sequences
indicated that an LWS(I/L/Y) sequence, designated as
the CMVII-5 motif, was retained at the C terminus in
this group. The CMVII-5 motif is similar to the CMII-3
and CMIII-4 motifs.

It was found that the At1g72360 locus, which was
assigned to AtERF#073, is differently annotated in
MAtDB and TAIR/TIGR. MAtDB and TAIR/TIGR pre-
dicted that Atl1g72360 would encode a protein of 262
and 211 amino acids, respectively. In the latter case, the
predicted protein lacks an N-terminal CMVII-1 motif.
A c¢DNA (BT002063), corresponding to At1g72360, en-
codes a sequence of 262 amino acids. Given that this
agrees with the MAtDB result, this sequence was used
in this study.

AtEBP (AtERF#072) has been shown to interact
in vitro with OBF4, a bZIP transcription factor, al-
though the functional importance of this interaction is
unknown (Biittner and Singh, 1997). In the case of rice
OsEBP89 (OsERF#70), this gene interacts with OsBP-5,
a Myc transcription factor, and coregulates the expres-
sion of the waxy gene via a 31-bp cis-acting sequence
(Zhu et al., 2003).

Group VIII

Group VIII consists of two subgroups, VIIla and VIIIb
(Fig. 3I; Table II). The predicted proteins of subgroup
VIIIa have a conserved motif, CMVIII-1, at the C
terminus. As mentioned above, this motif has also
been designated as the EAR motif (Ohta et al., 2001).
AtERF#076, AtERF#078, AtERF#079, AtERF#082, and
AtERF#083 contain another motif, CMVIII-2. The ERFs
of tobacco, Arabidopsis, and rice, which contain the
CMVIII-1 and CMVIII-2 motifs, have been shown to
repress GCC box-mediated transcription via a transient
assay (Fujimoto et al., 2000; Ohta et al., 2000, 2001).
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Recently, AtERF4 (AtERF#078) was shown to be a nega-
tive regulator in the expression of ethylene-, jasmonate-,
and ABA-responsive genes (McGrath et al., 2005; Yang
et al., 2005). In addition, AtERF7 (AtERF#083) was
shown to play an important role in ABA response in
plants (Song et al., 2005).

The remaining genes of group VIII were assigned
to the subgroup VIIIb (Fig. 3I). Of these genes,
AtERF#086, #089, and #090 contain the CMVIII-3 motif
in the C-terminal region. This group includes genes
such as LEP (AtERF#085; van der Graaff et al., 2000)
and ESR1/DRN (AtERF#089; Banno et al., 2001; Kirch
et al., 2003) that are involved in the differentiation and
development of organs.

Group IX

Group IX consists of three subgroups, IXa to IXc
(Table II). Generally, these subgroups, IXa, IXb, and
IXc, are characterized by the motifs CMIX-3, CMIX-2,
and CMIX-1, respectively (Fig. 3]).

The subgroup IXc is made up of eight genes.
The predicted amino acid sequences of AtERF#095,
AtERF#096, AtERF#097, and AtERF#098 are relatively
small in length, ranging from 128 to 139 residues.
AtERF#092 (ERF1), AtERF#093 (AtERF15), and
AtERF#094 also contain a CMIX-4 motif. AtERF#092
(ERF1) alone contains a CMIX-3 motif, which was not
detected by the MEME program (Bailey and Elkan,
1994), which discovers conserved motifs within given
data set. This motif is also conserved in putative
orthologs of AtERF#092 (ERF1) in other plant species,
including tobacco S25XP1, tomato Pti5, and rice
OsERF#091 (data not shown). AtERF#100 (AtERF1)
and AtERF#101 (AtERF2) of subgroup IXa also share a
CMIX-2 motif, which is a characteristic feature of
subgroup IXb. The CMIX-2 and CMIX-3 motifs are
putative acidic regions that might function as tran-
scriptional activation domains (Fujimoto et al., 2000).
The CMIX-3 motif corresponds to a conserved se-
quence that was previously referred to as a 24-amino
acid (DMLV) motif (Gutterson and Reuber, 2004).

Tobacco ERF2 and ERF4 were assigned to sub-
groups IXa and IXb, respectively. The N-terminal re-
gions of tobacco ERF2 and ERF4 have been shown
to contain possible transactivation domains (Ohta
et al., 2000).

It has been suggested that tobacco ERF4 (Ohta
et al.,, 2000) and AtERF5 (AtERF#102; Fujimoto et al.,
2000) contain a putative MAP kinase phosphorylation
site in the C-terminal region. This site is designated
as a CMIX-5 motif in this study, and was found in
AtERF#103 (AtERF6), AtERF#104, and AtERF#105,
as well as AtERF#102 (AtERF5; Figs. 3] and 6C). In
addition, it was found that AtERF#104 and AtERF#105
have an additional putative MAP kinase phosphoryl-
ation site, which was designated as a CMIX-6 motif
(Fig. 6C). In contrast, AtERF#106 and AtERF#107 have
no MAP kinase phosphorylation sites. Thus, the genes
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in subgroup IXb were classified into three types based
on their putative MAP kinase phosphorylation site
constitution. This suggests that the three types of ERF
genes share roles in transcriptional regulation in re-
sponse to distinct extracellular signals.

