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Abstract

Members of the ERF transcription-factor family participate in a number of biological processes, viz., responses to
hormones, adaptation to biotic and abiotic stress, metabolism regulation, beneficial symbiotic interactions, cell differ-
entiation and developmental processes. So far, no tissue-expression profile of any cucumber ERF protein has been
reported in detail. Recent completion of the cucumber full-genome sequence has come to facilitate, not only ge-
nome-wide analysis of ERF family members in cucumbers themselves, but also a comparative analysis with those in
Arabidopsis and rice. In this study, 103 hypothetical ERF family genes in the cucumber genome were identified,
phylogenetic analysis indicating their classification into 10 groups, designated | to X. Motif analysis further indicated
that most of the conserved motifs outside the AP2/ERF domain, are selectively distributed among the specific clades
in the phylogenetic tree. From chromosomal localization and genome distribution analysis, it appears that tan-
dem-duplication may have contributed to CsERF gene expansion. Intron/exon structure analysis indicated that a few
CsERFs still conserved the former intron-position patterns existent in the common ancestor of monocots and
eudicots. Expression analysis revealed the widespread distribution of the cucumber ERF gene family within plant tis-
sues, thereby implying the probability of their performing various roles therein. Furthermore, members of some

groups presented mutually similar expression patterns that might be related to their phylogenetic groups.
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Introduction

The AP2/ERF superfamily, one of the largest groups
of transcription factors in plants, is characterized by the
presence of the AP2/ERF-type DNA-binding domain con-
sisting of from 60 to 70 highly conserved amino acids
(Wessler, 2005). Based on sequence similarities and the
number of AP2/ERF domains, this superfamily can be clas-
sified into three families, viz.,AP2, ERF and RAV (Sakuma
et al.,2002; Nakano et al., 2006). AP2 family proteins con-
tain two repeated AP2/ERF domains, the ERF, a single
AP2/ERF domain, and the RAV one AP2/ERF domain, as
well as a B3 domain conserved in other plant-specific tran-
scription factors. The ERF family is usually classified into
two major subfamilies, CBF/DREB, and ERF, the latter
based on the amino acid sequence of the DNA-binding do-
main. Both are divisible into I to X groups (Nakano et al.,
2000).

ERF family proteins are involved in a series of bio-
logical events, such as hormonal signal transduction medi-
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ated by ethylene, cytokinin and brassinosteroid (Hu et al.,
2004; Rashotte et al., 2006), response to biotic and abiotic
stress (Stockinger et al., 1997; Liu et al., 1998), metabolism
regulation (van der Fits and Memelink, 2000; Aharoni et
al.,2004; Zhang et al., 2005), beneficial symbiotic interac-
tion (Vernie et al., 2008), and cell differentiation (Iwase et
al,2011), as well as developmental processes, such as leaf
epidermal cell density (Moose and Sisco, 1996), flower de-
velopment (Elliott et al., 1996), and embryo development
(Boutilier et al., 2002) in various plant species. To date,
some ERF family proteins have been identified in various
plant species, viz., Arabidopsis (Arabidopsis thaliana)
(Sakuma et al., 2002), soybeans (Li ef al., 2005), rice (Cao
et al., 2006; Sharoni et al., 2011), cotton (Jin and Liu,
2008), Populus trichocarpa (Zhuang et al., 2008), tomato
(Sharma et al., 2010) and Vitis vinifera (Licausi et al.,
2010). The sequenced Arabidopsis genome contains 147
postulated genes encoding AP2/ERF-type proteins, 122 of
which belonging to the ERF family(Nakano et al., 2006). In
Arabidopsis, expression of both the DREB1A gene and its
two homologs in group III is induced by low-temperature
stress, but not by drought or high-salt stress, whereas, ex-
pression of both the DREB2A gene and its single homolog
in another group, group 1V, is induced by dehydration, but
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not by low-temperature stress (Liu ef al., 1998; Gilmour et
al., 2000), which suggests the functions of members within
the same group in the ERF family are likely related to each
other, similar to reported MADS-box and bHLH families
(Parenicova et al., 2003; Toledo-Ortiz et al., 2003). Thus,
the assessment of structural relationships between all the
ERF family proteins in plants, as part of each transcription
factor function analysis, would provide a guide for predict-
ing the functions of these genes.

Cucumber (Cucumis sativus L.), belonging to the
Cucurbitaceae family, is an economically and nutritionally
important vegetable crop cultivated world-wide. Huang et
al. (2009) proposed the existence of 110 AP2/ERF family
genes in the cucumber genome. However, they did not
present any specific information regarding individual
genes, and no member of the cucumber ERF family has
been characterized so far. Furthermore, the expression pat-
terns of this family, as well as details on phylogenetic rela-
tionships with ERF members of other plants, remain poorly
understood. Thus, the genome-wide identification, and
phylogenetic and expression analysis of the family in cu-
cumbers, as well as the comparative analyses with
Arabidopsis and rice ERF members, all undertaken here,
could be extremely useful in studies on the biological func-
tions of each gene in the cucumber ERF family.

