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Abstract DNA binding with one finger (Dof) transcrip-

tion factors are unique in plants, characteristically com-

posed of a Dof domain in structure, functionally involved

in mediating many processes of plant growth and devel-

opment. In this study, we report a genome-wide analysis

for Dof gene family in castor bean (Ricinus communis L.,

Euphorbiaceae) genome. In total, 21 RcDof genes were

identified and their constructional characterization, classes

and phylogenetic relationships were documented. The

expression profiles of the 21 RcDof genes among different

tissues were inspected using the high throughput RNA-Seq

data. Finally, SqRT-PCR analysis was performed to test the

transcriptional responses of the 21 RcDof genes to abscisic

acid (ABA) and/or gibberellic acid (GA) signals, resulting

in the identification of 18 RcDof genes responsive to ABA

and/or GA signals. Thus, this study would provide basic

information in understanding the molecular basis of the

RcDof family and their potential function in regulating the

growth and development of castor bean.
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Introduction

DNA binding with one finger (Dof) transcription factors,

characterized by the conserved DNA-binding domain called

Dof domain, exist uniquely in plants. The Dof domain con-

tains a single C2/C2-type (CX2CX21CX2C-type) zinc-finger-

like motif composed of 52 amino acid residues, binding

specifically to the core sequence AAAG (Yanagisawa and

Schmidt 1999; Umemura et al. 2004), with an exception of

recognizing an AGTA element (the pumpkin AOBP) (Kisu

et al. 1998). Four absolute conserved cysteine residues can

covalently bind to the zinc ion, essential for the activity of

Dof proteins (Yanagisawa 1995, 2004). The Dof proteins are

structurally characterized by an N-terminal conserved DNA-

binding domain and a C-terminal transcription-regulating

domain (Yanagisawa 2002). The Dof domain is known to be

a bi-functional domain that mediates not only DNA-binding

but also protein–protein interactions (Vicente-Carbajosa

et al. 1997). The amino acids of the C-terminal transcription-

regulating domain are variable, leading to the functional

diversities of Dof members in plants, such as carbon–nitro-

gen metabolism (Yanagisawa 2000; Kumar et al. 2009), light

responses and photoperiodic flowering (Yang et al. 2010;

Song et al. 2012), nutrition storage during seed development

(Dong et al. 2007; Wang et al. 2007; Marzábal et al. 2008),

pollen maturation (Chen et al. 2012), stomata guard cell

specific gene regulation (Plesch et al. 2001), and cell cycle

regulation (Skirycz et al. 2008).

Since the first event of Dof protein isolation (ZmDof1)

from maize (Yanagisawa and Izui 1993), many Dof genes
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have been functionally identified or predicted in a genome-

wide scale from green unicellular algae to higher plants.

Only one Dof gene was identified in the green alga Chla-

mydomonas reinhardtii (Shigyo et al. 2007), and there were

19, 8 and 8 Dof genes respectively in the moss Physcomit-

rella patens (Shigyo et al. 2007), the fern Selaginella mo-

ellendorffii and the gymnosperm Pinus taeda (Moreno-

Risueno et al. 2007b). In angiosperms, the number of Dof

genes seems widely variable among species. For instance,

there were 36 (in Arabidopsis, Lijavetzky et al. 2003), 30 (in

rice, Lijavetzky et al. 2003), 41 (in poplar, Yang et al. 2006),

26 (in barley, Moreno-Risueno et al. 2007b), 31 (in wheat,

Shaw et al. 2009), 28 (in sorghum, Kushwaha et al. 2011), 78

(in soybean, Guo and Qiu 2013) and 34 (in tomato, Cai et al.

2013) Dof genes identified from genome-based surveys.

Based on the sequence similarity of amino acids in the Dof

domain region, Dof family was categorized into seven sub-

families A-G (Moreno-Risueno et al. 2007b). These sub-

families might represent the functionally different groups in

regulating the growth and development of plants.

Castor bean (Ricinus communis L.), a model plant in the

family Euphorbiaceae, is an important non-edible oil seed

crop. Due to the high economic value, castor bean is widely

cultivated in many countries, particularly in India, China and

Brazil (Qiu et al. 2010). The biosynthesis of lipids in oilseeds

is highly regulated by physiological and genetic factors, like

light, oxygen availability and transcriptional factors (Baud

and Lepiniec 2010). Previous study indicated that the Dof

genes (GmDof4 and GmDof11) might be involved in regu-

lating lipid biosynthesis in soybean seeds (Wang et al. 2007).