The genes in group IX have often been linked in
defensive gene expression in response to pathogen
infection. For example, the overexpression of Arabi-
dopsis ERF1 (AtERF#092) and tomato Pti4 enhanced
resistance to necrotic fungi and bacteria and biotrophic
fungi, respectively (Berrocal-Lobo et al., 2002; Gu et al.,
2002). Furthermore, defense-related phytohormones
such as ethylene, jasmonate, and salicylic acid have
been shown to differentially induce the expression of
genes in group IX (Gu et al., 2000; Onate-Sanchez and
Singh, 2002).

Group X

Group X consists of eight genes (Fig. 3K; Table II).
With the exception of AtERF#112, the products of these
genes commonly contain one conserved motif, CMX-1,
in the N-terminal region. In addition, with the excep-
tion of AtERF#109, the proteins of these genes contain
a single intron (Fig. 3K). AtERF#109 and the genes in
group IX were assigned to the B-3 group in a previous
report (Sakuma et al., 2002). In this study, however, the
results of the phylogenetic analysis (Fig. 3K) and the
presence of the conserved CMX-1 motif indicate that
AtERF#109 can be reasonably assigned to group X.
Since AtERF#109 has some distinct features, e.g. an
additional CMIX-2 motif and no intron, from the other
genes in this group, this gene was selectively assigned
to subgroup Xb. AtERF#112 was assigned to subgroup
Xc because it has no conserved motifs (Fig. 3K; Sup-
plemental Table II). Recently, Arabidopsis ABRI
(AtERF#111) was identified as a repressor of ABA
response. Disruption of the ABR1 gene led to hyper-
sensitivity response to ABA in seed germination and
root growth assays (Pandey et al., 2005).

Group Xb-L

Group Xb-L consists of three genes (Fig. 3L; Table II).
Like group VI-L, these genes are also characterized by
an imperfect AP2/ERF domain (Fig. 1). Since the pro-
teins of this group contain two conserved motifs, CMX-1
and CMX-2 (Fig. 3, K and L), which are characteristic
features of AtERF#109 of subgroup Xb, these genes
were designated as group Xb-L. Two of these genes,
AtERF#120 and AtERF#121, contain a single intron at
a common location, but this location is different from
the genes of group X. Short direct repeats of nucleotide
sequences were found around the exon/intron junc-
tion in these genes (Fig. 7). Because the insertion of
transposable element results in sequence duplication
at the target site, these introns might have been
generated by the insertion of a transposable element
into an AtERF#109-like ancestor gene.
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exonl/intronl

AtERFE122  REAR GGAGAAGAA‘ AAAGGAGTINAGGANNAARNCC AT Clc|c S
AtERF#121 SCrleer e VA ACC A TER v elerReyCIneervCLRe G ooNe A 8o t aagtaaat tt tgttccaacatectt tga
AtERF#120 AGHRA GGAGAAGAA AAAGGAGTEA GGA‘ soNjereEctaagttctattctaatacaagetttgag
ATC(A/G) GGTAA
ALERF#122  ~ - o oo
AtERF#121 agtttgttccateggttt----------——-——---—- -
AtERF#120 gtttttctagtactagctagttttagttcatgtattttcatatatatataagccacgagcccatgaggtaa
intronl/exon2
ALERFA122  — o= == oo oo oo m o oo e GUARATGGE Aen
AtERF#121  ——=— == - - oo oo oo ———————— ataactttactaagttattatcagehRuvNLeeT !
AtERF#120 aactatgttccaatacgttagcatgcagttgatgtactttcataaaccatcagEThRRYNEEC ‘GE

ATCAGG (A/T)AA

The ERF Gene Family

Figure 7. The nucleotide sequence
alignment of the exon1/intron1/exon2
region in group Xb-L genes. Intron
sequences are in lowercase. Putative
duplication sites are underlined, and
conserved nucleotide sequences are
shown. Identical nucleotides are high-
lighted with black shading.

Identification of ERF Genes in Rice in Silico and a
Comparative Analysis with Arabidopsis

Multiple BLAST searches were performed in rice
databases using the protein sequence of the AP2/ERF
domain as a seed (see “Materials and Methods”),
resulting in the identification of 139 ERF family genes
(Tables II and IV). During the assessment of our
results, we found that the Os04g48330 locus, which
was assigned to OsERF#023, has been differently an-
notated in the National Center for Biotechnology In-
formation (NCBI) and TIGR rice genome annotation
databases. Os04g48330 was predicted to encode a
protein of 157 amino acids with an incomplete AP2/
ERF domain in contrast to the 237 amino acids of the
result of our searches. Since the assessment of genomic
sequence using the GENSCAN program (http://genes.
mit.edu/GENSCAN .html) agreed with our result, we
used the 237 amino acids in this study.

Full-length cDNA clones corresponding to 60 genes
were identified in the Knowledge-based Oryza Mo-
lecular biological Encyclopedia (KOME) Web site
(Supplemental Table III). Recently, the International
Rice Genome Sequencing Project (IRGSP; International
Rice Genome Sequencing Project, 2005) announced the
completion of a high-quality rice genome sequence
and proposed the existence of 157 AP2/ERF family
genes that encoded a domain matched to InterPro ID
IPR0O01471 (see supplemental table VII in the Interna-
tional Rice Genome Sequencing Project, 2005), whereas
the specifics of the individual genes were unclear.