Material and Methods

Database search for cucumber ERF genes

The AP2/ERF domain of a cucumber ethylene re-
sponse factor sequence (GenBank number AY792593) was
used as a query sequence for TBLASTN (Altschul et al.,
1997) searches of AP2/ERF superfamily genes encoded in
the cucumber genome. The cucumber genome sequence
from Cucumber Genome Initiative (CuGI), obtained and
released by The Institute of Vegetables and Flowers, of the
Chinese Academy of Agricultural Sciences (IVF-CAAS)
was used. Default parameters with the TBLASTN program
were wordsize 2 and extension 11. Redundant sequences
with the same scaffold or chromosome location were re-
moved from the data set. In addition, we have also obtained
the same sequences from the CuGI database using Hidden
Markov Model (HMM) analysis with the Pfam number
PF00847 cotaining typical AP2/ERF domain.

To further confirm hypothetical AP2/ERF
superfamily genes, the cDNA sequences, first translated
into amino-acid sequences, were then searched for the
AP2/ERF domain using the Simple Modular Architecture
Research Tool (SMART)(Letunic et al., 2004).

Multiple sequence alignment, tree building and
conserved motif prediction

Multiple sequence alignment, using Clustal X (Lar-
kin et al., 2007) with default parameters, was with pre-
dicted cucumber CsERF protein sequences, with sequential
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manual adjustment. Similar amino acids were highlighted
using the GeneDoc tool (Nicholas et al., 1997). Multalin
software (Corpet, 1988) was also used as a secondary
method for aligning sequences and rechecking results. To
compare the evolutionary relationships of cucumber,
Arabidopsis, and rice ERF family members, multiple se-
quence alignment was applied, by way of Clustal X, on al-
ready obtained CsERF protein sequences, and 122
Arabidopsis AtERF and 139 rice OsERF members pre-
dicted by Nakano et al. (2006), also with posterior manual
adjustment of alignments.

A phylogenetic tree was constructed with aligned
CsERF protein sequences using MEGA4 (Tamura ef al.,
2007), and the Neighbor Joining (NJ) method, with Pois-
sion correction, pairwise deletion and bootstrap (1,000 rep-
licates; random seeds), as parameters. Simultaneously, the
Maximum Parsimony (MP) method of PHYLIP 3.69 soft-
ware (Felsenstein., 1989) was employed to create a second
phylogenetic tree with a bootstrap of 1,000 replicates, to so
validate the results from the NJ method. A combined
CsERF, AtERF and OsERF phylogenetic tree was then con-
structed, also with MEGA4, the NJ method and a bootstrap
of 1,000 replicates. The subsequent tree file was visualized
by the TreeView1.6.6 tool (Page, 1996).

The MEME tool (Bailey et al., 2003) was used in the
search for conserved motifs shared by CsERF members, to
so identify similar sequences.

Intron/exon structure, genome distribution, and
segmental duplication

For intron/exon structure analysis, the DNA and
cDNA sequences corresponding to each predicted gene
from BLASTN research and CuGI database annotation,
were unloaded, and their intron distribution patterns and
splicing phases analyzed, using the GSDS web-based
bioinformatics tool.

In order to obtain information on CsERF gene loca-
tion, a map with the distribution of CsERF family members
throughout the cucumber genome, was drawn with the
Maplnspect tool. The 100 kb DNA segments flanking each
CsERF gene were analyzed to detect large segment-
duplicated events. Regions on the different linkage groups
containing six or more homologous pairs, each with less
than 25 nonhomologous intervening genes, were defined as
duplicated segments. A gene-pair, separated by less than
five intervening genes and sharing > 40% sequence similar-
ity at the amino acid level, was considered as tandem-
duplicated. BioEdit5.0.6 software (Hall., 1999) was used
for analyzing homologs for similarity on the NJ phylogen-
etic tree of these CsERF genes.

Expression analysis of Cucumber ERF genes

The Expressed Sequence Tag (EST) was used to de-
tect CsERF gene expression patterns. EST data were ob-
tained from 353,941 previously reported high quality EST
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sequences (Guo et al., 2010), as well as the ~8,210 cucum-
ber EST sequences available in GenBank. An EST was
considered as corresponding to its gene on sharing > 95%
sequence similarity, E values < 107", and the length of
matching sequences > 100 bp. Semi-quantitative RT-PCR
was also used to detect the expression patterns of two
CsERF genes from each group. PCR primers were designed
to avoid the conserved region. Information on primer se-
quences appears in detail in Table S4. Seeds of the "Chinese
long” 9930 inbred line, commonly used in modern cucum-
ber breeding (Huang et al., 2009), were germinated and
grown in trays containing a soil mixture (peat: sand: pum-
ice, 1:1:1, v/v/v). Plants were adequately watered and
grown at day/night temperatures of 24/18 °C with a 16 h
photoperiod. Total RNA of root, stem, leaf, and flower of
cucumber at the stage of the 20 main-stem nodes was iso-
lated using the TRIzol Reagent (Invitrogen, USA).
RT-PCR was carried out according to manufacturer’s rec-
ommendations (Tiangen Biotech Co. Ltd, Beijing China).
The cucumber actin DNA fragment (161 bp) was employed
as inner standard for each gene.

