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Abstract The basic leucine zipper (bZIP) transcrip-
tion factors comprise a family of transcriptional regula-
tors present extensively in plants, involved in regulating
diverse biological processes such as flower and vascular
development, seed maturation, stress signaling and patho-
gen defense. Castor bean (Ricinus communis L. Euphor-
biaceae) is one of the most important non-edible oilseed
crops and its seed oil is broadly used for industrial applica-
tions. We performed a comprehensive genome-wide identi-
fication and analysis of the bZIP transcription factors that
exist in the castor bean genome in this study. In total, 49
RcbZIP transcription factors were identified, characterized
and categorized into 11 groups (I-XI) based on their gene
structure, DNA-binding sites, conserved motifs, and phy-
logenetic relationships. The dimerization properties of 49
RcbZIP proteins were predicted on the basis of the char-
acteristic features in the leucine zipper. Global expression
profiles of 49 RchZIP genes among different tissues were
examined using high-throughput sequencing of digital gene
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expression profiles, and resulted in diverse expression pat-
terns that may provide basic information to further reveal
the function of the 49 RcbZIP genes in castor bean. The
results obtained from this study would provide valuable
information in understanding the molecular basis of the
RcbZIP transcription factor family and their potential func-
tion in regulating the growth and development, particularly
in seed filling of castor bean.

Keywords Digital gene expression - High-throughput
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Abbreviations
Leu Leucine
Asn  Asparagines

bZIP Basic leucine zipper
DGE Digital gene expression profiling
Introduction

The basic leucine zipper (bZIP) transcription factor fam-
ily is one of the largest and most diverse transcriptional
regulators among eukaryotic organisms. The bZIP proteins
are characterized by a 40-80 amino acids conserved bZIP
domain, which possess a basic region that binds DNA and
an adjacent Leu (leucine) zipper region that mediates pro-
tein dimerization (Talanian et al. 1990; Hurst 1995). The
basic region is highly conserved and consists of around
16 amino acid residues with an invariant N-x7-R/K-x9
motif, while the Leu zipper region is less conserved, con-
sisting of several heptad repeats of Leu or other bulky
hydrophobic amino acids. The basic region preferentially
binds to DNA sequences with an ACGT core cis-element,
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especially like G-box (CACGTG), C-box (GACGTC) and
A-box (TACGTA) (Izawa et al. 1993; Foster et al. 1994).
The N-terminal of the basic region can bind to the major
groove of double-stranded DNA, whereas the C-terminal
of the Leu zipper mediates dimerization to form a super-
imposed coiled-coil structure and mediates the homo- and/
or hetero-dimerization of bZIP proteins (Landschulz et al.
1988; Ellenberger et al. 1992).

Studies have demonstrated that bZIP transcription fac-
tors were involved in diverse physiological processes in
plant growth and development. As known from previous
studies, bZIP genes participated in transcriptional regula-
tion of abiotic stress responses, including drought, osmotic,
cold, oxidative stress, and phytohormone like ABA. In
Arabidopsis, for instance, AtbZIP36 (ABF2/AREBI),
AtbZIP38 (ABF4/AREB?2), and AtbZIP37 (ABF3) genes
were up-regulated in response to the ABA signal, dehydra-
tion, and salinity (Uno et al. 2000). The AtbZIP11 (ATB2)
might play an important role in the sugar signaling pathway
during metabolism (Rook et al. 1998). In rice, OsbZIP12
(OsABFI) and OsbZIP46 (OsABF?2) were strongly induced
in response to drought, salinity and cold stresses, as well as
the ABA signal (Hossain et al. 2010a, b). Over-expression
of ABF3 improved the drought tolerance in both Arabidop-
sis and rice (Kang et al. 2002; Oh et al. 2005). Over-expres-
sion of OsbZIP72 displayed a hypersensitivity to ABA,
elevated levels of expression of ABA response gene such
as LEAs, and increased the ability of drought tolerance in
rice (Lu et al. 2009). The function of OsbZIP10 (OsABIS)
was involved in the metabolic pathway which could influ-
ence the fertility and enhance stress tolerance in rice (Zou
et al. 2008). In tobacco, co-expression of LEA and ThbZIP1
genes resulted in an additive enhancement of stress toler-
ance (Qu et al. 2012). In grape, expression of VvbZIP23
was induced by various abiotic stresses, including drought,
salt and coldness (Tak and Mhatre 2013). However, the
global profiles on function of bZIP genes in plants are far
from being understood.