To determine the phylogenetic relationships among
the ERF family genes in rice, a multiple alignment
analysis was performed using amino acid sequences
in the AP2/ERF domain. This analysis revealed that
amino acid residues that may be involved in some
form of physical contact with DNA are also conserved
among most of the OsERF proteins (Supplemental Fig.
2). Three rice ERF proteins, OsERF#108, OsERF#109,
and OsERF#138, have very low homology regarding
the consensus sequence in the C-terminal region of the
AP2/ERF domain, much like the groups VI-L and Xb-L
in Arabidopsis. Since these OsERF proteins contain
the conserved motifs CMVI-1 and CMVI-2 in the
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N-terminal region, characteristic features of group VI
and VI-L, these genes were designated as part of group
VI-L in rice. In contrast, there is no gene that could be
assigned to group Xb-L. Based on the above results, a
phylogenetic tree was constructed using the sequence
alignments of the AP2/ERF domains of the OsERF
genes with the exception of OsERF#108, OsERF#109,
and OsERF#138. The conserved motifs identified
in the Arabidopsis ERF family were also examined in
the form of the deduced amino acid sequences of the
OsERF genes. The comparative analyses of the phylo-
genetic tree and the conserved motifs of the rice ERF
family with those of Arabidopsis suggested that the
classification used for Arabidopsis is in many ways
applicable to the rice ERF family with several excep-
tions (Fig. 8; Tables II and IV).

One of the characteristic features of the rice ERF
family is that the number of genes in group VIl is 3 times
larger than that in Arabidopsis (Table II). An MEME
search using amino acid sequences of both AtERFs and
OsERFs identified three additional conserved motifs,
CMVII-6, -7, and -8, in this group (Figs. 3H and 9; Sup-
plemental Table IV). OsERF#073 was assigned to a
distinct subgroup,VIIb, because it does not have the
diagnostic motif CMVII-1 of group VII (Supplemental
Table III). Recently, OsEREBP1 (OsERF#070) was shown
to be a possible substrate of a MAP kinase, BWMK1,
in rice (Cheong et al., 2003). The phosphorylation of
OsEREBP1 (OsERF#070) by BWMKI results in the
enhancement of its binding to the GCC box and the
transactivation activity of GCC box-mediated tran-
scription (Cheong et al., 2003). The CMVII-4 motif is
identical to a putative MAP kinase phosphorylation
site in OsEREBP1 (OsERF#070), which was suggested
previously (Cheong et al., 2003). OsERF#071 and
OsERF#072 in rice, and AtERF#074 (RAP2.12) and
AtERF#075 (RAP2.2) in Arabidopsis, also contain the
CMVII-4 motif (Fig. 6B; Supplemental Table III).

Gutterson and Reuber (2004) reported that the
carboxyl-terminal half of the 24-amino acid (DMLV)
motif (CMIX-3) was conserved in B-3a (group IXa) in
both monocots and dicots, but that the amino-terminal
half of the DMLV motif was specifically conserved in
dicots. Our motif analysis revealed that the amino-
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Table IV. ERF family genes in rice

Table 1V. (Continued.)