Results and Discussion

Identification of 103 CsERF genes

In order to identify the CsERF genes in cucumber
genomes, the AP2/ERF domain of a cucumber ethylene re-
sponse factor sequence (GenBank number AY792593) was
used as BLAST query sequence. 131 genes were identified
as possibly encoding proteins containing the AP2/ERF do-
main (Table 1). The same 131 sequences were also ob-
tained from the Cucumber Genome Initiative (CuGI)
database, using HMM analysis with PF00847containing a
typical AP2/ERF domain. The individual genes are listed in
Table S1. Among these, the 18 predicted to encode proteins
containing two AP2/ERF domains, and the 4 to encode one
AP2/ERF domain together with one B3 domain, were thus
assigned to the AP2 and RAV families, respectively. The
remaining 109 genes were all predicted to encode proteins
containing a single AP/ERF domain. Among these, 103
were assigned to the ERF family. Of the remaining 6, two,
Csa002695 and Csa012456, although also containing a sin-
gle AP/ERF domain, were distinct from the ERF type and
more closely related to the AP2. Hence, they were assigned
to the AP2 family. As homology appeared to be quite low in
comparison with the others, the remaining 4, viz.,
Csa020380, Csa005269, Csa013415 and Csa012810, were
designated as soloists (Figure S1). Based on the amino acid
similarity of AP2/ERF domains, the 103 ERF family mem-
bers were further classified into two subfamilies, 42 genes
encoding CBF/DREB-like proteins were assigned to the
CBF/DREB subfamily, and the other 61, encoding ERF-
like proteins, to the ERF subfamily. As number designation
of the ERF family genes was based on the order of multiple
sequence alignments, for study purposes, each was provi-
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Table 1 - Summary of the structure and size of each group of the AP2/ERF
superfamily in cucumber, compared with those in Arabidopsis and rice, as
classified by Nakano et al. (2006). Totals for each family are in bold-type.

Family Subfamily Group  Cucumber Arabidopsis  Rice
AP2 20 18 29
ERF 103 122 139
DREB 42 57 56

I 5 10 9

1I 10 16 15

11 20 22 26

v 7 9 6

ERF 61 65 76

\% 15 12 11

VI 8 8 6

VII 3 5 15

VIIL 11 15 13

IX 16 18 18

X 8 7 13

a single group 7

RAV 4 6 5

Soloist 4 1 1
Total 131 147 174

sionally distinguished by a generic name, viz., CsERF001-
-CsERF103 (Table S1).

SMART analysis indicated that the AP2/ERF domain
of each of the 103 CsERF genes was typical, thereby certi-
fying to their reliability.

Multiple sequence alignments and tree building

To examine sequence features of 103 CsERF pro-
teins, we performed a multiple sequence alignment using
amino acid sequences of the AP2/ERF domain (Figure S2).
The alignment indicated that the residues Gly-4, Arg-6,
Arg-8, Trp-38, Gly-40, and Ala-48 were completely con-
served (Figure S2). Furthermore, more than 95% of
CsERF-family members contain Gly-12, Glu-17, Ile-18,
Arg-36, Leu-39, Ala-49, Ala-51, and Asp-53 residues (Fig-
ure S2).

To determine the evolutionary relationship among
CsERF proteins, an unrooted NJ phylogenetic tree was con-
structed, with bootstrap analysis (1000 replicates) based on
the multiple sequence alignments of the 103 CsERF pro-
teins (Figure 1). The analysis result showed that the 103
CsERF members were divided into 10 groups, designated 1
to X, in accordance with the Arabidopsis ERF gene family
classification (Nakano et al., 2006). Detailed information
appears in Figure 1 and Table S1. The bootstrapping values
for the nodes in this phylogenetic tree were not high in ev-
ery case, similar to the results of the phylogenetic analysis
done on Arabidopsis ERF proteins (Nakano et al., 2006).



Hu and Liu

CsERF016
CsERF014

Figure 1 - Phylogenetic analysis of 103 cucumber ERF proteins. An
unrooted neighbor-joining phylogenetic tree was constructed using
MEGAA4 for the multiple sequence alignment of 103 cucumber ERF pro-
tein sequences. 10 groups are marked I to X, as described by Nakano et al.,
(2000).

This is most likely due to the AP2/ERF domain being rela-
tively short, and members within the subfamily highly con-
served, with relatively few informative-character positions.

NJ-tree reliability was certified by generating another
phylogenetic tree by MP analysis (Figure S3), whereupon it
was found that nearly all the CsERF members were placed
within the same groups.