Recently, available complete genome sequences have
allowed a comprehensive and phylogenetic annotations
for the bZIP genes in several species, such as Arabidopsis
(Riechmann et al. 2000; Jakoby et al. 2002), rice (Nijha-
wan et al. 2008), soybean (Liao et al. 2008), sorghum
(Wang et al. 2011) and maize (Wei et al. 2012). Based on
sequence similarity of the basic region and the presence
or absence of additional conserved motifs, the characteri-
zation of bZIP genes has been annotated for Arabidopsis,
rice and maize. However, limited is known about the holis-
tic profiles of structural and functional annotation in bZIP
genes in other plants because of the limited availability
of complete genome. Castor bean (Ricinus communis L.,
Euphorbiaceae) is one of the most important non-edible
oilseed crops and its seed oil is broadly used in industry.
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In particular, the main composition of its seed oil is ricin-
oleic acid, which is considered as an ideal and unique feed-
stock for biodiesel production (Akpan et al. 2006; Ogun-
niyi 2006; Scholza and da Silva 2008). Due to increasing
demand for production of castor bean seed oils in many
countries, breeding and improvement of varieties are draw-
ing great attention from breeders (Qiu et al. 2010). Further
efforts should be made to elucidate the molecular mecha-
nism underlying the regulation of growth and develop-
ment. The recent completion of the castor bean genome
(Chan et al. 2010) provides a great opportunity to identify
and characterize the holistic profile of the bZIP transcrip-
tion factor family in castor bean, which could provide use-
ful information in understanding the molecular mechanism
of the bZIP genes that underlies the regulation of growth
and development in castor bean. In this study, we identi-
fied and characterized bZIP transcription factors based on
the complete genome sequences of castor bean. Further,
global expression profiles of the castor bean bZIP genes
among different tissues were examined using high-through-
put sequencing for digital gene expression tag profiling
(DGE). Results obtained here provide a holistic profile in
the understanding of the molecular basis of the bZIP tran-
scription factor family in castor bean and other plants in the
family Euphorbiaceae as well.

Materials and methods

Database search for bZIP transcription factors in castor
bean

To identify the putative bZIP proteins in castor bean, the
BLAST search was performed using the known Arabi-
dopsis bZIP sequences downloaded from the TAIR
(http://www.arabidopsis.org/), as queries against the cas-
tor bean genome database (http://www.jcvi.org/). The pro-
teins with the significant E-value (<1.0) were downloaded
and then the redundant protein sequences were screened
and discarded from our data. In addition, the online pro-
grams SMART (http://smart.embl-heidelberg.de/) and pfam
(http://pfam.sanger.ac.uk/) were used to check the predicted
bZIP domains in these putative bZIP proteins. The proteins
which showed the presence of bZIP domain with confi-
dence (E-value <1.0) were used for our further analyses.

Protein properties and sequence analyses

The molecular weight (kDa) and isoelectric point (PI)
of each protein were calculated by online ExPASy pro-
grams (http://www.expasy.org/tools/). The conserved
motifs were identified by the online MEME analysis tool
(http://meme.ebi.edu.au/meme/intro.html) with parameters
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set: optimum motif width >6 and <200, maximum num-
ber of motifs 25. To inspect the exon/intron organiza-
tions in the bZIP genes of castor bean, alignments of the
genomic and cDNA sequences were performed using the
online server GSDS (http://gsds.cbi.pku.edu.cn/). The
intron distribution and splicing phases within the genomic
sequences were further predicted based on the alignments
of the genomic sequences and cDNA full-length sequences
obtained by cloning in previous study (Chan et al. 2010)
using Spidey (http://www.ncbi.nlm.nih.gov/spidey/). Fur-
ther, all of the identified castor bean bZIP and known
AtbZIP amino acid sequences downloaded from TAIR
(http://www.arabidopsis.org) were aligned for phyloge-
netic analyses using the MUSCLE tool (Edgar 2004).
Based on the bZIP protein full-length sequences, phylo-
genetic trees were generated using the neighbor-joining
criteria in MEGA 5.0 (Tamura et al. 2011) with 1,000
bootstrap replicates.