Group Name Generic Name TIGR ID Gene Name Group Name Generic Name TIGR ID Gene Name
la OsERF#045 Os04g44670 Vb OsERF#005 0s07g10410
la OsERF#046 0Os02g42580 Vb OsERF#006 0s07g38750
Ib OsERF#047 0Os03g09170 VI OsERF#053 0s01g12440
Ib OsERF#048 Os08g31580 \ OsERF#054 0Os01g46870
Ib OsERF#049 0s02g51670 VI OsERF#055 0s06g06540
Ib OsERF#050 0s09g20350 \ OsERF#056 0s05g25260
Ib OsERF#120 Os06g11860 VI OsERF#057 0s07g12510
Ib OsERF#051 Os10g22600 \ OsERF#058 0s03g60120
Ib OsERF#052 0Os05g49700 Vlila OsERF#059 Os10g25170
lla OsERF#007 Os06g07030 Vila OsERF#060 0s03g08460 OsEBP89
lla OsERF#008 Os04g55520 Vlila OsERF#061 0s05g29810
Ilb OsERF#009 Os03g15660 Vila OsERF#062 0Os03g08470
Ib OsERF#010 0Os06g09690 Vlila OsERF#063 0Os09g11480
Ilb OsERF#011 0Os02g54050 Vila OsERF#064 0Os03g08500
IIb OsERF#012 0Os08g35240 Vlla OsERF#065 0Os07g42510
Ilb OsERF#013 Os06g11940 Vila OsERF#066 0s03g22170
Ib OsERF#014 0Os06g09810 Vlla OsERF#067 0Os07g47790
llb OsERF#015 0s06g09790 Vila OsERF#068 Os01g21120
Ib OsERF#016 0Os06g09760 Vlila OsERF#069 0s03g08490
Ilb OsERF#119 Os06g10780 Vila OsERF#070 0s02g54160 OsEREBP1
Ib OsERF#126 0s02g52880 Vlila OsERF#071 0Os06g09390
Ilb OsERF#139 0Os06g09730 Vila OsERF#072 0s09g26420
llc OsERF#017 0Os01g66270 Vilb OsERF#073 Os09g11460
llc OsERF#131 0Os05g34730 Vllla OsERF#074 Os05g41780
Ilb OsERF#019 Os11g13840 Vllla OsERF#075 0Os01g58420 OsERF3
I1b OsERF#021 0s02g35240 Villa OsERF#076 0Os04g57340
Ilb OsERF#022 Os04g36640 Vllla OsERF#077 0Os04g52090
I1b OsERF#020 0s02g45420 Vllla OsERF#121 0Os06g47590
Ilb OsERF#023 Os04g48330 Vllla OsERF#130 Os05g41760
I1b OsERF#137 0s03g02650 Vllla OsERF#132 0s02g06330
lllc OsERF#018 Os10g38000 Vllla OsERF#134 0s02g09650
lllc OsERF#024 0Os09g35030 OsDREBTA Vilib OsERF#078 0Os07g47330 FZpP
lllc OsERF#025 0s02g45450 Villb OsERF#079 0s02g38090
lllc OsERF#026 Os06g03670 OsDREB1C Vilib OsERF#080 0Os08g07700
lllc OsERF#027 Os01g73770 Villb OsERF#081 0s02g32040
lllc OsERF#028 Os08g43200 Villb OsERF#082 0s04g32790
lllc OsERF#029 Os08g43210 IXc OsERF#083 0Os03g64260
lllc OsERF#030 0Os04g48350 IXc OsERF#084 0Os05g49010
lllc OsERF#031 0Os09g35010 OsDREB1B IXc OsERF#085 0s05g37640
lllc OsERF#116 BAD67595.1°  OsDREB1D IXc OsERF#086 0s07g22770
lllc OsERF#133 0s09g35020 IXc OsERF#087 0Os09g39850
ld OsERF#032 0s02g43940 IXc OsERF#088 0s03g05590
ld OsERF#033 0Os04g46400 IXc OsERF#089 0Os10g30840
Id OsERF#034 Os04g46440 IXc OsERF#090 0Os08g44960
ld OsERF#035 0s02g43970 IXc OsERF#123 0Os09g39810
ld OsERF#036 Os10g41130 IXc OsERF#128 0s04g18650
ld OsERF#037 0Os04g46410 IXc OsERF#136 0s07g22730
llle OsERF#122 0Os06g36000 IXa OsERF#091 0s02g43790
llle OsERF#038 0s02g13710 IXa OsERF#092 0Os01g54890
ld OsERF#039 Os01g10370 IXa OsERF#093 0Os04g46220
IVa OsERF#040 Os01g07120 OsDREB2A IXb OsERF#094 Os04g46250
IVb OsERF#041 0Os03g07830 IXb OsERF#095 0s02g43820
IVb OsERF#042 0Os05g27930 IXb OsERF#096 Os10g41330
IVb OsERF#043 0Os05g39590 IXb OsERF#097 0Os04g46240
IVb OsERF#044 Os08g45110 Xa OsERF#098 0s02g34260
IVb OsERF#117 0Os05g28350 Xa OsERF#099 0Os01g64790
Va OsERF#001 Os06g40150 Xa OsERF#100 0s04g34970
Va OsERF#002 Os06g08340 Xa OsERF#101 0s04g32620
Va OsERF#003 0s02g10760 Xa OsERF#118 Os11g06770
Va OsERF#127 0s02g55380 Xa OsERF#124 Os12g07030
Va OsERF#129 Os04g56150 Xa OsERF#125 0s02g34270
Vb OsERF#004 0s12g39330 (Table continues on following page.)
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Table IV. (Continued from previous page.)

Group Name Generic Name TIGR ID Gene Name
Xb OsERF#102 0s09g28440
Xb OsERF#103 0s02g52670
Xb OsERF#104 0s08g36920
Xc OsERF#105 0Os05g36100
Xc OsERF#106 Os08g42550
Xc OsERF#107 0s02g32140
VI-L OsERF#108 0Os01g04020
VI-L OsERF#109 0Os09g13940
VI-L OsERF#138 0Os08g27220
Xl OsERF£#110 Os12g41030
Xl OsERF#111 Os12g41040
Xl OsERF#112 Os12g41060
Xl OsERF#114 0Os06g42910
Xl OsERF#113 0Os06g42990
XIl OsERF#135 BAC99579.1°
h\Y% OsERF#115 Os08g41030

Total 139 genes

“The GenBank accession number is indicated because OsERF#116
and OsERF#135 do not have the TIGR locus identifier.

terminal half of CMIX-3 is also specifically conserved
within the rice group IXa (data not shown). In addi-
tion, Gutterson and Reuber (2004) showed that a
second short motif (NSGEPDPVRIKSKRS in AtERF1)
was highly conserved only in dicots. Consistently with
this, our results showed that this motif was not found
in the rice ERF family and was limited to AtERF1
(AtERF#100) and AtERF2 (AtERF#101) in the Arabi-
dopsis ERF family (data not shown).

Seven OsERF genes, OsERF#110 to #115 and
OsERF#135, could not be assigned to any of the groups
designated in Arabidopsis. These proteins were di-
vided into three additional groups, XI to XIV (Fig. 8;
Tables II and IV; Supplemental Table III). Group XI
includes OsERF#110, #111, #112, and 114. Groups XII,
XIII, and XIV consist of OsERF#113, #135, and #115,
respectively. It is interesting to postulate the possible
rice-specific functions of these OsERF genes. By con-
trast, there is no gene assigned to subgroup Illa in the
rice ERF family (Tables II and IV).