Several PBFs (prolamin-box binding factors) were impli-

cated in regulation of storage proteins at the beginning of

seed filling (Yamamoto et al. 2006; Dong et al. 2007; Mar-

zábal et al. 2008). Though the genome sequencing has been

completed (Chan et al. 2010), functions of most genes are

unclear. In particular, the mechanism of oil accumulation in

oilseeds is far from understanding. Based on the genomic and

transcriptional data, this study focuses on identification and

characterization of Dof transcription factors in castor bean to

dissect the molecular basis of the Dof genes and their

potential function in regulating the growth and development

in plants.

Materials and methods

Database search for castor bean Dof genes

The Dof domain sequences were used as query to perform

a blastp search in the castor bean genome with default blast

settings and an expect value set 1.0 at TIGR database

(http://castorbean.jcvi.org/index.php). The SMART (http://

smart.embl-heidelberg.de/) and pfam (http://pfam.sanger.

ac.uk/) were further applied to confirm the presence of Dof

domain in these putative Dof proteins. The previously

identified Arabidopsis 36 Dof protein sequences were

obtained from the DATF database (http://datf.cbi.pku.edu.

cn/). To predict cis-acting regulatory elements in the pro-

moter regions of all castor bean Dof genes, 1,500 bp

genomic DNA sequences upstream of the initiation codon

(ATG) were surveyed against the PlantCARE database

(Lescot et al. 2002).

Phylogenetic analysis and sequence structure

Multiple sequence alignments were performed in Clustal

W (version 2.0, Larkin et al. 2007) with default parameters.

Phylogenetic trees were constructed with Neighbor-Joining

(NJ) criteria using MEGA (version 5.2, Tamura et al.

2011), with 1,000 bootstrap replicates. The conserved

motifs among those Dof proteins (with E value\0.1) were

identified using the online MEME analysis tool (http://

meme.ebi.edu.au/meme/intro.html) with following param-

eters: optimum motif width set to C6 and B200; maximum

number of motifs set to 50. To predict the exon/intron

arrangements of the Dof genes, alignments of coding

sequences against the genomic sequences were performed

using the online GSDS analysis tool (http://gsds.cbi.pku.

edu.cn/).

Global gene expression analysis

To gain insights into the expression patterns of Dof genes

among different tissues during development, the global

gene expression analysis was performed using the high

throughput RNA-Seq data from five tissues/organs

including developing endosperms at the early stage of oil

accumulation and the oil fast accumulation stage, germi-

nating seeds, leaves and developing male flowers, available

online at the European Nucleotide Archive (http://www.

ebi.ac.uk/ena) with accession number ERA047687 (Brown

et al. 2012). The expression profiles of Dof genes among

different tissues were visualized by a heatmap according to

the [Fragments Per Kilobase of exon per Million (FPKM)

fragments mapped] values.

Plant materials, treatments and SqRT-PCR

Castor bean seeds were germinated and grown in a

greenhouse in pots. For treatments, 100 lM ABA (abscisic

acid) and 100 lM gibberellic acid (GA) were sprayed on

leaves of seedlings at the three-leaf stage. The leaves were

harvested after 40 h and immediately frozen in liquid

nitrogen and stored at -80 �C for further use. Total RNAs

were extracted using RNAiso Plus (Takara, Dalian)

according to the manufacturer’s protocol. To obtain the
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first-strand cDNA, 1 lg of RNA was used as the template

for cDNA synthesis with the cDNA Synthesis SuperMix

(Transgen, Beijing). For the SqRT-PCR, gene specific

primers were given in Supplementary Table S1, and a

castor bean Actin gene was used as an internal control. The

PCR reaction conditions were set: denaturing at 94 �C for

3 min, followed by 25 cycles of denaturing at 94 �C for

30 s, annealing temperature of each pair of primers for 30 s

and extension at 72 �C for 1 min, and a final elongation

step at 72 �C for 5 min. Each reaction was performed in

triplicates. The amplified products were tested on a 1.0 %

agarose gel and then the signal intensity was quantified

using Bio-Rad Quantity One software (Bio-Rad Labora-

tories, CA, USA).

