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ABSTRACT. Sweet orange (Citrus sinensis) plays an important role in
the economy of more than 140 countries, but it is grown in areas with
intermittent stressful soil and climatic conditions. The stress tolerance
could be addressed by manipulating the ethylene response factor
(ERF) transcription factors because they orchestrate plant responses to
environmental stress. We performed an in silico study on the ERFs in
the expressed sequence tag database of C. sinensis to identify potential
genes that regulate plant responses to stress. We identified 108 putative
genes encoding protein sequences of the AP2/ERF superfamily
distributed within 10 groups of amino acid sequences. Ninety-one
genes were assembled from the ERF family containing only one AP2/
ERF domain, 13 genes were assembled from the AP2 family containing
two AP2/ERF domains, and four other genes were assembled from the
RAV family containing one AP2/ERF domain and a B3 domain. Some
conserved domains of the ERF family genes were disrupted into a few
segments by introns. This irregular distribution of genes in the AP2/
ERF superfamily in different plant species could be a result of genomic
losses or duplication events in a common ancestor. The in silico
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gene expression revealed that 67% of AP2/ERF genes are expressed
in tissues with usual plant development, and 14% were expressed in
stressed tissues. Because the AP2/ERF superfamily is expressed in an
orchestrated way, it is possible that the manipulation of only one gene
may result in changes in the whole plant function, which could result in
more tolerant crops.

Key words: Expressed sequence tags; In silico analysis;
Gene expression; Amino acid sequences

INTRODUCTION

Sweet orange (Citrus sinensis) is a fruit crop that plays an important role in the econo-
my of more than 140 countries, which accumulated 66.4 million tons of oranges in 2010 (FAO,
2011). Brazil is the major worldwide producer and, together with China and the USA, produces
about 50% of the sweet oranges in the world (USDA, 2012). A drawback is that sweet oranges
are produced in areas that are usually subjected to intermittent oscillations in soil and climatic
conditions (Yang et al., 2011), including drought and high and low temperatures. Therefore,
in addition to field recommendations that may mitigate the effects of environmental stresses,
orange producers may search for genetic breeding to result in more tolerant crops.

Plants have evolved to overcome several environmental changes associated with
drought, waterlogging, air temperatures, plagues, grazing, and soil-borne diseases by develop-
ing a complex network of cellular, molecular, and biochemical signaling (Sharma et al., 2010;
Rashid et al., 2012). Signaling and biological control of tolerance to environmental stresses are
governed by genetic regulation at the transcriptional level and are mainly induced by transcript
factors (Jofuku et al., 1994; Sharma et al., 2010).

Ethylene response factors (ERFs) are among the most vital transcription factors be-
cause they play important roles in plant development and regulation of plant defenses (Cham-
pion et al., 2009). ERF is involved in the transcriptional regulation of several biological pro-
cesses related to growth, development, and response to environmental stresses (Sharma et al.,
2010). It participates in the pathways that respond to hormones and biotic and abiotic stresses,
such as jasmonate (JA), abscisic acid (ABA), drought (Liu et al., 1998; Golldack et al., 2011),
salinity (Golldack et al., 2011), low temperature (Carvallo et al., 2011), and diseases (Li et al.,
2011). Proteins of the ERF family were found in several plant species including Arabidopsis
(Sakuma et al., 2002), rice (Nakano et al., 2006; Sharoni et al., 2011; Rashid et al., 2012), cotton
(Champion et al., 2009), tomato (Sharma et al., 2010), grape (Licausi et al., 2010), and apple
(Zhuang et al., 2011). The understanding of the ERF family in C. sinensis is still incipient, and
only a few studies are found in the literature (Yang et al., 2011).

ERF genes are assembled within the APETALA2 (AP2) /ERF superfamily that encompass-
es the ERF, AP2, and related to ABI3/VP1 (RAV) families (Riechmann et al., 2000). The AP2 family
contains two repeated AP2 domains, and the RAV family contains the AP2 domain and the B3 do-
main (Jofuku et al., 1994; Nakano et al., 2006). ERF family proteins contain only one AP2 domain
and are subdivided into the ERF and core-binding factor/dehydration responsive element-binding
(CBF/DREB) protein subfamilies (Jofuku et al., 1994; Sakuma et al., 2002; Nakano et al., 2006).