Two monocotyledonous genes of the ERF family,
maize BRANCHED SILKLESS1 (BD1; Chuck et al.,
2002) and rice FRIZZY PANICLE (FZP; OsERF#078;
Komatsu et al., 2003), have been shown to play crucial
roles in the establishment of floral meristem identity.
The structural features of the proteins encoded by BD1
and FZP (OsERF#078) reveal that these genes are
assigned to subgroup VIIIb. The subgroup VIIIb in
Arabidopsis also includes genes that are involved in
the differentiation and development of organs as de-
scribed above. Komatsu et al. (2003) showed that FZP
(OsERF#078) acts as a transcriptional activator in
transiently transformed Arabidopsis cells. It has been
shown that truncation of 10 amino acids at the C
terminus affects the function of BD1 (Chuck et al,
2002). Truncation of this C-terminal region in FZP
(OsERF#078) also resulted in a loss of function
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(Komatsu et al., 2003). Since the phylogenetic relation-
ships among the subgroup VIIIb proteins show that
AtERF#086 is the closest homolog of BD1 and FZP
(OsERF#078; data not shown), AtERF#086 would be
a functional ortholog of BD1 and FZP (OsERF#078)
in Arabidopsis. However, no apparent conserved
sequence could be detected at the C termini of
AtERF#086, BD1, and FZP (OsERF#078). The impor-
tance of the C terminus region in the function of FZP/
BD1 may have specifically evolved in gramineous
species such as rice and maize. By contrast, the motif
CMVIII-3 was conserved in BD1, FZP (OsERF#078),
AtERF#086, ESR1/DRN (AtERF#089), and AtERF#090.

Evolution and Divergence of the ERF Family Genes

The Arabidopsis genome has undergone several
rounds of genome-wide duplication events, including
polyploidy (Vision et al., 2000; Blanc et al., 2003;
Bowers et al., 2003), which has great impact on the
amplification of members of a gene family in the
genome. To further investigate the relationship be-
tween the genetic divergence within the ERF family
and gene duplication in Arabidopsis, the chromo-
somal location of each ERF gene was determined from
the genomic sequences of Arabidopsis (Fig. 10). One
hundred twenty-two ERF genes are distributed over
all of the chromosomes except on the short arms of
chromosomes II and IV. Ninety ERF genes are found in
previously identified duplicated segmental regions on
chromosomes (Fig. 10) that are the result of a poly-
ploidy that occurred around 24 to 40 million years ago,
probably close to the emergence of the crucifer family
(Blanc et al., 2003). Although Blanc et al. (2003) did not
include AtERF#017 and #018, AtERF#051 and #052,
AtERF#069 and #070, and AtERF#077 and #080 as du-
plicated pair genes in recently duplicated segmental
chromosomes, the phylogenetic relationships (Fig. 3,
B, D, E and I) suggest that they are closely related to
each other. Of these, AtERF#017 and #018, AtERF#069
and #070, and AtERF#077 and #080 were listed as
duplicated genes in the segmental duplications data-
set maintained at TIGR (http://www.tigr.org/tdb/
e2kl/athl/Arabidopsis_genome_duplication.shtml).
Therefore, they were considered to be duplicated
genes. Consequently, about 75% of ERF genes, which
lie within recently duplicated segmental chromo-
somes, have a clear relative in these regions. Since
the density of the duplicated genes in recently dupli-
cated segmental chromosomes was reported to be
28.0% = 7.8% (Blanc et al., 2003), the duplicated pairs
of ERF genes have been preferentially retained com-
pared with other genes. This finding is consistent with
a previous report demonstrating that duplicated genes
involved in signal transduction and transcription are
preferentially retained (Blanc and Wolfe, 2004). In par-
ticular, the number of ERF genes belonging to group III
and group IX is relatively large in both Arabidopsis and
rice, as shown in Table II. As shown in Table III,
members of group III and group IX have been shown
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Figure 8. An unrooted phylogenetic tree of the ERF proteins in rice. The amino acid sequences of the AP2/ERF domain, except
members of group VI-L, were aligned using ClustalW (Supplemental Fig. 2), and the phylogenetic tree was constructed using the
NJ method. The names of the ERF genes that have been reported previously are indicated. The so-called CBF/DREB and ERF

subfamilies are divided with a broken line.

to play crucial roles in abiotic and/or biotic stress re-
sponses. Therefore, the increased number of genes in
these groups might be the evolutional consequence of
adapting to various environmental changes.