Results

Identification of Dof genes in castor bean

By searching putative Dof genes against castor bean gen-

ome database using Dof domain sequence, 23 Dof amino

acid sequences were identified. Each of identified 23 Dof

amino acid sequences exhibited a Dof domain with sig-

nificant E value (\1.0). However, two proteins encoded by

genes 29813.m001503 and 30025.m000581 were found to

have incomplete Dof domain, both lacking of the two

cysteine residues near the N terminal. Consequently, the

two genes were excluded for further analyzed, and the

other 21 were consecutively named as RcDof-1, RcDof-2 to

RcDof-21 based on their gene locus (Table 1). The 21

RcDof genes encoding proteins ranged from 148 (RcDof-

11) to 506 (RcDof-14) amino acids (aa) in length with an

average of 323. Domain analysis revealed that all the

RcDof proteins had a typical zinc-finger Dof-type profile

with four conserved cysteine residues, essential for the zinc

finger configuration and required for loop stability (Fig. 1).

The Dof domain sequences showed highly conserved

sequences with 28 out of 52 amino acids being 100 %

identical in the 21 RcDof proteins, and all presented before

200 aa of N terminal. Dof genes identified from Arabi-

dopsis were used to assign orthologous for castor bean

(detailed information is listed in Table 1).

Phylogenetic relationships and gene structure analysis

Considering the diverse structures and functions of RcDof

genes, the RcDof domain sequences were used for phylo-

genetic analysis of RcDof genes. Based on the NJ tree

generated, RcDof genes were clustered into four major

Table 1 Information of all Dof transcription factors identified in castor bean genome

Gene name Gene ID in TIGR Postion of Dof

domain

E-value Protein

length

Intron

number

Group Arabidopsis putative

orthologous

RcDof-1 27395.m000081 16–78 6.30e-35 250 0 A AT1G51700.1 (ADOF1)

RcDof-2 27985.m000859 18–80 1.10e-32 294 0 C AT1G21340.1

RcDof-3 28838.m000250 134–196 2.00e-34 497 0 D AT5G39660.2 (CDF2)

RcDof-4 29235.m000230 32–94 8.50e-35 345 0 B AT5G65590.1

RcDof-5 29333.m001047 8–70 1.00e-31 308 0 C AT3G52440.1

RcDof-6 29676.m001648 64–126 9.00e-34 335 0 B AT1G07640.2 (OBP2)

RcDof-7 29676.m001667 26–88 3.30e-33 245 0 D AT3G50410.1 (OBP1)

RcDof-8 29688.m000255 16–78 5.90e-35 284 0 C AT2G28510.1

RcDof-9 29742.m001380 19–79 1.60e-31 163 1 C AT2G46590.2 (DAG2)

RcDof-10 29851.m002375 43–105 1.00e-30 307 0 D AT1G28310.2

RcDof-11 29900.m001624 34–96 5.70e-34 148 0 D AT1G29160.1 (COG1)

RcDof-12 30003.m000320 75–137 1.20e-33 338 1 B AT3G55370.2 (OBP3)

RcDof-13 30068.m002546 42–104 1.90e-34 306 1 C AT4G24060.1

RcDof-14 30072.m000930 108–170 6.00e-34 506 1 D AT3G47500.1 (CDF3)

RcDof-15 30098.m001709 38-100 2.70e-34 298 1 C AT3G61850.4 (DAG1)

RcDof-16 30138.m003918 30-92 1.00e-33 313 0 A AT5G60850.1 (OBP4)

RcDof-17 30138.m004065 127–189 2.10e-34 488 1 D AT3G47500.1 (CDF3)

RcDof-18 30147.m013945 42–104 1.00e-34 326 1 C AT5G62940.1

RcDof-19 30170.m013941 144–206 5.70e-34 368 0 D AT3G50410.1 (OBP1)

RcDof-20 30190.m011331 52–114 2.70e-34 357 1 B AT1G28310.2

RcDof-21 30190.m011334 24–86 2.40e-33 314 0 C AT5G62940.1

Arabidopsis putative orthologous were assigned after BLASTP alignment against the TAIR database (http://www.arabidopsis.org/)
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classes (I–IV; Fig. 2a). Correspondingly, major groups

(MOCGs A, B, C and D) were labeled (see Fig. 2a)

according to the nomenclature and classification system of

Dof genes in Arabidopsis. Class I contained the group C,

class II consisted of the group B1, and group A and D2

were clustered into Class III; while Class IV included the

Fig. 1 Multiple sequences alignments of RcDof domain sequences. The four cysteine residues are indicated. Identical amino acids are

highlighted in dark black

Fig. 2 Phylogenetic tree and exon–intron structure of RcDof genes.

a The phylogenetic tree was constructed by the alignments of Dof

domain amino acid sequences of the 21 RcDof proteins with the

neighbor-joining method. The classes were named as I–IV, and

subgroups were named coincide to the nomenclature in Arabidopsis.