Therefore, knowing the important role of the ERF family in overcoming abiotic
stresses and considering that few studies have characterized this gene family in C. sinensis,
we performed an in silico study of the ERF transcription factors in the expressed sequence

Genetics and Molecular Research 13 (3): 7839-7851 (2014) ©FUNPEC-RP www.funpecrp.com.br



AP2/ERF gene superfamily in Citrus sinensis 7841

tag (EST) database of C. sinensis. We observed that genes of the AP2/ERF family are usu-
ally expressed in tissues with normal plant development and also in tissues undergoing some
kind of stress. Our analysis may contribute to the understanding of genetic and physiological
mechanisms that determine tolerance to environmental stress.

MATERIAL AND METHODS
Identification and phylogenetic analysis of AP2/ERF domains in sweet orange

Protein sequences of the AP2/ERF family genes in Arabidopsis thaliana were iden-
tified in The Arabidopsis Information Resource database (http://www.arabidopsis.org/) and
used to research sweet orange (C. sinensis) orthologous genes in the Citrus Genome Database
(http://www.citrusgenomedb.org/species/sinensis) using the protein basic local alignment
search tool (BLASTP) (Altschul et al., 1997). Retrieved sequences were searched against all
available sequences in the GenBank database (National Center for Biotechnology Informa-
tion, NCBI; http://www.ncbi.nlm.nih.gov) using BLASTP and translated BLAST and were
arranged into amino acid sequences with the open reading frame (ORF) finder online tool
(NCBI; http://www.ncbi.nlm.nih.gov/gorf/gorf.html). Protein sequences with incomplete
AP2/ERF domains or incorrect ORFs were excluded from further analyses.

Protein sequences containing the AP2/ERF domains were aligned using ClustalW 2.0,
and redundant entries were excluded. The resulting sequences were arranged into an unrooted
neighbor-joining tree with MEGA 5.10 (Tamura et al., 2011) using 1000 bootstrap replicates
and the pair-wise deletion option.

Conserved motif display of AP2/ERF domains in sweet orange

Conserved motifs in sweet orange AP2/ERF protein sequences were further investi-
gated using ClustalW 2.0 and MEME Suite 4.81 (http://meme.nbcr.net/meme) with the fol-
lowing parameters: optimum width of 6-80 amino acids, any number of motifs of repetitions
of a motif, and maximum number of motifs set at 25. The resulting motifs and sequence
conservation of recognizable functional domains were verified and validated using protein
analysis and gene function tools from databases (NCBI database, European Bioinformatics
Institute-European Molecular Biology Laboratory, and Expert Protein Analysis System from
the Swiss Institute of Bioinformatics).

Intron/exon distribution of AP2/ERF domains in sweet orange

The distribution of intron positions in the AP2/ERF genes was uncovered by aligning
the full-length cDNA transcripts with the complete genomic DNA sequences using the Gene
Structure Display Server (http://gsds.cbi.pku.edu.cn). For a single full-length cDNA aligned
against a conterminous stretch of genomic sequence, exons are proximal blocks of homolo-
gous sequence between full-length cDNA and genomic sequences, whereas introns are gaps
between exons consisting entirely of genomic sequence. The general distribution of introns
within each coding DNA sequence was analyzed according to the distribution of exon sizes.

Investigation of predicted AP2/ERF gene expression profiles in citrus

ESTs were used to detect AP2/ERF gene expression patterns. First, we used the pre-
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dicted nucleotide sequences of the AP2/ERF genes from sweet orange as query sequences
to complete a nucleotide BLAST in the NCBI EST database (http://www.ncbi.nlm.nih.gov/
nucest). The redundant sequences were deleted. The expression data in different tissues were
retrieved by analyzing the EST source information of the obtained 408 sequences.

RESULTS
Identification and phylogenetic analysis of AP2/ERF domains in sweet orange

We identified 108 putative genes encoding protein sequences of the AP2/ERF super-
family in C. sinensis (Table 1; Tables S1 and S2). A relatively low number of genes of this plant
species contain the AP2/ERF domain compared with the number of genes in other plant species
(Arabidopsis thaliana = 147, Vitis vinifera = 149, Oryza sativa = 180, Prunus persica = 131,
and Malus domestica = 259). The majority of the AP2/ERF domain-containing genes (i.e., 91
genes) in C. sinensis were assigned to the ERF family because they contained only one AP2/
ERF domain, 13 genes were assigned to the AP2 family because they contained two AP2/ERF
domains, and four genes were assigned to the RAV family because they contained one AP2/
ERF domain and a B3 domain. On the basis of amino acid sequences, 34 genes (groups I-1V)
were placed within the DREB subfamily, and 49 genes (groups V-X) were placed within the
ERF subfamily.