By comparison, the following genes appear to have
undergone a tandem duplication event: AtERF#033
and #027; AtERF#081 and #076; AtERF#032 and #026;
AtERF#048 and #047; AtERF#095, #098, and #092;
AtERF#103 and #100; AtERF#030, #031, and #029;
AtERF#101 and #102; AtERF#107 and #104; and
AtERF#122 and #121 (Fig. 10). Based on the chromo-
somal locations and phylogenetic relationships, the
history of some of the clades shown in Figure 3 can be
somewhat explained. For example, the presence of the
tandem arrays of AtERF#100 and #103, and AtERF#101
and #102, located on the recently duplicated segmental
chromosome in chromosomes IV and V, respectively,
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suggest that the tandem duplication of the ancestor of
these genes predated the most recent polyploidy.
Interestingly, the rice genome also contains two pairs
of genes, OsERF#091 and #095, and OsERF#093 and
#094, at two loci in chromosomes II and 1V, respec-
tively. OsERF#091 and #093, and OsERF#095 and #094,
are closely related paralogs of groups IXa and IXb,
respectively. This indicates that these gene pairs orig-
inated prior to monocot/eudicot divergence and
that, since that point, the two pairs were duplicated
in the Arabidopsis and rice genome in parallel. Thus,
the pairwise divergence and evolution of ERF genes
suggests that these genes might coordinately regulate
certain biological processes common to these species.

On the other hand, we found that the DNA se-
quences for OsERF#010 (Os06g09690) and OsERF#139
(Os06g09730) genes were completely identical. These
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A Subgroup VII/CMVII-6

JECDYGDDDDV-GFGDDLOESDMNG———--
VDSGDSDLE-LGEEDCDDVVEIKFAAFK
CDDDDDEFE-LSDDGDESLAVSCVSS~-~
ERGMSDDEAE-GGGGEEEEDDDDVVVVVE

LJ‘H ECHDCDSDFDDAE-EEDEGHFVFASK---—~-~—
‘i EERDAGDDDSDSC-SESEEVDEYDVVVLDD-~

The ERF Gene Family

Figure 9. Conserved amino acid se-
quence motifs in group VII ERF pro-
teins. A, CMVII-6; B, CMVII-7; C,
CMVII-8. The conserved motifs are
underlined. Consensus sequences cal-
culated by MEME program are given
below the underlines. These regions
were identified by MEME search using
all members of Arabidopsis and rice
group VII proteins. Black and gray
shading indicate identical and con-
served amino acid residues present in
more than 50% of the aligned se-
quences, respectively.

OsERF#065 GLKKRKGSSWDFDVDCDDOD-DDDE]

OsERF#070 = -—=-—-——- GGGRRHFGGFVEED-DED!

OsERF#060  —--—- TPPAAERRTTRKRKS-DVD

OsERF#072 ~-VTADVLWPGMLRKGKAARA-EED

OsERF#063 = ——————- TEMKEKKKRGGGG-DDD

OsERF#071 ~-~~CKKKNKGARRLPLRQEE-EDD,

OsERF#073 = —=————- HHKARRSRREKLAV-DED AJARERT.SROHDDDDD-DHDGQHVVVAPLIRGSD-

OsERF§#062 = —==——- GEKSKSKRQQRSFAD-VDD!

OsERF#05% = —--—- SGGHTKKNKRRRISD-DED,

OsERF#064 —=Dm—————— BNKAKKKGAR-ADD!

OsERF#069 e GEKRRKVGGGGC-DDD,

AtERF#074 = ===-=- SKKSSKENRSNFFDF-DAE

AtERF#075 0 o—————— SKKRSNKRSDFFDL~-DDD!
Multiple DDDFEAAFEEFEDDSDDDDDE
Consensus D R D GDG ED
sequence

B Subgroup VII/CMVII-7

OsERF#070 VQPCN-MPFVPAMNSAAPIE-DPIING
OsERF#071 FVQIQON-VSFVPAMNAIELCT-FVNLSHE
OsERF#072 AEP-VDLMPPVKPLASTETF-EMNMLEET S
AtERF#074 SNNNNNQFGMTNSVDAGCNG-YQYFSE
AtERF4#075 NN---QFGLTNSFDAGGNNG-YQYFS

FGWEND-TKTPDITRIAPIS-TI
RSQEND-IKTEDI LAP--TM
WEDD-TLTEDY FVENAAM

WSDQ-APITPDIRSAVIN--—
SDH-GPEKTPEIESMLVN--—

Multiple YONFSSDQGSNSFGCSDFGWEDD

consensus DMYIL TS DS E SQSNH

sequence EPILN o]
FV M

C Subgroup VII/CMVII-8

OsERF#071 -VPP--VMGNASIDLADLEPYMKF-LIDGGSDESIDTLL-SSDGSQDVAS SMDLWSFDDME
OsERF#064 = =—==-= SGDDTDALFDALLFADQYN-HENGGAYESLDSLF-SADAVQTTAAARAADQG-MGL
COsERF#063 = —————= ACTTSSTVASGERGDELI-LLECCSDDVMDSLL-AGFDVSSEPRSVLGMVN---—
OsERF#073 = ==mm————= STTPTTTTEDSGDSRI-LIECCSDDIMGSLL-AAFDMTT-GDMRFWS = ——=——
OsERF#062 -VGGGSDTLGFTDELEFDPFMLFQ-LPYSDGYESIDSLF-AAGDANSANT DMNAG-VNLWS
OsERF#072 GNGMPNLAQNMPTFDPEMKYLPLP-YVESSSDESMDNLL-QNDATQD-GASNEGIWSLDEL
OsERF#05¢ 200 0====- NVDDPEVFDPYDVHGGLAS-YFAGGAYESLESLF-AHGGDSAAVDQAASDHWPAAL
OsERF#070 -VPP--VMENSAVDLPDLEPYMRF-LLDDGAGDSIDSLL-NLDGSQDVVSNMDLWSFDDME
OsERF#063 ---AAVADEFAFYDDPSYMOLGYQ-LCQGNSYENIDALF-GGEAVNIG--GLWSFDCMP-—-
AtERF#074 0 0——mm—eme—— EANPAKKLKSMDFETP-YNNTEWDASLDFLN-ECAVTTQDNGANPMDLWSIDE
AtERF#071 W —emmeee TQVEEEADTKPGGNQNE-LISENQVESLSEDL-MALEDYMRFYQIPVADCQSAT