Conserved motifs outside the AP2/ERF domain

Regions outside the DNA-binding domain in tran-
scription factors generally contain either functionally im-
portant domains, or motifs associated with transcription-
regulation and nuclear localization (Liu et al., 1999). Pro-
teins within a group that share these domains or motifs in a
phylogenetic tree are likely to share similar functions. It has
been reported that an ERF-associated amphiphilic repres-
sion (EAR) motif (DLNxxP) is a repression domain in the
C-terminal regions of the repressor-type ERF proteins
playing key roles in several biological functions by nega-
tively regulating genes involved in developmental, hor-
monal and stress signaling pathways (Fujimoto et al., 2000;
Ohta et al., 2001). Motif analysis in this study revealed that
the EAR motif was only found among proteins within
groups II and VIII, as CMII-2 and CMVIII-1 motifs, re-
spectively (Figure 2, Figure 3, Table S2), thus leading us to
suspect their involvement in negative-regulation functions.
Previous research showed that the Cys repeat sequence-
CX,CX4CX,4C, possibly a zinc-finger motif, plays a part
either in DNA binding, or in protein-protein interactions
(Nakano et al., 2006). such a consensus sequence was only
found within the CMX-2 motif in the N-terminal region of
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Figure 2 - Phylogenetic relationships among CSsERF proteins from the 10
groups, I to X, in the cucumber ERF family. Only > 50% bootstrap values
are shown in this phylogenetic tree. The positions of introns are marked
with arrowheads. Each black box represents an AP2/ERF domain. Con-
served motifs are marked with different signs, as indicated below the tree.

group X proteins. Liu et al. (1999) believed that regions of
acidic amino acid-rich, Gln-rich, Pro-rich, and/or Ser/Thr-
rich amino acid sequences, can usually be designated as
transcriptional-activation domains (Liu et al., 1999). The
conserved motifs identified in this study have similar fea-
tures, such as Gln-rich in group III as the CMIII-7 motif,
Pro-rich in group III as the CMIII-2 motif, and/or Ser/Thr-
rich in group VII as the CMVIII-4 motif (Figure 2;
Table S2).

In addition, we also found that most of the motifs
were selectively distributed among the specific clades in
the phylogenetic tree, thereby demonstrating structural si-

milarities among members within the same group (Figu-
re 2, Table S2).
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Figure 3 - The EAR motif-like sequences conserved in group VIII and IT
ERF proteins. (A) Sequence alignment of C-terminal regions in group VIII
proteins. (B) Sequence alignment of C-terminal regions in group II pro-
teins. Conserved motifs are underlined. Black and gray shading indicate
identical and conserved amino acid residues present in > 50% of the
aligned sequences, respectively. Consensus amino acid residues are given
below the alignment. The “x” in the sequence indicates no conservation at
this position.

Structure and evolution of CSERF genes

Apparently, most Arabidopsis ERF genes do not pos-
sess introns (Sakuma et al., 2002). A similar situation also
appeared in this study, among the 103 CsERF genes, 83
(81%) having no intron, the remaining 20, unevenly distrib-
uted in groups I, IV, V, VII and X, having only one or two
introns (Figure 2). As shown in Figure 2, 17 of the 20 pos-
sess only a single intron, and the other three genes
CsERF002, CSERF009 and CsERF050 possess two. The
presence and position of the introns was highly conserved
in each group, thus further validating the reliability of the
cucumber ERF-family gene classification in this study.

The genomic distribution of the 103 CsERF genes
was analyzed, in order to acquire an insight into their evolu-
tion. With the exception of the seven genes CsERF00S,
CsERF013, CsERF024, CsERF052, CsERF076,
CsERF081 and CsERF085 lying within unassembled
scaffold000393, scaffold000131, scaffold000677,
scaffold000111, scaffold000379, scaffold000576 and
scaffold000118, respectively, the remainder were found to
be unevenly distributed among seven chromosomes (Fig-
ure 4, Table S1). As indicated in Figure 4, some, clustered
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in a large group, within the same small chromosomal re-
gion, as, for example, group III members CsERFO087,
CsERF088 and CsERF089, located in a region close to a
telomere on chromosome 5, whereas other members of this
group were distributed among different chromosomes, i.e.,
CsERF083 in chromosome 2 and CsERF(090 in chromo-
some 4. A similar situation also occurred among OsERF
and AtERF members (Nakano et al., 20006), thereby indicat-
ing that ERF genes are distributed widely within the ge-
nome of the common ancestor of monocots and eudicots.

Although previous research has shown that whole-
genome duplication, as a recent event, is not the case with
cucumbers, several tandem duplications have in fact actu-
ally occurred (Huang et al., 2009), with considerable im-
pact on the increase in the number of family genes in the
genome. As the analysis of 100 kb DNA segments flanking
each CsERF gene indicated that none could have derived
from segment duplication, it is most likely that tandem du-
plication played a crucial role in gene multiplication. Ac-
cording to previously reported results with Arabidopsis,
members of groups III and IX play crucial roles in biotic
and/or abiotic stress response. Our analyses indicated both
to be the two largest groups, gene multiplication in the two
possibly having arisen from the higher frequency of tandem
duplication, as a means of adapting to various environment
changes.

In silico identification of ERF genes in Arabidopsis
and rice, and a comparative analysis of cucumbers

As a previous report indicated there to be 122 and 139
ERF family members distributed within Arabidopsis and
rice genomes, respectively (Nakano et al, 20006),
Arabidopsis and rice genomes were re-screened for ERF
sequences, with the subsequent discovery of a further four
AtERF and six OsERF genes, designated as
AtERF123~AtERF126 and OsERF140~OsERF 145 (Table
S3), respectively, based on the names of the previous 122
AtERFs and 139 OsERFs. This discrepancy is probably ow-
ing to fresh information on Arabidopsis and rice genome
sequences.