Table 1. Summary of the AP2/ERF superfamily of Citrus sinensis and model species Arabidopsis thaliana,
Vitis vinifera, Oryza sativa, Prunus persica, and Malus X domestica.

Species Citrus Arabidopsis Vitis Oryza Prunus Malus x

sinensis thaliana® vinifera® sativa* persica® domestica®
Family Subgroup Group N) N) N) N) N) N)
ERF DREB 1 6 10 5 9 6 10
I 6 15 8 16 9 13
111 18 23 22 27 23 22
v 4 9 5 6 7 23
ERF v 8 5 11 8 11 19
VI 3 8 5 6 3 6
VI-L 2 4 2 3 4 4
VI 4 5 3 15 6 8
VIII 10 15 11 15 10 31
X 22 17 40 18 19 45
X 8 8 10 12 6 12
Xb-L 0 3 0 10 0 2
91 122 122 145 104 195
AP2 13 18 20 29 21 51
RAV 4 6 6 5 5 6
Soloist 0 1 1 1 1 7
Total 108 147 149 180 131 259

“Nakano et al. (2006); *Licausi et al. (2010); “Zhang et al. (2012); Girardi et al. (2013).

These genes were further analyzed by aligning the deduced amino acid sequences of
the AP2/ERF domains in C. sinensis and Arabidopsis. This alignment revealed that amino
acid residues Gly-4, Arg-6, Arg-8, Glu-16, Trp-30, Leu-31, Gly-32, Ala-40, and Asn-64 were
fully conserved in C. sinensis, and the amino acid residues Gly-11, Arg-28, Ala-41, Ala-43,
Asp-45, and Gly-53 were conserved in at least 95% of the sequences (Figure 1; Figure S1).
In Arabidopsis, Sakuma et al. (2002) observed that two main amino acid residues differenti-
ate the ERF and DREB subfamilies: the ERF subfamily contains alanine and aspartate, and
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the CBF/DREB subfamily contains valine and glutamic acid in the 14th and 19th positions,
respectively. We observed that the majority of genes in the ERF subfamily contained a fully
conserved alanine residue in the 14th position and aspartate, glutamic acid, histidine, or as-
pargine in the 19th position. Regarding the DREB subfamily, we observed that all genes
contained a fully conserved valine in the 14th position and glutamic acid or leucine in the
19th position (Figure 1; Figure S1).

B-1 B-2 B-3 a-helix

CGitsERF01/191-248 LYRGVRQRHWG KWVAE IRLP - - - RNRTRLWLGTFDRAEDAALAYDREAFKLRGEN
GitsERF05/174-231 LYRGVRQRHWGKWVAE IRLP - - - KNRTRLWLGTFDTAEEAALAYDKAAYKLRGDF -
GitsERF11/34-91  PYKG | RMRKWGKWVAE I REP - - - NKRSRIWLGSYTTP I AAARAYDTAVF YLRGPS -
GitsERF20/60-117 VYRGVRMRAWGKWVSE I REP - - - RKKSRIWLGTF STPEMAARAHDVAALS I KGAS -
GitsERF28/46-103 VYRGVRRRDSGKWVCEVREP - - - NKKSRIWLGTFPTAEMAARAHDVAAIALRGRL -
GitsERF32/3592 TYKGVRQRTWGKWVAE I REP - - - NRGARLWLGTFDTSHEAAMAYDAAARKLYGPD -
GitsERF34/64-121 RYRGVRQRSWOKWVAE IREP . - - RKRTRKWLGTFATAEDAARAYDRAAI ILYGSR -
CitsERF38/7-64  KFRGVRQRHWGSWVSE IRHP - - - LLKRRVWLGTFETAEEAARAYDQAA I LMSGRN -
GitsERF44/125-182 KF RGVRQRPWG KWAAE I ROP - - - ARRVRLWLGTYDTAEEAARVYDNAAIKLRGPD -
CitsERF46/99-161 | YKGVRRRPWGKYSAE IRDP - - - FRRVRLWLGTFNTAEEASSAYQKKKHEF ESMCE