Multiple LIEGGSDESIDSLL

consensus Y AYD L

sequence M

genes are located on the 3’ end of PAC clone
AP003510. A close inspection demonstrated that se-
quences of the genomic regions including them (at
least 7.5 kb in length) were completely identical.

In the course of this study, ERF family genes in
moss (Physcomitrella patens [BJ196641.1, BQ041358.1,
BJ194243.1, BQ826584.1, BJ183188.1, BJ189648.1, and
BQ040739.1]) and in unicellular green alga (Chlamydo-
monas reinhardtii [BQ823895 and BI718194]) were also
identified. Because these sequences, which were derived
from expressed sequence tags (ESTs), are incomplete,
the diagnostic conserved motifs to identify phylogeny
used in this study could not reliably be detected. How-
ever, a preliminary examination using the BLAST pro-
gram suggested that BQ041358.1, BJ196641.1, B]194243.1,
BJ189648.1, BQ826584.1, BI718194, BQO040739.1, and

Plant Physiol. Vol. 140, 2006

BJ183188.1 encode ERF proteins belonging to group II
or III, 1T, 11, V, VIIL, VIIL, IX, and X, respectively (data not
shown), suggesting that the basis of the phylogenetic
topology of the ERF family had already been established
before the divergence of vascular plants.

Recently, the AP2/ERF domain-encoding gene was
reported in bacteria, a bacteriophage, and a ciliate
genome as a part of homing endonuclease genes,
mobile genetic elements that replicate and move in
the genome (Magnani et al., 2004). In this report, it was
also demonstrated that an AP2/ERF domain in a
cyanobacterium, Trichodesmium erythraeum, recognizes
stretches of poly(G)/poly(C), and that an Arabidopsis
ERF protein, AtERF#060 (At4g39780), contains a re-
gion similar to the HNH domain in the cyanobacte-
rium AP2/ERF protein (Magnani et al., 2004). Our
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Figure 10. The locations of the ERF 1 n

family genes on the Arabidopsis 9hro- (la)#023

mosomes. The chromosomal positions

of the ERF genes are indicated by their mg%ﬁ:

generic names (Supplemental Table I).

Group/subgroup names are shown in (rapatm
p/subgroup

parentheses ahead of the generic

name. The chromosome number is in- licshas

dicated at the top of each chromo- kl/lb@ﬂ I

some. The blue boxes indicate the (V”,b%gg

duplicated segmental regions resulting }Va 01

from the most recent polyploidy (Blanc Ib)#017 A

et al., 2003). Only the duplicated re- (Ilb)#012 .
gions containing ERF genes are shown. }:Fgﬁ%ﬁ% »
Identical colored circles or squares (VI}#069 A
indicate duplicated gene pairs, de- M'_'E’ 030

duced by Blanc et al. (2003). The thick
lines join tandem repeated genes. Col-
ored fonts indicate ERF genes located on
ancient segmental duplications (Blanc
et al., 2003). AtERF#077 and #080
(black triangle), AtERF#017 and #018
(red triangle), AtERF#069 and #070
(blue triangle), and AtERF#051 and
#052 (green triangle) are potential du-
plicated gene pairs, as described in
the text.
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analysis showed that the HNH domain-like region of
Arabidopsis ERF proteins corresponds to part of the
CMI-3 motif that is shared with four members of
subgroup Ib.

CONCLUSION

In this study, 122 and 139 ERF genes were identified
in Arabidopsis and rice, respectively, and a compara-
tive analysis between the phylogenetic relationships
among the genes was performed. The results revealed
a great deal about the diversification and conservation
of the ERF family in plants. Chromosomal/segmental
duplication, tandem gene duplication, as well as a more
ancient transposition and homing might have contrib-
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uted to the expansion of the ERF gene family. During
the expansion of the ERF gene family, many groups and
subgroups have evolved, resulting in a high level of func-
tional divergence. Most of these groups/subgroups
are present both in Arabidopsis and rice, suggesting
that the appearance of many of the genes in these spe-
cies predates monocot/eudicot divergence. Likewise,
some groups/subgroups are present in only one
species, suggesting that they have evolved or have
been lost in one species after this divergence. Since
rice is a cultivated species, selection either during
domestication from its wild ancestor or during agri-
cultural improvement in the subsequent time may also
have been important for the evolution of rice ERF
family. Members within a given group/subgroup may
have recent common evolutionary origins and may
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possess specific conserved motifs that have related
molecular functions. Paralogous genes in a group/sub-
group might have redundant functions. This may
explain the low success rate of classical forward ge-
netic strategies in the elucidation of the functions of
ERF genes in plants (Table III). Phylogenetic and
comparative analyses of ERF genes in Arabidopsis
and rice will act as a first step toward a comprehensive
functional characterization of the ERF gene family by
reverse genetic approaches in the future. The results
from the comparative study between Arabidopsis and
rice will also provide useful information regarding the
functions of ERF genes in agronomic, economic, and
ecological traits in rice and possibly in other beneficial
plant species.