To define the evolutionary relationship of cucumber
ERF family proteins with those of Arabidopsis and rice, an
unrooted neighbor-joining (NJ) phylogenetic tree was gen-
erated, based on bootstrap analysis (1000 replicates) of
multiple sequence alignment of their respective ERF mem-
bers. In addition to the ten groups I to X in Arabidopisis and
rice, described by Nakano et al. (2006), another group was
found, containing four new AtERF members clustering
with three new OsERF members, viz., OsERFI140,
OsERF142 and OsERF144 (Figure S4). A further three
new OsERF members, viz., OsERF141, OsERF143 and
OsERF145, were placed in groups I, II and VIII, respec-
tively.

Phylogenetic analysis revealed that most CsERF
members were closer to eudicot AzERF members than
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Figure 4 - Chromosomal localization of 103 cucumber ERF genes. The scale is in megabases (Mb). The ovals in the middle of the seven chromosomes
show the centromeric positions according to the sequencing results of the cucumber genome (Huang et al., 2009). Seven genes CsERF008, CSERF013,
CsERF024, CSERF052, CsERF076, CsERF081, and CsERF085 on scaffold000393, scaffold000131, scaffold000677, scaffold000111, scaffold000379,
scaffold000576, and scaffold000118, respectively, could not be anchored onto a specific chromosome.

monocot OsERFs in this classification. For example, based
on bootstrap values, three group III CsERF members
(CSERF071~CsERF073) clustered with six AtERF
(AtERF028~AtERF033), whereas another nine OsERFs
(OsERF024~OsERF031, OsERF133) were branched into a
single clade (Figure S4). On closely examining group IV, it
was found that only one member, CsERF070, was clustered
with OsERF'117 and AtERF052. As previous studies have
shown that A/ERF052 mainly mediates the effects of exog-
enous trehalose on Arabidopsis growth and starch break-
down, and vegetative development by sugar, besides re-
pressing endosperm induced seed germination, CsERF070
may also participates in these plant-development pro-
cesses, the detailed function needs further researched and
confirmation. At the same time, CsERF078 was close to
AtERF024 in group III and CsERF017 to AtERF0S81 in
group VIII, although the functions of these genes have not,
as yet, been rigorously demonstrated.

Usually, the intron/exon position pattern provides
clues on evolutionary relationships. Research by Nakano et
al. (2006) indicated that the position of the intron was con-
served in Arabidopsis ERF groups V, VII, X, with Xb-L
containing only one intron. As with Arabidopsis and rice
ERF, in the present study, it was revealed that both the pres-
ence and position of CsERF introns in groups IV, V, VII
and X were highly conserved, with only one or two excep-
tions (Figure 2). Thus, besides further validating the classi-

fication of CsERF family genes, this was an indication of
the conservation of intron position patterns that existed in
the common ancestor of monocots and eudicots. On the
other hand, and in the same group, introns were observed in
only one species, but not in others. For example, two
CsERF members in group I, namely CsERF028 and
CsERF031, possessed one intron at the N-terminal region,
although AtERF and OsERF members in the same group
possessed none. A similar situation also occured in group
II, two OsERF members, OsERF(015 and OsERF(016, hav-
ing one intron, and CsERF and AtERF members none, thus
possibly indicating intron insertion after the divergence of
monocots and eudicots.

As described above, proteins within a group that
share conserved domains or motifs outside the DNA-
binding domain in transcription factors in a phylogenetic
tree, are likely to share similar functions. Cheong et al.
(2003) believed that the CM VII-4 motif, as a putative MAP
kinase phosphorylation site in OsEREBPI, and the phos-
phorylation of OsEREBPI, resulted in the enhancement of
its binding to the GCC box and GCC box-mediated trans-
criptional activation. Conserved motif analysis showed that
the very CMVII-4 motif (CMVII-3 in this study) has been
observed in CsERF025 and CsERF026 in group VII,
OsERF070~OsERF072 in rice, and AtERF074 and
AtERF075 in Arabidopsis. Whether CsERF025 and
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CsERF 026 share similar functions in transcriptional activa-
tion regulation, needs to be confirmed.

Expression analysis of 103 cucumber ERF genes

As gene expression patterns are often correlated with
their functions, the ESTs, created by partially sequencing
randomly isolated gene transcripts, have proved to be in-
valuable in discovery through expression pattern analysis.

By using data originating from both 353,941 previ-
ously reported high quality ESTs (Guo et al. 2010) and
~8,210 cucumber ESTs available in GenBank, 41 CsERF
genes were discovered in at least one tissue among the four
investigated, i.e., root, shoot, leaf and flower, the remaining
62 having presented no expression signal. Whereas among
the 41 expressed genes, 35, with a high 85% ratio, were
found in flowers, two, CsERF067 and CsERF (072, of the re-
maining six were expressed in roots, one, CsERF(067, in
shoots, and,three, CsERF026, CsERF036, and CsERF 045,
in leaves. The fact that most sequence tag expression corre-
sponded to CsERF genes in flowers and little in the other
tissues, might be due to the 353,941 EST sequences (98%)
having all originated from one flower tissue (Guo et al.
2010).