€

GitsERF47/102-161 KPKGVRQRKWG KWAAE I ROP - + - FKKOR IWLGTYDTKEAAARAYE | KRLEFEARAA. - - SEKSNAS
GitsERF51/83-140 VYRG | RORPWGKWAAE IRDP - - - YKGVRVWLGTFNTAEEAARAYDEAAKRIRGDK: - - -

GitsERF5Y28-85 RFLGVRRRPWGRYAAEIRDP .- -STKERHWLGTFDTAEEAALAYDRAARSMRGPR -
CitsERF66/48-105 RYRGVRRRPWGRYAAE IRDP . - -QSKERRWLGTFDTAEEAACAYDCAARAMRGMK -
GitsERF79/84-142 SYRGVRRRPWGKFAAE IRDS. - TRHG IRVWLG TFDSAEAAALAYDQAAF SMRGSS -
CitsERFBY138-196 HYRGVRQRPWGKF AAE IRDP - - AKNGARVWLGTFETAEDAALAYDRAAYRMRGSR -
CitsERFB4/209-266 RYRGVRQRPWG KWAAE I RDP - - - HKAARVWLG TFDTAEAAARAYDEAALRFRGNR
CGitsERF91/126-182 KYRG | RORQCGRWAAE IRDP - - - RRAVRVWLGTFDTDEAAARAYDRAA I EFRGLK

Consensus
+YRGVRQRPWGKWAAE I RDP . - - RK+ VRVWLGTFDTAEEAARAYDRAA I KLRGPR - - - - - AKLNF P
*

A; ¥ *A a4 A

Figure 1. Alignment of the AP2/ERF domains from Citrus sinensis ethylene response factor proteins. Asterisks and
arrowheads indicate identical and conserved amino acid residues, respectively. The black bar and arrows represent
predicted a-helix and B-sheet regions, respectively.

The 91 putative genes belonging to the ERF family (DREB and ERF subfamilies,
groups [-X) in citrus encoded 91 proteins and were named CitsERF. A clustering analysis us-
ing the neighbor-joining method and 58-59 amino acid sequences placed these 91 CitsERFs
along a phylogenetic tree (Figure 2). The ERF proteins of C. sinensis were classified into 10
groups (I-X) according to their similarity to Arabidopsis AP2/ERF domain sequences.
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Figure 2. Phylogenetic analysis of 91 sweet orange ethylene response factor (ERF) proteins. An unrooted neighbor-
joining phylogenetic tree was constructed using MEGA 5.10 for the multiple sequence alignment of 91 sweet
orange ERF protein sequences. Groups are marked I to X (DREB subfamily: I, II, III, and IV; ERF subfamily: V,
VI, VI-L, VII, VIII, IX, and X).
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Conserved motifs of ERF family genes in sweet orange

We employed multiple sequence analyses to find conserved motifs outside the AP2
domain in ERF family genes of citrus and related them to their biological functions. The
analyses indicated that the majority of protein sequences associated with the ERF family of
citrus contained at least one motif in either the C- or N-terminal region. The likely locations

of the motifs are shown in Figure 3.
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Figure 3. Distribution of conserved motifs in the ethylene response factor (ERF) family in Citrus sinensis.
Conserved motifs are marked with different signs, as indicated below the motifs. Each black box represents an
AP2/ERF domain. The positions of introns are marked with arrowheads.
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In the DREB subfamily, group I (CitsERF 01 to CitsERF06) contained seven conserved
motifs, from which, CizsERF03 and CitsERF06 had the CMI-02 motif in the C-terminal region.
In group 11 (CitsERF 07 to CitsERF12), CitsERF07, CitsERF09, and CitsERF 12 contained the
CMII-03 motif in the C-terminal region, and CitsERF 12 also contained a CMII-02 ERF-associ-
ated amphiphilic repression (EAR) and CMII-03 motifs in the C-terminal regional. This motif
is illustrated in Figure 4A. Group III is a larger group, comprising 18 ERF genes (CitsERF'13
to CitsERF30). All genes of this group contained the CMIII-01 motif in the C-terminal region;
CitsERF22, CitsERF23, CitsERF24, CitsERF27, and CitsERF28 contained the CMIII-4-LWS
motif in the C-terminal region; and CitsERF20 and CitsERF22 to CitsERF29 contained the
CMIII-02 motif. In group IV (CitsERF31 to CitsERF34), only CitsERF31 contained a motif,
the CMIV-02 motif.