Bootstrapping values are indicated as percentages ([50 %) along the

branches. b Intron–exon structure of RcDof genes. The green bars

indicate the exons and the lines represent the introns. The red bars

represent the Dof domain, and the size can be estimated using the

horizontal scale. Numbers are splicing phases

530 Genes Genom (2014) 36:527–537
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group D1. The classes I and III respectively containing 8

and 6 members were dominant in RcDof gene family.

While as illustrated in Supplementary Fig. S1, the phylo-

genetic relationships of Dof genes between castor bean and

Arabidopsis generated was nested by five distinct major

clades. Following the nomenclatures for each clade in

Arabidopsis, clades A, B, C and D contained both Dof

genes from Arabidopsis and castor bean, while group C3

was composed of four AtDof genes (AT4G21030,

AT4G21040, AT4G21050 and AT4G21080). In addition,

group C and D were further divided into three (C1, C2.1

and C2.2) and two (D1 and D2) subgroups respectively.

These results showed that Dof genes were highly conserved

between castor bean and Arabidopsis.

Since gene structural diversity might be a key factor for

the evolution of multi-gene families, we compared the

exon–intron organization for each Dof genes identified. As

shown in Fig. 2b, 12 genes were intronless and 9 had only

one intron, particularly, most of the members in the same

classes or subgroups shared the similar exon–intron orga-

nization. For instance, all members in subgroups A, C2.2

and D2 were intronless, and genes in subgroup C2.1 con-

tained only one intron. Previous analysis for Dof genes

revealed that most of Dof genes had none or one intron, and

two at most in rice and Arabidopsis (Lijavetzky et al.

2003). However, the Dof gene CrDof1 identified in green

algae (Chlamydomonas reinhardtii) had four introns,

implying that the introns of Dof genes might be lost during

the evolution of plants.

Conserved motifs in RcDof proteins

The identified 21 RcDof proteins and 36 AtDof proteins

were analyzed using MEME software to predict the pre-

sence of conserved motifs in Dof transcription factors. In

total, 33 motifs were identified (see Fig. 3 and Supple-

mentary Table S2), of which motif 1 was the conserved

Dof domain present in each Dof member. Most of motifs

were shared between castor bean and Arabidopsis, except

six motifs (6, 8, 13, 25, 28 and 33) which were uniquely

present in Arabidopsis. Motifs 6, 8, 13, 25 and 28 were

distributed in Arabidopsis exclusive of subgroup C3

members (Fig. 3). These specific motifs strongly implied

that the subgroup C3 in Arabidopsis might be unique or

species-specific. Besides, some motifs were group-specific,

for example, motifs 2, 3, 4, 5, 11, 12 and 20 were unique to

subgroup D1, and motifs 14 and 24 were specific to group

C. As illustrated in previous study (Kishimoto et al. 1985),

the motifs 2, 23 and 26 represented the protein kinase C

phosphorylation sites ([ST]-x-[RK]); the amino acid resi-

due S or T was a specific phosphorylation site; and motifs

7, 11, 15, 26, 29 and 33 also contained phosphorylation

sites for casein kinase II ([ST]-x(2)-[DE]). The similar

motifs present in subgroups might imply the functional

conservation, although the function of most motifs was still

unknown.

Analysis of cis-regulatory elements

To explore the potential molecular mechanism underlain

the functional differentiation of RcDof genes, cis-regula-

tory elements within 1,500 bp upstream sequences before

the initiation codon (ATG) of 21 RcDof genes identified

were comprehensively predicted. In addition to the typical

eukaryotic cis-regulatory elements like TATA-motif and

CAAT-motif, another 61 distinct elements were identified,

which could be divided into four major physiological

function classes, including light responses, hormone

responses, stress responses, and involvement of tissue

specific gene expression (see Table 2). The light respon-

sive elements were found in all RcDof genes (Supple-

mentary Table S3). Studies have shown that some

hormones, such as GA, salicylic acid (SA), are strongly

related to Dof genes (Washio 2001; Kang et al. 2003).