For further study of CsERF gene expression patterns,
two members of each group were selected for RT-PCR
analysis with RNA from roots, stems, leaves and flowers.
In general, patterns were conserved within subfamilies, al-
though expression levels of specific members could change
in different organs. Similar expression patterns were ob-
served among members belonging to 6 groups of CsERF
genes (I, 111, IV, VII, VIII, X). Among these, the members
of 4 groups (I, VII, VIII, X) were expressed wherever in-
vestigated, thereby implying that these genes could play
regulatory roles in various cucumber tissues. As regards the
other two groups, CsERF067 and CsERF068 from group
IV presented transcript signals in three plant tissues,
whereas in group III, Cs£ERF072 and CsERF (073 transcript
signals were detected only in the root and stem, a possible
indication of their taking part in specific biological pro-
cesses in cucumber vegetative development. Given that
similar expression patterns were observed in two members
in each group, it is speculated that this similarity might also
extend to other group-members, pending corroboration by
further experiments.

On the other hand, expression patterns in members of
the other 4 groups (II, V, VI and IX) were varied. As indi-
cated in Figure 5, in CsERF02 and CsERF03 in group V,
the high transcript signals detected in three of the four vege-
tative tissues were different from those expressed in flow-
ers. A similar situation was also found in two members,
CsERF057 and CsERF058, in group VI. More obvious
variation in gene expression among group members could
be observed in the remaining groups, Il and IX. Group II
member CsERF087 presented transcripts in the stem, leaf
and flower, whereas for the other member, CsERF089, no

The cucumber ERF gene family

)
(7]
=
-

R S L F

I VI
-
CsERF067_ |y  CSERF048 i
cserross [N cserFos1 |

¥y = X

Figure 5 - Expression analysis of 20 cucumber ERF genes in different tis-
sues using RT-PCR. RT-PCR was with primers specific for the 20 CSERF'
genes. PCR products were run on 1.5% agarose gels. CsACTIN primers
giving a 161 bp product were used as inner standard for each gene. Sample
identities are as follows: root (R), stem (S), leaf (L) and flower (F).

detectable signal was observed anywhere. In group IX,
CsERF 051 was highly expressed in all the tissues, whereas
the other member, CsERF048, was expressed only in the
root and stem. The different expression patterns among
these 4 groups could imply the existence of a probable
intragroup functional divergence.

In summary, after extensive analysis,103 CsERF
genes were compared with 126 Arabidopsis and 145 rice
ERF genes. The 103 CsERF genes were divided into 10
groups, I to X, thus in general accordance with previous
studies (Nakano et al., 2006). This classification was based
on the presence and position of the introns and the con-
served amino acid sequence motifs outside the AP2/ERF
domain. Chromosomal localization and genome distribu-
tion revealed that tandem duplication may have contributed
to CsERF-gene expansion. Expression data revealed the
widespread distribution of this gene family within cucum-
ber plant tissues. Furthermore, in most of the groups, two
different members presented similar expression patterns,
whereby a possible basis for functional analysis to discover
the role of CsERF genes in cucumber development.
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Figure S2 - Multiple sequence alignment of the AP2/ERF domains in 103 cucumber ERF proteins. The protein sequences were aligned using Clustal X
software. Completely conserved residues among these proteins are marked with asterisks. Conserved residues among more than > 95% of the proteins are
marked with filled-in triangles.
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Figure S3 - Phylogenetic analysis of 103 cucumber ERF proteins. A Maximum Parsimony (MP) tree was constructed using PHYLIP3.69, by multiple se-
quence alignment of 103 cucumber ERF protein sequences. 10 groups are marked I to X, as described by Nakano et al., (2006).
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Figure S4 - Comparative phylogenetic analysis of cucumber ERFs with those of Arabidopsis and rice. An unrooted neighbor-joining phylogenetic tree
was constructed using MEGAA4, by multiple sequence alignment. The 10 major groups are marked I to X, as described by Nakano et al., (2006).



Table S1 The CsERF genes identified in this study are listed according to their CsERF numbers

defined by multiple sequence alignment (Figure S2).