Gene expression analyses

To examine the global expression profiles of castor bean
bZIP genes identified among different organs or develop-
mental stages, high-throughput sequencing of DGEs for
five tissues was conducted, including leaf, root tip, devel-
oping seed at the initial stage (seed I) and at the fast oil
accumulation stage (seed II), and endosperm. Seeds of
castor bean var. ZB306 elite inbred line (kindly provided
by Zibo Academy of Agricultural Sciences, Shandong,
China) were germinated and grown in the conservatory
under natural conditions (11 h light, 13 h dark; 25 °C dur-
ing the day and 18 °C at night). Mature female flowers
were hand-pollinated and tagged. Leaf tissue was col-
lected from a fully expanded young leaves and root tips
were collected, washed and dissected for further use.
Developing seeds at two different stages, i.e., seed I at the
initial stage (developing seeds do not start to accumulate
oil, ca. 15 days after pollination) and seed II at the fast
oil accumulation stage (developing seeds start to accumu-
late oil fast, ca. 35 days after pollination), were collected.
Immature endosperm tissue was dissected from the imma-
ture seeds (ca. 40 days after pollination). All samples
were collected from the same individual tagged. Total
RNA was isolated from the leaf, root tip, seed I, seed II
and endosperm tissues, respectively, using Trizol reagent
(Invitrogen, Carlsbad, CA, USA) and purified using an
RNeasy Mini Kit (Qiagen, Valencia, CA, USA) follow-
ing the manufacturer’s protocol. The quality of total RNA
samples was checked using the NanoDrop Spectrometer
(ND-1000 Spectrophotometer, Peqlab) and agarose gel
electrophoresis.

High quality RNAs were used to construct tag libraries
for illumina sequencing, respectively. Briefly, total RNA

(about 6 ng) was enriched by oligo (dT) magnetic beads
and oligo (dT) used as the primers to synthesize the first
and second-strand cDNA. The cDNA was digested by
two types of endonuclease Nlalll or Dpnll, acquiring
17 bp tags with different adaptors of both ends to gener-
ate a tag library. After 15 cycles of linear PCR amplifica-
tion, 105 bp fragments were purified by 6 % PAGE gel
electrophoresis. After denaturing, the single-chain mol-
ecules were fixed onto the illumina sequencing chip (flow
cell). Each molecule then grows into a single-molecule
cluster sequencing template through in situ amplifica-
tion. Four colored nucleotides were added for sequenc-
ing using the method of sequencing by synthesis (SBS).
Millions of raw reads were generated with a sequencing
length of 49 bp. Sequencing was performed in BGI Shen-
zhen (China).

After the raw sequence data from the five tag librar-
ies were pre-processed to filter out low quality reads and
clipped adapter sequences, all clean reads were mapped
to the castor bean genome (http://castorbean.jcvi.org/
index.php) to obtain unique reads and reads abundance
using SOAP2 software (Li et al. 2009). To compare the dif-
ferential expression of genes among tissues, the expression
level of each gene in the different tissues was normalized to
the number of transcripts per million clean (TPM). Genes
with significantly different expression were determined by
P <0.001 and fold-change >2 in two samples.