In the ERF subfamily, group V (CitsERF35 to CitsERF42) contained the CMV-
02 motif that was associated with CitsERF35 to CitsERF37, the CMV-01 motif that was
associated with CitsERF35 and CitsERF36, and the CMV-03 and CMV-04 motifs that were
associated with CitsERF38 and CitsERF39; all motifs were in the C-terminal region. All genes
of group VI (CitsERF43 to CitsERF47) contained the CMVI-01 motifin the N-terminal region.
CitsERF43, CitsERF44, and CitsERF45 contained the CMVI-02 motif in the N-terminal
region; CitsERF44 and CitsERF47 contained the CMVI-05 motif in the N-terminal region;
and CitsERF-44 was the only gene to have the CMVI-03 motif in the N-terminal region. In
group VII (CitsERF48 to CitsERF51), CitsERF50 and CitsERF51 contained the CMVII-01
motif in the N-terminal region and the CMVII-02 motif in the C-terminal region. In addition,
CitsERF50 contained three more motifs in the C-terminal region, CMVII-03, CMVII-05,
and CMVII-08. In group VIII (CitsERF52 to CitsERF61), CitsERF57 to CitsERF61 had the
CMVIII-1/EAR motif, which is related to amphiphilic repression, in the N-terminal region.
The CMVIII-1/EAR motif is illustrated in Figure 4B. CitsERF54, CitsERF57, CitsERF5S,
CitsERF60, and CitsERF61 contained the CMVIII-02 motif, and CitsERF54 and CitsERF56
had the CMVIII-03 motif in the C-terminal region. In group IX (CitsERF62 to CitsERFS83),
six motifs were found: CMIX-01 to CMIX-06; all of the motifs were in the C-terminal
region. Within this group, CitsERF62, CitsERF6S8, CitsERF69, CitsERF70, CitsERF79,
and CitsERF80 were associated with the CMIX-01 motif; CitsERF64, CitsERF67, CitsERF72,
CitsERF76, and CitsERFS83 were associated with the CMIX-02 motif; CitsERF63, CitsERF74,
CitsERF'75, CitsERF79, CitsERFS80, CitsERFS82, and CitsERF83 were associated with the CMIX-
03 motif; CitsERF76, CitsERF79, and CitsERF80 were associated with the CMIX-04 motif;
CitsERF64 and CitsERF67 were associated with the CMIX-05 motif; and CitsERF62, CitsERF63,
CitsERF64, and CitsERF67 were associated with the CMIX-06 motif. In group X (CitsERF84 to
CitsERF91), only CitsERF90 contained a motif, the CMX-01 motif, in the N-terminal region.

Intron/exon structure of ERF family genes in citrus

We determined the size and distribution of exons in the ERF family genes in C. sinensis
by aligning the full-length cDNA transcripts with the complete genomic DNA sequences. This
type of alignment may provide information about the evolutionary relationships of the genome.
The analysis indicated that the exon lengths ranged from 138.4 to 274.79 bp with the average
size of 205.3 bp (standard deviation = 68.96). We observed that 26 of the 91 genes (28.6%) had
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only one intron in each gene; these genes were distributed in the following groups: I, 111, 1V,
V, VII, VIII, IX, and X (Figure 3). Some conserved domains of the ERF family genes were
disrupted into a few segments by the introns. Furthermore, the number and position of the
introns were relatively conserved in each group.