T Gm omed  cows) S Gpmen Gl ST o
1 CsERF00I  Csa002836  1350153-1349175 22434855 4 180 1 \%
2 CsERF002  Csa014841 15208734-15209357 22434855 4 138 2 v
3 CsERF003  Csa005862  18494975-18495575 22000590 2 164 1 v
4 CsERF004  Csa001957  15271088-15271957 17370973 7 196 1 v
5 CsERF005  Csa005861 18488382-18489011 22000590 2 175 1 v
6 CsERF006  Csa006854  631812-630472 22000590 2 246 1 v
7 CsERF007  Csa002035  31922812-31923895 34445220 3 194 1 v
8 CsERF008  Csa022657  8462-9248 13703 Scaffold000393 223 1 \%
9 CsERF009  Csa003049  1527385-1528304 22434855 4 190 2 v
10 CsERFO0I0  Csa009694  26544766-26545851 28091742 5 361 0 v
11 CsERFOI1  Csa015404  19399419-19400496 28091742 5 212 0 v
12 CsERF0I2  Csa020206  8143974-8143339 22434855 4 211 0 v
13 CsERFO0I3  Csa019531  316141-316866 319939 Scaffold000131 241 0 v
14 CsERFO0I14  Csa007982  17124858-17125502 26547709 6 214 0 VIII
15 CsERFO0I5 Csa011614  9915259-9915918 26547709 6 219 0 VIII
16 CsERF016  Csa019805  3390113-3389469 34445220 3 214 0 VIII
17 CsERF017  Csa016336  7651209-7651703 25430643 1 164 0 VIII
18 CsERF018  Csa015626  19286010-19286591 22434855 4 193 0 VIII
19 CsERF019  Csa003390  2180880-2180251 17370973 7 209 0 VIII
20 CsERF020  Csa016229  7666682-7666047 25430643 1 211 0 VIII
21 CsERF021  Csa000861  21263555-21264580 28091742 5 341 0 VIII
22 CsERF022  Csa011398  14429466-14430542 22000590 2 358 0 VIII
23 CsERF023  Csa003016  1119240-1119923 22434855 4 227 0 VIII
24 CsERF024  Csa023463  3481-4167 6853 Scaffold000677 228 0 VIII
25 CsERF025  Csa009872  16743027-16740950 17370973 7 389 1 VII
26 CsERF026  Csa013360  22272823-22271143 34445220 3 370 1 VII
27 CsERF027  Csa002799  1832463-1831545 22434855 4 272 1 VII
28 CsERF028  Csa007704  7871002-7869906 26547709 6 337 1 1
29 CsERF029  Csa003368  2420250-2419057 17370973 7 397 0 1
30 CsERF030  Csa000642  24948986-24949513 26547709 6 175 0 X
31 CsERF031  Csa012067  22481978-22481499 26547709 6 250 1 1
32 CsERF032  Csa011099  14386960-14385884 22434855 4 358 0 I
33 CsERF033  Csa006177  9209327-9208125 22000590 2 400 0 I
34 CsERF034  Csa016672  9166496-9167080 22434855 4 194 0 X
35 CsERF035  Csa012537  1252601-1253083 28091742 5 160 0 X
36 CsERF036  Csa012536  1247100-1247813 28091742 5 237 0 X
37 CsERF037  Csa017104  1586163-1585129 34445220 3 344 0 X
38 CsERF038  Csa002749  2287694-2286942 22434855 4 250 0 X
39 CsERF039  Csa017144  1669749-1670588 34445220 3 279 0 IX
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CsERF065
CsERF066
CsERF067
CsERF068
CsERF069
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CsERF071
CsERF072
CsERF073
CsERF074
CsERFO075
CsERF076
CsERF077
CsERF078
CsERF079
CsERF080
CsERF081
CsERF082

CsERF083

Csa000407
Csa015122
Csa000150
Csa019346
Csa022480
Csa000151
Csa001354
Csa019306
Csa010078
Csa000408
Csa005593
Csa008584
Csa018661
Csa008878
Csa010237
Csa003542
Csa008749
Csa008966
Csa001015
Csa020336
Csa012752
Csa019969
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Csa005700
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Csa012870
Csa004675
Csa012869
Csa022610
Csa008860
Csa005091
Csa000388
Csa008546
Csa023237
Csa009843

Csa021087

6006431-6005958
20933066-20933446
8965136-8964735
11809343-11809789
10161945-10162631
8945006-8944320
18506357-18505683
11796883-11796188
20115512-20116789
6003134-6002700
1951916-1955219
4931216-4930683
326047-327680
4066091-4064303
20921657-20921076
358765-357989
13733610-13732786
2537686-2538642
23085965-23086894
11118158-11119108
15983553-15984509
16219410-16220390
19016343-19015537
8048779-8049393
30847250-30846696
16252055-16252693
1334610-1333345
7427734-7428273
12152362-12151250
27503953-27503030
1276290-1275373
522938-522336
11874380-11873739
15262990-15262313
25841918-25841304
15277531-15276773
8225-7716
11887175-11886597
25834056-25834607
6224581-6224039
5675974-5675333
1739-1134
17099285-17098680

17482290-17481601

34445220
34445220
34445220
17370973
22000590
34445220
34445220
17370973
26547709
34445220
26547709
26547709
411159
26547709
26547709
17370973
34445220
26547709
28091742
22434855
28091742
34445220
28091742
26547709
34445220
22000590
26547709
26547709
22434855
34445220
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28091742
34445220
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28091742
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34445220
34445220
34445220
26547709
8810
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CsERF087
CsERF088
CsERF089
CsERF090
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CsERF092
CsERF093
CsERF094
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CsERF097
CsERF098
CsERF099
CsERF100
CsERF101
CsERF102

CsERF103

Csa002191
Csa018998
Csa017112
Csa009589
Csa009590
Csa009622
Csa003012
Csa012919
Csa013079
Csa009304
Csa008952
Csa011091
Csa011471
Csa009478
Csa020278
Csa010224
Csa005900
Csa005450
Csa000299
Csa004614