Correspondingly, responsive elements to these hormones

(mainly GA, methyl jasmonate, salicylic acid and ABA)

were widely identified in the promoter regions of RcDof

genes. Also, the stress responsive elements were identified

in most of RcDof genes, including responses to cold,

drought, heat, and fungus infection. Additionally, cis-reg-

ulatory elements like O2-site, RY-element, Skn-1_motif

and GCN4_motif, which were involved in regulating

endosperm specific gene expression, were identified also in

most of RcDof genes. In addition, functions of eight genes

(RcDof-4, 5, 6, 8, 12, 15, 17 and 18) were possibly

involved in the development of meristem-specific because

they had gene expression (see Supplementary Table S3 for

details). Since cis-regulatory elements usually are critical

factors in regulating gene expression, the diverse cis-reg-

ulatory elements identified from the promoter regions of

RcDof genes might be a basis of functional differentiation

in RcDof genes.

Expression pattern of RcDof genes in tissues

Dissecting the expression profiles of RcDof genes among

tissues could offer critical evidence to understand their

potential function. According to the normalised RNA-Seq

data (Supplementary Table S4), a hierarchy cluster was

performed to globally visualize the expression profiles of

RcDof genes, resulting in the expression of 19 RcDof genes

were detected in different tissues (Fig. 4). The expression

profiles showed that 14 out of 19 RcDof genes were con-

stitutively expressed in every organ tested. Four genes

(RcDof-6, 12, 18 and 20) were differentially expressed and

preferred in leafs. The RcDof-2 was expressed only in male

Genes Genom (2014) 36:527–537 531
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flower tissues. Three genes (RcDof-3, 16 and 17) were co-

expressed in leaf and/or male flower tissues.

Comparing the expressional difference of RcDof genes at

the two different developing stages of endosperm, we found

that the expression levels of RcDof genes were apparently

higher in the early stage than in the mid-late stage. In par-

ticular, the RcDof-9 was highly and specifically expressed at

the early stage of seed development. Also, RcDof-10, 13, 8,

Fig. 3 Protein structures of RcDof and AtDof proteins based on the presence of the Dof domain (motif 1) and other conserved motifs identified

by MEME. The motifs are highlighted in different color boxes with numbers 1–33. The detailed motifs sequences are shown in Table S2

532 Genes Genom (2014) 36:527–537
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Table 2 Function descriptions of all identified cis-regulatory elements

Classes Cis-elements Function description

Light responsive elements (34, 338)a 3-AF1 binding site Light responsive element

AAAC-motif Light responsive element

ACE cis-Acting element involved in light responsiveness

AE-box Part of a module for light response

AT1-motif Part of a light responsive module

ATC-motif Part of a conserved DNA module involved in light responsiveness

ATCC Part of a conserved DNA module involved in light responsiveness

ATCT-motif Part of a conserved DNA module involved in light responsiveness

Box 4 Part of a conserved DNA module involved in light responsiveness

Box I Light responsive element

box II Part of a light responsive element

CATT-motif Part of a light responsive element

GAG-motif Part of a light responsive element

GA-motif Part of a light responsive element

Gap-box Part of a light responsive element

GATA-motif Part of a light responsive element

G-Box cis-Acting regulatory element involved in light responsiveness

GT1-motif Light responsive element

I-box Part of a light responsive element

LAMP-element Part of a light responsive element

MNF1 Light responsive element

Sp1 Light responsive element

TCCC-motif Part of a light responsive element

MRE MYB binding site involved in light responsiveness

Pc-CMA2a Part of a light responsive element

rbcS-CMA7a Part of a light responsive element

CATT-motif Part of a light responsive element

CG-motif Part of a light responsive element

chs-CMA1a Part of a light responsive element

chs-CMA2a Part of a light responsive element

chs-CMA2b Part of a light responsive element

GTGGC-motif Part of a light responsive element

L-box Part of a light responsive element

TCT-motif Part of a light responsive element

Hormone responsive elements (11, 118) ABRE cis-Acting element involved in the abscisic acid responsiveness

GARE-motif Gibberellin-responsive element

P-box Gibberellin-responsive element

TATC-box cis-Acting element involved in gibberellin-responsiveness

AuxRE Part of an auxin-responsive element

AuxRR-core cis-Acting regulatory element involved in auxin responsiveness

TGA-box Part of an auxin-responsive element

ERE Ethylene-responsive element

TCA-element cis-Acting element involved in salicylic acid responsiveness

CGTCA-motif cis-Acting regulatory element involved in the MeJA-responsiveness

TGACG-motif cis-Acting regulatory element involved in the MeJA-responsiveness

Genes Genom (2014) 36:527–537 533
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15 and 20 were up-regulated at the early stage of seed

development. However, none Dof gene was up-regulated in

the mid-late stage of seed development.