A. Group ICMII-2 (EAR motif)

OSERFOO7 v = v v+ QPPPPQR- - - - RRTKNP JTEAD TEIIDE - « = =« =+ = -
QsERFO0E EEQHHHHEQKHQRTAWSGRAKNP[ L y N AE- - -« - .-
AERFOO7  w v v e vmmemaeas MyEN MBI IREAYGL - - oo
AERFO08 - - - - - - CR. - - KSGNGSLER ANED- 60D DECVKRR
AIERFO09  NDDLMECSSKEGF KRCNGSLER P DPEL(S DY J.
AERFOT0 REEEEEDEDDKRLRSGGRLLDR 0SS0 - EEWESKH- - -
AERFOTT v v o v e v e c v e e v FGGGLLEL AN LD - DDLVGK- - - -
GHSERFI2  « v v v v i e i v e e e e s SGFLNR S SDLUGADWR TN - - -
AERFOOB = v n v v vmnnnanene e pvikeifo Ildeseor. -
D (L/M) NxxP
B. Group VIIICMVII- (EAR motif)
OSERFOTT P e v v e v vnnnnnnnnnnn AVGVGL TEEA -+ +vmesonns
GHSERFE0 PRS- - -« - nn-- - serrL i o[lo L YIS dPEVA. - - - a o n
MERFOTE R+ v o vmmee e YEGRRVV{DL[IMIF [ APEN. - - -
CHSERFE! HH- w v v v onnnn. DOKPRRVILD I ML E-DFA- - v oo e ot
MERFOTE GG v v v mme e e MEKRsOL oL (ML [ HseQA- - - - ot
AERFOTS GG e v v v m mee e e e AGKISPPLDLDIMIL AHAE - « - - o v o i e
OsERFO?Y PSPP.- . - .. ... AALAKKAIAFOLDIMIC A dMEY - - - - - - o - oo - -
OSERFOTE PSPP .-« vo-. AVTANKAAAF O LIIIRIR I AVEN - « v oo v e e e
AERFO82 DD v s v v e s IASSSRRRNPPFOF[IMF 2zl - - . LOCVDLFNG-A
AERFOBZ DD- - - - - - IASSSSRRKTPFOQF[AMF :0:- - - - - LOGVDLFAGG I
GHSERFS7 GD- « « « = =« IALSSCR‘KSLPFF ..... LODVDF NGD - -
CitsERFS8 DD - - - - - - - - CVFSSSLFRKVIEPF AL 0P - - - LEPMMTLMDGG
QsERFOIE DD« v = v v = - ASTVRSR- - - VAAF[IMEAL G- « <« « c 0 0 0 v PLDRD
OSERFI3d CA- -« « v oo DAAASPSCRLPFOFIMIL |GGG GGGGGGFGCAYDD
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Figure 4. EAR motif-like sequences conserved in group II and VIII ERF proteins. A. Sequence alignment of
C-terminal regions of group II proteins. B. Sequence alignment of C-terminal regions of group VIII proteins.
Conserved motifs are underlined. Black and gray shadings 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.

Expression profiles of predicted AP2/ERF genes in citrus

We identified 408 AP2/ERF ESTs from the citrus NCBI EST database for our in silico
gene expression analysis. Results from our analysis are depicted in Figure 5. It is notewor-
thy that the AP2/ERF superfamily genes are expressed in tissues related to plant develop-
ment (67% of the expression was in fruit, leaves, immature ovaries, flowers, seed, meristem,
phloem, and roots), but it may also be stimulated by environmental stress events (14% of the
expression was in Xylella infection, cold stress, pathogen attack, and insect attack). It also ap-
pears that the AP2/ERF genes are related to flavedo and albedo (7%), callus formation (7%),
and other processes (5%).
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Figure S. In silico expression of the ERF family genes in different Citrus sinensis tissues.

DISCUSSION

The AP2/ERF superfamily transcription factors orchestrate the pathways of plant de-
velopment and plant responses to biotic and abiotic stresses (Sakuma et al., 2002). The ma-
nipulation of the complex metabolic pathways governed by the AP2/ERF superfamily may
represent an interesting approach in breeding strategies to generate crops that are tolerant to
intermittent oscillations in soil and climatic conditions.

Earlier studies identified genes belonging to the AP2/ERF superfamily in other plant
species (Table 1), usually using 4. thaliana as a plant model for classification (Nakano et al.,
2006). Considering C. sinensis, we identified 108 genes encoding transcription factors of the
AP2/ERF superfamily, while much larger numbers of genes were identified in other plant spe-
cies (Table 1). However, the low number of AP2/ERF genes in C. sinensis is not associated with
the size of the genome itself. Although C. sinensis has a much larger genome (367-396 Mbp)
(Arumuganathan and Earle, 1991) than Arabidopsis (145 Mbp), the structure and phylogenic
arrangements are quite similar. Indeed, other studies have shown that the AP2/ERF superfamily
in soybeans (with a genome size of 1115 Mbp) (Zhang et al., 2008) appeared to be quite similar
to that found in rice (430 Mbp) (Rashid et al., 2012), grape (475 Mbp) (Licausi et al., 2010),
and cucumber (367 Mbp) (Hu and Liu, 2011). In fact, any irregular distribution of genes in the
AP2/ERF superfamily among different plant species may have evolved from genomic losses
or duplication events of a common ancestor, contributing to the expansion or restriction of the
number of these genes (Hu and Liu, 2011; Rashid et al., 2012; Zhang et al., 2012).