Results and discussion
Identification of bZIP transcription factors in castor bean

Based on an extensive survey against castor bean genome
database using the conserved bZIP domain sequence of
Arabidopsis thaliana as a BLASTP query, 100 castor bean
bZIP candidates were initially obtained with a probability
E-value threshold of 1.0. Further, 49 non-redundant bZIP
transcription factors were identified and designated as
RcbZIPs 1-49 according to the nomenclature system pro-
posed in the previous studies (Jakoby et al. 2002; Nijha-
wan et al. 2008; Wei et al. 2012). The proteins encoded by
the 49 transcription factors ranged from 101 to 702 amino
acids (aa) in length with an average of 326 aa. The deduced
molecular weights of 49 RcbZIP proteins ranged from
11.72 kDa to 76.12 kDa (Suppl Table S1). Compared with
Arabidopsis (having 75 members with an average of 321 aa
in length), rice (having 89 members with an average of 311
aa in length) and maize (having 125 gene loci), castor bean
harbors only 49 bZIP transcription factor members with
similar average length to other plants. The reason for castor
bean having less transcription factors is currently unknown,
though previous evidence has showed the higher number of
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bZIP members evolved in monocots than in dicots after the
divergence of monocots from dicots (Wang et al. 2011).

DNA-binding-site specificity and classification of RcbZIP
proteins

The basic and hinge regions in the bZIP domains directly
interacting with DNA cis-elements are the most conserved
regions of the bZIP transcription factor sequences. The
position —14 to —17 of the basic region has been identi-
fied to play a critical role in DNA specific recognition and
binding (Suckow et al. 1993). Therefore, bZIP transcription
factors were often annotated and classified into different
groups characterized by the diagnostic sequence structure
of the basic and hinge regions in Arabidopsis, rice and
maize (Jakoby et al. 2002; Nijhawan et al. 2008; Wei et al.
2012). Similarly, we designated the first Leu residue in Leu
zipper region as the number +1 and the C-terminal amino
acid of hinge region as —1 based on Suckow et al. (1993)
study. The 49 RcbZIP members were classified into 11
groups (I-XI) (Suppl Fig. S1) according to the classification
criteria in rice (Nijhawan et al. 2008). The structural char-
acteristics and DNA-binding specificity of RcbZIP proteins
for each group were described in Table 1. Putative DNA-
binding sites were identified in nine groups (including
groups [-IX). Particularly, six of nine groups with explicit
DNA-binding sites (including the groups I-IV, VII and
VII) exhibited a G-box or C-box binding site, suggesting
that the G-box or C-box site be the main DNA-binding sites
for bZIP members in castor bean. The group VI (covering
nine members) displayed an ABRE binding site, a critical
binding site responding to ABA signals (Choi et al. 2000).
The group IX (including seven members) could bind DNA
sequences like CCA/TGG repeats other than the ACGT
core (Aeschbacher et al. 1991; Yin et al. 1997). The group
V (containing RcbZIP16 only) might form heterodimers by
binding to unknown DNA sequence (Shen et al. 2007). In
addition, DNA-binding sites within groups X (RcbZIP4)
and XI (RcbZIPS) were inexplicit since the conserved Asn
at the —18 position was replaced by a Lys residue within
RcbZIP4 and a hydrophobic Ile residue was replaced by the
conserved Arg/Lys at the —10 position within RcbZIP5.

Gene structure of RcbZIP genes

Genomic structure of each gene, in particular the number
and distribution of exon/introns, may be a record of key
events in evolution and offers insights into understanding
the emergence and evolution of a given gene (Betts et al.
2001). To characterize the gene structure of 49 RcbZIP
genes, their exon/intron organization was analyzed based
on the number, distribution and splicing phase of exon/
intron. Since the basic and hinge regions of the bZIP
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domain are the most conserved, the pattern of intron posi-
tions and splicing phases within bZIP domain regions
were often considered to be more informative than other
regions for exploring the homology and evolution of bZIP
genes (Nijhawan et al. 2008). The splicing phases were
designated as three splicing phases: phase 0 (PO0), splic-
ing occurred after the third nucleotide of the codon; phase
1 (P1), splicing occurred after the first nucleotide of the
codon; and phase 2 (P2), splicing occurred after the second
nucleotide.