Expression of RcDof genes under ABA or GA

treatment

Studies have shown that Dof genes are widely participated

in ABA and GA signal pathways (Gualberti et al. 2002;

Moreno-Risueno et al. 2007a; Gabriele et al. 2010),

implying that the functions of Dof genes might be mediated

by ABA and GA signals. To dissect the possible involve-

ment of RcDof genes in the regulation of hormone

responses, the expression levels of RcDof genes were

investigated in response to ABA and GA treatments

respectively. SqRT-PCR analysis showed a number of

genes not detected in normal leaves. In response to ABA

treatment, SqRT-PCR analysis showed 13 genes were up-

regulated in contrast to the controls, in particular, the

RcDof-5, 6, 13 and 20 were highly induced (Fig. 5), indi-

cating that these genes might be high sensitive to ABA

signaling. Also, two genes (RcDof-15 and 18) were down-

regulated compared with the controls. In response to GA

treatment, seven genes were inducible and five genes were

inhibited in comparison with the controls. It is noteworthy

that the seven inducible genes under GA treatment were

up-regulated in response to ABA treatment. Notably, the

RcDof-20 was up-regulated in response to ABA treatment,

whereas down-regulated in response to GA treatment.

Table 2 continued

Classes Cis-elements Function description

Stress responsive elements (8, 128) ARE cis-Acting regulatory element essential for the anaerobic induction

Box-W1 Fungal elicitor responsive element

C-repeat/DRE Regulatory element involved in cold- and dehydration-responsiveness

MBS MYB binding site involved in drought-inducibility

HSE cis-Acting element involved in heat stress responsiveness

LTR cis-Acting element involved in low-temperature responsiveness

WUN-motif Wound-responsive element

TC-rich repeats cis-Acting element involved in defense and stress responsiveness

Tissue specific elements (8, 88) CAT-box cis-Acting regulatory element related to meristem expression

CCGTCC-box cis-Acting regulatory element related to meristem specific activation

O2-site cis-Acting regulatory element involved in zein metabolism regulation

RY-element cis-Acting regulatory element involved in seed-specific regulation

Skn-1_motif cis-Acting regulatory element required for endosperm expression

GCN4_motif cis-Regulatory element involved in endosperm expression

as-2-box Involved in shoot-specific expression and light responsiveness

HD-Zip 2 Element involved in the control of leaf morphology development

a The numbers in each bracket represent types and total numbers of distinct cis-elements

Fig. 4 Heatmap of expression profiles for 19 RcDof genes in five

castor bean tissue samples. The heatmap was generated by R using the

expression data of the castor bean gene models by Illumina RNA-Seq

from European nucleotide archive database (accession number

ERA047687, Table S4), and the normalized log2 transformed values

were used with hierarchical clustering represented by the color scale

(1.0–5.0). Green indicates low expression, and red indicates high

expression. Tissue samples were: developing endosperm stage II/III,

E II/III; developing endosperm stage V/VI, E V/VI; developing MF

male flowers, GS germinating seed, L leaf

534 Genes Genom (2014) 36:527–537
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These results indicated that some RcDof genes were

involved in cross-talking among pathways of different

hormone signal transduction.

Discussion

The present study reported 21 RcDof genes identified in

castor bean genome, and classified them into four classes

and seven subgroups based on the similarities of conserved

Dof domain region and gene structures (Fig. 2). Compared

with the number of Dof genes in rice (30 genes) and

Arabidopsis (36 genes), the size of the castor bean Dof

family is slightly smaller. For a given transcription factor,

rich introns on genome could delay regulatory responses

and be selected against in genes whose transcripts require

rapid adjustment for survival of environmental challenges

(Jeffares et al. 2008). The Dof genes having no intron, or

having a few introns in higher plants suggested that they

may be highly sensitive to stresses responses. The less

intron within RcDof genes in castor bean might be related

to its strong ability in adapting diverse environments.