The alignment analysis revealed that ERF proteins contain conserved Ala-14 and Asp/
His/Glu/Asn-19 residues, whereas DREB proteins contain conserved Val-14 and Glu/Leu-19
residues. These highly conserved amino acid residues play an important role in the ERF gene
functions, and they are probably involved in different forms of contact with the DNA. It was
already known that the AP2/ERF domain recognizes DNA through the conserved arginine
and tryptophan residues located in B-sheets (Allen et al., 1998). Likewise, Ala-37 in the ERF
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domain plays an important role in the stability of the ERF domain and in the binding of the
DRE element or GCC-box to the DNA (Liu et al., 2000).

We confirmed the congruence of 10 groups of ERF family genes in Arabidopsis and
C. sinensis, showing that the methodology of Nakano et al. (20006) is also suitable for C. si-
nensis. Similarities in the AP2/ERF superfamily of different plant species imply that they have
common gene ancestors. For instance, there is evidence that most groups and subgroups of
genes within the dicotyledons and between dicotyledons and monocotyledons are alike, sug-
gesting that many genes existed much before the diversification of plants into dicotyledons
and monocotyledons (Sharma et al., 2010; Zhang et al., 2012). In the same way, some groups
and subgroups of genes were present in one plant species but not in the other. For example,
groups XI-XIV occurred only in the ERF family in rice, but not in Arabidopsis and other
dicotyledons (Zhang et al., 2008), suggesting that they evolved or were lost after diversifica-
tion (Zhang et al., 2008). In this study, most of the genes with an AP2 domain were conserved
within groups III and IX. Nakano et al. (2006) pointed out that these groups play an important
role in the plant tolerance to abiotic and biotic stress in different plant species. Therefore, a
relatively large number of genes within these groups should be attributed to several adaptive
strategies to environmental changes over thousands of years.

Some motifs are located out of the binding region and play important functions for
the transcription factors. These motifs represent functional domains and are often conserved
between members of groups or subgroups of larger families of transcription factors that share
similar functions (Nakano et al., 2006). By analyzing the distribution of motifs along the
phylogenetic tree of ERF transcription factors in C. sinensis, we observed that the motifs of
C. sinensis that were located out of the binding region of the AP2 domain share structural
similarities with their homologs in Arabidopsis, rice, and soybean (Nakano et al., 2006; Zhang
et al., 2008). Ohta et al. (2001) identified an ERF motif that was associated with amphiphilic
repression and named it EAR. The EAR motif has a conserved sequence [(L/F)DLN(L/F)xP]
in the C-terminal region of repressing ERF proteins and plays important roles in several bio-
logical functions, downregulating genes involved in different pathways of hormonal and stress
signaling (Fujimoto et al., 2000; Ohta et al., 2001). In this study, the EAR motif was only
found in the proteins of groups II and VIII, and was identified as CMII-2 EAR and CMVIII-1,
respectively (Figures 3 and 4).

Two other members of group VIII in Arabidopsis, AtERF4 and AtERF7, were charac-
terized (Ohta et al., 2001). Both AtERF4 and AtERF7 downregulate the gene PDF1.2, which
contains a GCC-box in its promoter region. Previous studies showed that AtERF4 downregu-
lated the expression of ethylene-, JA-, and ABA-responsive genes (Ohta et al., 2001). The
DREB protein containing the EAR motif, named DEARI1, functioned as a repressor of the
binding proteins related to the dehydration response element that mediates the responses to
abiotic and biotic stresses (Tsutsui et al., 2009).