33648340-33647657
559702-560208
1509830-1509186
27747151-27746573
27726472-27725981
27355787-27355296
1044217-1044711
19140452-19139841
14191691-14192332
22349007-22348447
2719822-2719217
14097006-14097704
15315130-15315558
21425457-21425906
12479634-12480113
21063174-21062653
19222095-19222541
2122879-2123478
7196619-7195888
4193219-4194205

34445220
651424
34445220
28091742
28091742
28091742
22434855
25430643
26547709
22434855
26547709
22434855
22000590
22434855
22000590
26547709
22000590
25430643
34445220
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3
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Table S2 Summary of conserved motifs (CMs) within the CsERF family

S;r;ﬂ Gene Name Gene ID CuGI(5'-3") I::elﬂ.g(lll;p(;f Chig(r:r;(t)is::lal Length(a.a.) II;I :)r.o(r)li
1 AtERFI23 At2g39250 16398009-16396740 19705359 2 222 4
2 AtERF124 At2g41710 17409981-17407352 19705359 2 423 7
3 AtERF125 At3g54990 20387499-20386013 23470805 3 247 4
4 AtERF126 At5g60120 24225379-24228293 26992728 5 485 8
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Table S3 New AtERF and OsERF genes identified in this study are listed according to their CSERF

numbers.
Slff(ifl Gene Name Gene ID CuGI(5-3") Lceh‘;g(‘gp‘)’f Ch{gg‘t’iﬁlmal Length(a.a.) Il;lfm ‘r’li
1 OsERFI40  LOC_0s02g29550  17571123-17576025 35930381 2 222 5
2 OsERFI4]  LOC_Os02g42585  25591508-25590087 35930381 2 473 0
3 OsERFI42  LOC_Os05¢32270  18749964-18754112 29894789 5 348 7
4 OsERFI43  LOC_Os06g09717  4959148-4959771 31246789 6 207 0
5 OsERFI44  LOC_Os10g26590  13791722-13792405 23134759 10 227 0
6 OsERFI45  LOC_Os12g40960  25326352-25326768 27497214 12 138 0
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Table S4 Information on the primers used in RT-PCR reactions.

Primer name Sequence (5' to 3') Size (bp)
CsERF002_IF GGGTTTCCGAAATTCGTCAT 215
CsERF002_IR CACCGCCGGTATAATCTCCT
CsERF003_IF GAGGCGTTCGTCAAAGACAT 239
CsERF003_IR ACGGTGGAGTTTAGCAGTCA
CsERFO14_IF ATTCCATTCTCGCAGCAGTT 361
CsERFOI4_IR ACAGAGCAGTGGCATGAAGA
CsERFO15_IF TGAGTGCGTTCAGGCTAATA 256
CsERFO15_IR GTCCATCGGAGGTGGTAAGT
CsERF025_IF TTCAAGGATGATTCCGATTT 216
CsERF025_IR GATTTCTGCTGCCCATTTAC
CsERF027_IF TCCGACATTTGGCCTAACTC 240
CsERF027_IR TTCCTCAGCCGTATTGAAAG
CsERF028_IF GAAGAAGAAGCCTCACAAGC 270
CsERF028_IR TGGGCAAGATGAAGAAGAAG
CsERF030_IF GGGGTAAATACGCTGCCGAGAT 216
CsERF030_IR GCTTCCTCTTCGACGGTGGG
CsERF031_IF AGACTCTGGCTTGGGACCTT 223
CsERFO031_IR ACTCCTTCACCCCATTGAGA
CsERF034_IF GAAAGTCGCCGTGGTAGAGG 183
CsERF034_IR AACGCCGCACAGTCATAAGC
CsERF048_IF TCTTCCTCTGTTTCTGCTCCCG 182
CsERF048_IR ACCGTTGCCGACCCTGTTTG
CsERF051_IF CCTGCCAGTATTGCTGCTCC 254
CsERFO051_IR TCACCGTAACGATCCTGATCTTCT
CsERF057_IF ATCAATGGATGTAACTACCAGCAC 247
CsERF057_IR GTAGGCTTGGGAGGCTTCTT
CsERF058_IF GAAGAAGGCAAAGGGAGTGG 337
CsERF058_IR TGGGTTCATCATCAGCGAGT
CsERF067_IF AAATTCGAGCACCGAATAGA 287
CsERF067_IR AACTGCACAATCCTCAGACAG
CsERF068_IF AGAAAGGCACTCGTTTATGG 200
CsERF068_IR CGAAGAAGAAGAGGAGGAAG
CsERFO072_IF TGTCTCAATTTCGCCGATTC 242
CsERFO072_IR GCCATATCCTCCAACAATCC
CsERFO073_I1F GAGCCGAATAAGAAGACGAG 352
CsERF073_IR AAGATGGAGGAGATAGCAGTAG
CsERF087_IF GAACCAGGAAAGAAGACGAGG 120

CsERF087_IR

CsERF089_IF

CsERF089_IR
CsACTIN_F

CsACTIN_R

TGGGAAGTTGAGGCGAGCAT
ATTCTCAACTTCCCTGACTCTGT
GCCAAGTAGACCCAACCTCA
GACATTCAATGTGCCTGCTATG
CATACCGATGAGAGATGGCTG

225

161
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