The global expression profile analysis showed that most

of RcDof genes were widely expressed in different tissues,

indicating that they might be involved in diverse physio-

logical functions. Cis-elements analysis also suggested the

functional diversities of RcDof genes, mainly involving in

light responses, hormone responses and stress responses.

The light responsive elements were extensively presented

in all RcDof genes, in accordance with RcDof genes highly

expressed in leaves (Fig. 5), indicating that Dof genes

might be involved to light responses and seedling mor-

phogenesis (Park et al. 2003; Ward et al. 2005). Four genes

(RcDof-6, 12, 18 and 20) were identified to be specifically

expressed in leaves. On inspecting the homologues of

RcDof-6, 12, 18 and 20 in Arabidopsis, we found that these

genes were closely homologous with the group B members

in AtDof, which were functionally well characterized as

responsive to hormone signals. In particular, the OBP2

(At1g07640, a homologue of RcDof-6) and OBP3

(At3g55370, a homologue of RcDof-12) were highly

expressed in leaves and roots, and sensitively responsive to

auxin and salicylic acid in Arabidopsis seedlings (Kang

and Singh 2000; Kang et al. 2003). Notably, there was also

evidence for the involvement of OBP2 gene in regulating

glucosinolate biosynthesis (Skirycz et al. 2006). However,

RcDof-2 was highly expressed in male flowers, and RcDof-

3, 16 and 17 showed co-expressed differential expression

in leaves and/or male flowers. Previous studies had showed

that the homologues of RcDof-3 and 17 in Arabidopsis

could interact with F-box protein in regulating photoperi-

odic flowering (Imaizumi et al. 2005; Fornara et al. 2009;

Yang et al. 2011). In addition, the expression levels of two

genes (RcDof-5 and RcDof-11) were not detected in any of

the five tissues tested. The homologous gene COG1

(AT1G29160) of RcDof-11 might possibly function as a

negative regulator in phyA- and phyB-signaling pathways

(Park et al. 2003). The function of the Arabidopsis

homologous of RcDof-5 seems to be uncertain.

Considering the importance of endosperm in storage

reserve accumulation during seed development, comparing

the expression of different endosperm stages may reveal

some of the related genes associated with storage material

metabolism. The storage materials rapidly accumulated at

the mid-late stage, but none of RcDof gene was up-regu-

lated during the mid-late stage of endosperm development

suggesting that the functional regulation of Dof genes

likely are not involved in storage material metabolism in

Fig. 5 The expression profiles of RcDof genes under ABA and GA treatments
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castor endosperm. However, several RcDof genes such as

RcDof-10, RcDof-13, RcDof-8, and RcDof-15 were highly

expressed in the early stage of endosperm development

with their functions remain to be tested.

When testing the responses of RcDof genes to ABA and

GA signals in castor bean seedlings, 18 genes in total, were

identified to be responsive to ABA and/or GA signals. In

particular, the RcDof-20 gene was significantly up-regulated

under ABA treatment, while down-regulated by GA. The

rice homology of RcDof-20 played a regulatory role in the

expression of the CPD3 (type3 carboxypeptidase) gene

under the control of GA (Washio 2001, 2003). It was notable

that the expression of both RcDof-5 and RcDof-11 (which

were not detectable in the any of the five tissues tested) were

detected in seedlings. Furthermore, RcDof-5 and RcDof-11

were both up-regulated with ABA treatment, meaning their

potential functions involving in responding to ABA signal.

Conclusions

As key roles in regulating the expression of target genes at

transcription levels, identification and functional charac-

terization of transcription factors is essential for under-

standing the transcriptional regulatory networks. We

identified and characterized 21 RcDof genes by a genome-

wide survey in castor bean, classified these Dof genes into

four groups and seven subgroups based on their structural

features. Further, the phylogenetic relationships of Dof

genes between castor bean and Arabidopsis, gene structure,

conserved motifs, cis-regulatory elements were analyzed

and characterized. In particular, the expression profiles of

RcDof genes among different tissues were assessed based

on high throughput RNA-Seq data. The expressional

responses of RcDof genes to ABA and GA signals in castor

bean seedlings were tested by SqRT-PCR technique. On

the whole, the current study provides valuable information

to understand the RcDof functions in regulating the growth

and development of castor bean.
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