The CMIV-2 motif in the N-terminal region of group IV probably functions as a nu-
clear location signal (El Kayal et al., 2006) in a similar way as the nuclear transport signal that
was previously described by Stockinger et al. (1997), which is involved in protein trafficking.
Recently, the CMIV-2 motif was described as an essential factor in Arabidopsis, where it par-
ticipates in the CBF1 binding to the DNA, being indispensable for its transcriptional activity
(Canella et al. 2010). The CMIX-2 and CMIX-3 motifs of group IX are putative acid regions
that may function as transcription activator domains (Fujimoto et al., 2000). A comparative
analysis of the motifs in C. sinensis and Arabidopsis suggested that the protein functions are
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conserved in the ERF family. In fact, most of the motifs are distributed in specific clades in
the phylogenetic tree, showing structural and functional similarities between members of the
same group (Figures 2 and 3).

In a previous study, Sakuma et al. (2002) reported that most genes in the ERF family
of Arabidopsis contain hardly any introns, and they identified only one intron in four genes.
Later, Nakano et al. (2006) determined that this intron in the ERF family was conserved in
groups V, VII, X, and Xb-L. The “introns-early” hypothesis advocates that the localization of
introns may be conserved between different species if the introns already existed in a common
ancestor of monocotyledons and dicotyledons (Rogozin et al., 2005). Therefore, as far as the
“introns-early” hypothesis is concerned, there is significant similarity between the AP2/ERF
genetic structures of Arabidopsis and C. sinensis. Of the 91 CitsERF genes that we identified,
25 genes contained an intron in the same location as its ortholog in Arabidopsis (Figure 3).

The gene expression patterns of the 91 genes of the ERF family in C. sinensis were
investigated based on their EST annotations (Figure 5). The in silico analysis revealed that
25% of ESTs were expressed in fruit libraries. A number of physical and chemical parameters,
including ethylene, stimulated the regulation of ERF transcription factors, suggesting that
they are also involved in the crosstalk of fruit development and ripening (Guo and Ecker,
2004). Tournier et al. (2003) demonstrated that SIERF2, an ERF that binds a GCC-box, plays
an important role during the ripening of tomato. Similar patterns were observed for ERFs
expressed during the ripening of different fruits (Xiao et al., 2013). The overexpression of
LeERF I shortens the fruit postharvest life (Li et al., 2007), while LeERF2 modulates ethylene
biosynthesis in tomato and tobacco. Therefore, evidence that ERFs are associated with flavor
and fruit texture during ripening is increasing (Licausi et al., 2010).

Interestingly, Figure 5 shows that the AP2/ERF superfamily genes were expressed
more often in healthy plant tissues (67% of the time) than in stressed tissues (14%). In fact,
although the genetic sequences of C. sinensis are complete in the database, we cannot be sure
that all stressful possibilities have been considered. However, despite the fact that the gene ex-
pression of the ERF family was associated with regular plant metabolism, there are important
insights regarding its role in plant stress tolerance.

A relevant study showed that several ERF proteins induce plant tolerance to biotic and
abiotic stresses (Guo et al., 2004). Our in silico analysis revealed that only 14% of ESTs were
expressed in libraries of tissues submitted to some kind of stress. These genes contain an AP2/
ERF domain that may bind to either a GCC-box or a DRE with a motif core of A/GCCGAC
(Liu et al., 1998). This implies that the signaling pathways mediated by DREB and ERF are
not exclusive of each other, but that they work in crosstalk between themselves (Zhang et al.,
2008). The overexpression of the DREB genes in Arabidopsis activates the expression of some
other genes related to drought, low temperatures, and salt tolerance (Liu et al., 1998; Sakuma
et al., 2006). The overexpression of AoDREB of Asparagus officinalis L. in transgenic Arabi-
dopsis elicited the expression of rd294 and COR154, resulting in better plant tolerance to salt
stress (Liu et al., 2010). Further studies should consider these genes as promising candidates
for improving the mechanisms to regulate the ERF genes in C. sinensis in different stresses.

Genetic evolution has selected traits that allow plants to survive under several stress-
ful soil and climatic conditions. This study provided some information about the AP2/ERF
superfamily in C. sinensis, which is related to responses to environmental stresses and may
become useful as tools to engineer stress-tolerant plants. Because the AP2/ERF superfamily
is expressed in an orchestrated way, it is possible that manipulating only one gene may cause
changes in the whole plant function, which could result in more tolerant crops.
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