MATERIALS AND METHODS
Database Search
Arabidopsis

Multiple database searches were performed to collect all members of the
Arabidopsis (Arabidopsis thaliana) AP2/ERF superfamily. We used the BLAST
programs (TBLASTN and BLASTP) available on the MAtDB, TAIR, and TIGR
Arabidopsis databases and NCBI Arabidopsis genome database. As a query
sequence, we first used the amino acid sequence of the AP2/ERF domain from
tobacco (Nicotiana tabacum) ERF2. To increase the extent of the database search
results, we also performed the position-specific iterated BLAST (Altschul et al.,
1997) search against the Arabidopsis database on the NCBI Web site. We also
performed the database searches using amino acid sequences of the AP2/ERF
domain of some members of the Arabidopsis ERF family as a query sequence
to confirm completion of the collection.

For the information regarding cDNA and ESTs, TAIR was searched
using AGI ID. The exon/intron structures were investigated using
SeqViewer at TAIR. The Arabidopsis ERF family is summarized in Supple-
mental Table II.

Rice

To identify members of the rice (Oryza sativa L. subsp. japonica) ERF family,
multiple database searches were performed. First, we used the BLAST
program (TBLASTN) available on the Rice Genome Database-japonica of
the Rice Genome Research Program (http://rgp.dna.affrc.go.jp/) Web site.
Based on this search, we identified 116 ERF family genes in the rice genome.
The cDNA coding regions for the OsERF genes were predicted using the Rice
Genome Automated Annotation System (http://ricegaas.dna.affrc.go.jp/
rgadb/; Sakata et al., 2002). After the IRGSP (International Rice Genome
Sequencing Project, 2005) announced completion of a high-quality rice ge-
nome sequence, we surveyed again the rice database using position-specific
iterated BLAST (Altschul et al., 1997) program on the NCBI Web site. In
addition, we surveyed the database of coding sequences from genes in the
current version (December 30, 2004) of TIGR Rice Pseudomolecules for 12
chromosomes using a TBLASTN search at the TIGR Web site (http://
tigrblast.tigr.org/euk-blast/index.cgi?project=osal). In convenience for fu-
ture analyses, if possible, we used the TIGR locus identifier. For these searches,
we initially used the amino acid sequence of the AP2/ERF domain from
tobacco ERF2 as a query sequence. Then, we surveyed the TIGR rice database
again using the amino acid sequence of the AP2/ERF domain from
OsERF#139 (Os06g09730) that has low homology to that of tobacco ERF2
(P value = 0.0020) as a query. Based on these searches, we collected all
members of rice ERF family from the current available genomic database
(Supplemental Table III).

The full-length rice cDNAs (Kikuchi et al.,, 2003) were searched at the
KOME Web site (http://cdna0l.dna.affrc.go.jp/cDNA/CDNA_main_front.
html). The OsERF family gene is summarized in Supplemental Table III.
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Other Plant Species

Physcomitrella patens and Chlamydomonas reinhardtii ERF genes were sur-
veyed based on homology with the protein sequence of the AP2/ERF domain
(Hao et al., 1998; Fujimoto et al., 2000). For C. reinhardtii ERF genes, a
TBLASTN search was performed against the EST division at the DNA Data
Bank of Japan Web site (http://www.ddbj.nig.ac.jp/search/blastj.htmlat).
For P. patens ERF genes, a TBLASTN search was performed on the Physcomi-
trella EST Project Web site (http://www.moss.leeds.ac.uk/). The obtained
EST sequences were translated to protein sequences using the open reading
frame finder at the NCBI Web site (http://www.ncbi.nlm.nih.gov/gorf/
orfig.cgi).

The Location of ERF Genes on
Arabidopsis Chromosomes

To determine the location of AtERF genes on five chromosomes, Chromo-
some Map Tool (http://www.arabidopsis.org/jsp/ChromosomeMap /tool.
jsp) at TAIR was used. Gene duplications and their presence on duplicated
chromosomal segments were investigated using “Paralogons in Arabidopsis”
(http:/ /wolfe.gen.tcd.i.e./athal/dup) with the default parameters set to a
minimum threshold for paired proteins per block above 7.

Sequences Analysis and Construction of the
Phylogenetic Tree

A multiple alignment analysis was performed with ClustalW using DNASIS
Pro software and /or DNASIS DNASpace (Hitachi Software). Phylogenetic trees
were constructed using the neighbor-joining (NJ) method (Saitou and Nei, 1987)
based on DNASIS DNASpace (Hitachi Software). The weight matrix used was
BLOSUM 30. To predict the phosphorylation sites, a functional site prediction
tool was used at the Eukaryotic Linear Motif resource for Functional Sites in
Proteins (ELM; http://elm.eu.org/browse.html).

Determination of Conserved Motifs

Conserved motifs were investigated by multiple alignment analyses using
ClustalW and MEME version 3.0 (Bailey and Elkan, 1994).
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