In total, 39 of 49 RcbZIP genes were intronic and the
number of introns varied from 1 to 11, of which, 37 had
introns in the bZIP domain region (Fig. 1). On the basis
of the presence and position of introns and splicing phase,
RcbZIP genes could be divided into five patterns (a, b, ¢, d
and e) (Fig. 2; Suppl Fig. S2). The patterns a (including 14
genes) and b (including 15 genes) were the most prevalent.
The pattern a had an intron in P2 behind the position —22
(R) within the basic region, whereas the pattern b had an
intron in PO before the position —5 (A) within the hinge
region. The pattern ¢ (including 7 genes) had two introns
(each in P0), one behind position —26 (K) within the basic
region and the other behind —6 (K) within the hinge region.
The pattern d (one gene only) had an intron (P2) inserted
between —17 (Q) and —16 (Q) within the basic region.
The pattern e was devoid of any intron in the basic or hinge
region. When an intron was presented in the hinge region,
both its phase and position were conserved, whereas its
positions and splicing phases (PO or P2) were variable
when presented in the basic region. Similarly, the intron
distribution and splicing patterns within the bZIP domain
regions were observed in rice and maize, indicating that the
gene structure and splicing phases of bZIP genes were con-
siderably conserved within the basic and hinge regions in
plants (Nijhawan et al. 2008; Wei et al. 2012).

After inspecting the gene structure and splicing phase
patterns for each group classified above, we found that
most members clustered in the same group shared the same
or similar gene structure (including intron number and
splicing phase), though the introns were variable in length
(Fig. 1). For instance, three members within group I shared
same gene structure and splicing phases; eleven members
within group VI had the same gene structure and splicing
phases; seven members within group VII had their own
gene structure and splicing phases; and seven members
within group XI also displayed similar gene structure and
splicing phases. In particular, the seven members within
group VII showed the pattern c; group I and VI shared the
pattern b; group II, IV, V, IX, and X shared the pattern a;
and group IV clustered by most intronless members exhib-
ited the pattern e. Correspondingly, the conserved gene
structure and splicing phases in each group were in agree-
ment with the classification of RcbZIP genes above.
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Fig. 1 Exon/intron organization of 49 RcbZIP genes was depicted
for each group. The exons and introns are represented by boxes and
lines, respectively. The red box denotes the bZIP domain region; the
numbers above line denote the splicing phase. The numbers “0” and

Fig. 2 Intron patterns Pattern ~ Number

(a—e) within the basic and hinge of of
regions of 49 RcbZIP proteins. introns  introns
PO and P2 stand for the intron a 1

splicing phases. PO means
splicing occurred after the third
nucleotide of the codon; and
P2 means splicing occurred
after the second nucleotide.
The black bars represent the
sequence of basic and hinge
regions. The vertical lines
denote the positions of intron
splicing phases

b 1

Identification of additional motifs in RcbZIP transcription
factors

Outside the bZIP domain region, bZIP proteins usually
contain additional conserved motifs which might indicate
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“2” denote different splicing phases, “0” means splicing occurred
after the third nucleotide of the codon, and “2” means splicing
occurred after the second nucleotide
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potential function sites or participate in activating the func-
tion of bZIP proteins. Diverse conserved motifs outside of
the bZIP domain region had been identified in Arabidopsis,
rice and maize (Jakoby et al. 2002; Nijhawan et al. 2008;
Wei et al. 2012). A total of 25 motifs (with E-value cutoff
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Fig. 3 Summary for the distribution of conserved motifs identified from 49 RcbZIP proteins by each group given separately. Each motif is rep-
resented by a number in colored box. See Suppl Table S2 for detailed motif information

<e-1.0), including the conserved bZIP domain (motif 1),
were identified in castor bean (Suppl Table S2). The distri-
bution of motifs in each amino acid sequence was depicted
separately in Fig. 3. It can be observed that the motif 3 are
shared by 45 members involving each group, and some
motifs are shared by several groups such as the motif 17
present in groups I and VI, the motif 19 present in groups
I and III, the motif 20 present in groups III, IV, V and
VIII, and the motif 16 present in groups VI, VII, IX and X,
respectively. Most of the conserved motifs, however, were
presented in specific groups, for example, motifs 5, 8, 9, 14
and 16 in the group VI, motifs 2, 4, 6, 7, 13 and 25 in the
group VII, and motifs 11, 12, 15, 18, 21 and 22 in group
IX. These observations may indicate that the group-specific

motifs aid in determining specific functions for members in
each group.

Compared to those conserved motifs identified within
bZIP transcription factors in other plants, 14 motifs
(including motifs 2, 4, 5, 6, 8, 9, 10, 11, 13, 14, 16, 17, 19
and 25) were shared between castor bean and Arabidopsis,
eight motifs (including motifs 2, 4, 5, 6, 8, 9, 14 and 19)
were shared between castor bean and rice, and 10 motifs
(including motifs 2, 4, 5, 6, 7, 8, 9, 14, 19 and 21) were
shared between castor bean and maize. In addition, eight
motifs (motifs 2, 4, 5, 6, 8,9, 14 and 19) were commonly
shared by castor bean, Arabidopsis, rice and maize, indicat-
ing these additional motifs outside of bZIP domain might
be conserved among plant species. Some of additional
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motifs, however, were variable among species and might be
species-specific in plants.

The motif 3 was further identified as a part of N-ter-
minal extension of Leu zipper region, tightly associated
with motif 1 (within basic region). The motifs 5, 8 and 9
represented potential CKII (casein kinasell) phosphoryla-
tion sites with the presence of TLE [ED], [ST] AE [EA]
and TVD [ED] (Pinna 1990), respectively. These CKII
phosphorylation sites might be associated with ABA sig-
nal (Choi et al. 2000; Uno et al. 2000). The motif 14 con-
tained another phosphorylation site RQ [NGST] S, which
might be for Ca’*-dependent protein kinase (R/KxxS/T)
(Schworer et al. 1988). The motif 16, a Gln-rich domain,
had been proven to have a critical role in transcriptional
activation (Emili et al. 1994). The motif 17, a Pro-rich
domain, might be involved in mediating protein—protein
interactions (Meier and Gruissem 1994). The motif 4 cor-
responds to the Ras-binding domain of Byr2 kinase in
Schizosaccharomyces (Scheffzek et al. 2001). Although the
presence of these conserved motifs shared among castor
bean, Arabidopsis, rice and maize might reflect functional
similarities of bZIP proteins in plants, the function of most
additional conserved motifs identified in RcbZIP transcrip-
tion factor family is not yet known.

Prediction of dimerization property

Studies have demonstrated that the Leu zipper region of the
bZIP domain mediates dimerization between the parallel
coiled-coil structures and forms homo and/or hetero-dimer-
ization determined by the amino acid sequences (Oshea
et al. 1992). The Leu zipper region, arranged in the form
of heptad repeats, is responsible for dimerization. Within
each heptad, the amino acid positions are named as g, a,
b, c, d, e and f in order (see Suppl Fig. S3; Hodges et al.
1973; Deppmann et al. 2004). Leu zipper dimerization sta-
bility and specificity are determined mainly by four amino
acids at a, d, e and g positions, as their locations near the
Leu zipper interface. The a and d residues are hydrophobic
and pack in a regular “knobs and holes” pattern along the
dimerization interface to create the hydrophobic core that
is critical for dimerization. The buried Asparagines (Asns)
at a position can form a polar pocket in the hydrophobic
interface that limits oligomerization when interacting inter-
helically (Zeng et al. 1997), and cause stable N-N interac-
tions at the a<>a’ (the opposite helix corresponding posi-
tion), but does not interact favorably with other a position
amino acids (Acharya et al. 2002), tending to form homo-
dimerization Leu zippers. The d position contains the con-
served Leu, a kind of the most stabilizing aliphatic amino
acid (Moitra et al. 1997), and is important to maintain the
dimerization stability. However, the e and g positions that
flank the dimerization interface contain a large number of
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Fig. 4 Prediction of the dimerization properties of 49 RcbZIP pro-
teins. a Pie charts depicting the frequency of different amino acids at
the a, d, e and g positions of the Leu zippers of all RcbZIP proteins
(see Suppl Fig. S3 for the amino acid positions within the Leu zipper
regions). b Histogram of the frequency of Asn residues present at the
a position of each heptad within Leu zippers for all RcbZIP proteins.
¢ Histogram of the frequency of attractive or repulsive g<>e’ pairs per
heptad within Leu zippers for all RcbZIP proteins

charged amino acids, which are thought to interact electro-
statically to form salt bridges between helices (Vinson et al.
1993). Thus, a detailed analysis was carried out to charac-
terize the amino acids present at the a, d, e and g positions.

At the a position, 26 % of amino acids was Asns in 49
RcbZIP proteins (Fig. 4a). For each heptad, the highest of
the Asn frequency at a position was located in the second
heptad followed by the fifth heptad, accounting for 55.1
and 48.98 %, respectively (Fig. 4b), which is identical to
Arabidopsis and rice. A small number of charged amino
acids (R, K, E and D) present at a position were observed
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which might contribute to form hetero-dimerization. At the
d position, the frequency of the conserved Leu was of con-
siderable abundance in 49 RcbZIP proteins, accounting for
73 %; the frequency of other hydrophobic amino acids (I,
V and M) accounted for 17 % (Fig. 4a). Compared to the
AtbZIPproteins (the Leu amino acid accounted for 56 % at
the d position), RcbZIPs exhibited more abundant Leu con-
tent at d position, indicating that castor bean bZIP genes
may have a stronger stability of Leu zipper dimerization
than Arabidopsis. For the e and g positions, the abundant
charged amino acids (including acidic amino acids E and
D, and basic amino acids R and K) were observed, account-
ing for 46 and 57 %, respectively (see Fig. 4a). Compared
to Arabidopsis (charged amino acids accounting for 41 and
53 % at the e and g positions, respectively), the frequen-
cies of charged amino acids present in the e and g positions
were higher in castor bean. To analyze the contribution
of charged residues at the e and g positions in governing
dimerization properties of RcbZIP proteins, we calculated
the presence of attractive and repulsive g<>e’ pairs in each
heptad of castor bean Leu zippers (Suppl Fig. S3), and
the histogram of their frequency was presented in Fig. 4c.
If both the g and the following e position amino acids
are charged, they were referred as complete g<>e’ pairs,
classified into four groups (acidic repulsive, basic repul-
sive, +/—attractive, and —/+-attractive) whereas if only
the g or e position is charged, it was referred as incomplete
g<>e’ pairs. It was observed that the maximum frequency
of the complete g<>e’ pairs was 65 %, appearing in the first
heptad, among which, the attractive g<>¢’ pairs were in the
majority. The frequencies of the complete g<>¢’ pairs in
the next three heptads decreased dramatically. In the fifth
heptad, the frequency of attractive g<>e’ pairs increased.
In eighth heptad, only one repulsive g<>e” pair was found.
Moreover, only —/+attractive g<>e” pairs were presented
in the ninth heptad. When the g<>e’ pairs were attractive
pairs, they would not prefer homo-dimerization or hetero-
dimerization, and for the opposite residues, would form
two self-complementary salt bridges. However, the g<>¢’
pairs were repulsive pairs, they favored the formation of
hetero-dimerization, for the interaction of the opposite
residues causing two mutually complementary salt bridges
(Vinson et al. 1993). Based on the analyses of the dimeri-
zation properties above, the 49 RcbZIP proteins could be
categorized into 18 types (BZ1-BZ18) (Suppl Fig. S3).
These types could be further divided into three classes:
class I, containing 2 types (BZ1 and BZ2), favored the
formation of homo-dimerization, for the N present in the
second heptad at a position and the attractive g<>e” pairs
in the first and/or second heptads, and lack of any repul-
sive pairs as well; class III, covering 5 types (BZ14-BZ18),
could be considered as having hetero-dimerization speci-
ficity on account of no attractive g<>e’ pairs; and class II,

comprising of the remaining types, could form both homo-
and/or hetero-dimerization patterns. The detailed dimeriza-
tion properties were described in Suppl Table S3.

Phylogenetic and evolutionary relationships of the RcbZIP
genes

To elucidate the Phylogenetic relationships of the 49
RcbZIP genes identified, an unrooted phylogenetic tree
generated showed that the 49 RcbZIP genes were clustered
into nine clades (designating A to I) with well supported
bootstrap values (Fig. 5). It was observed that most mem-
bers, predicted to have similar DNA-binding properties
and categorized into the same groups, clustered together.
For example, three members categorized in group I were
clustered into clade D; seven members categorized in
group VII were nested into clade I; and seven members
categorized in group IX were embedded in clade G. The
13 members categorized in group IV were separated into
three clades (clade A, B and C). The members from group
V and X were merged with group IX (clade G) with a well
bootstrap support. Combining with the distribution of con-
served motifs among clades, most of the members clus-
tered together shared one or more conserved motifs outside
the bZIP domain. These observations suggested that more
than one RcbZIP motif protein might recognize the same
DNA sequence for binding, but they may have different
dimerization.

To examine the evolutionary relationships of bZIP tran-
scription factors between castor bean and Arabidopsis,
another unrooted phylogenetic tree was constructed based
on the amino acid sequence similarity of 49 RcbZIPs and
75 AtbZIPs obtained in the previous study (Jakoby et al.
2002). The phylogenetic tree generated 11 distinct clades
designated “a” to “k” with well-supported bootstrap values
(Suppl Fig. S4). The similar tree topology to Fig. 5 was
reconstructed. Ten clades (except for clade k) were clus-
tered by interspecies indicating that bZIP genes are homol-
ogous between castor bean and Arabidopsis. In particular,
most members clustered shared one or more conserved
motif outside bZIP domain region. For example, most of
the members from both castor bean and Arabidopsis within
Clade e shared one or several conserved motifs 5, 8, 9,
14, or 16; most of the members from both castor bean and
Arabidopsis within Clade i shared one or more conserved
motifs 2, 4, 6, 7, 13, or 25; and most of the members within
Clade g shared one or more motifs 11, 12, 15, or 18. There-
fore, a majority of the RcbZIP proteins are expected to be
orthologs of the AtbZIP proteins. The fact that most of the
clades comprised interspecies members sharing similar
motifs suggests that the structure and function of most of
the bZIP genes have probably remained conserved during
evolution in plants.
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Fig. 5 Phylogenetic relation-

ships of the 49 RcbZIP proteins.

The phylogenetic tree was
generated using the neighbor-
joining criteria in MEGA 5.0
with 1,000 bootstrap replicates.
The numbers at each other node
indicated the bootstrap values
(>50 %). The 9 distinct clades
were designated as A—/
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Fig. 6 Heatmap of RcbZIP
genes expressed among five
tissues. This heatmap was
generated based on the DGE
expression data (normalized
log?2) using the R software.
Green indicates low expression,
dark indicates intermediate
expression and red indicates
high expression. The R, L, S I, S
II and E denote root, leaf, seed
I (developing seeds at the initial
stage), seed II (developing seeds
at the fast oil accumulation
stage) and endosperm tissues,
respectively

Expression profiles of RcbZIP genes among different
tissues

The high-throughput sequencing produced 4574301,
4660289, 4543329, 4650533 and 4828665 clean sequence
tags for leaf, root, seed I, seed II and endosperm librar-
ies, respectively. After mapping these clean sequence tags
to the castor bean genome database, abundance of tags
matched to each bZIP gene regions in five libraries was
1,407 (leaf), 892 (root), 1,364 (seed I), 736 (seed II), and
981 (endosperm), respectively.

The expression analyses showed that 40 RcbZIP genes
were expressed in at least one of five tissues tested. As illus-
trated in Fig. 6, the expression of 31, 30, 32, 25 and 27 genes
was detected in root, leaf, seed I, seed II and endosperm tis-
sues, respectively. 20 genes (RcbZIPs 33, 46, 28, 14, 20,
34,42, 18, 29, 35, 43, 47, 10, 26, 1, 45, 11, 37, 44, and 5)
were expressed in all five tissues tested, but their expression
levels are largely varied among tissues, and only four genes

R L S E SII

RcbZIP37
RcbZIP45
RcbZIP18
RcbZIP23
RcbZIP38
RcbZIP28
RcbZIP1
RcbZIPS
RcbZIP46
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RcbZIP16
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(RcbZIPs 11, 34, 37 and 42) were highly expressed in all
five libraries. Most of RcbZIP genes displayed a tissue spe-
cific expression pattern. For instance, three genes (RcbZIPs
4, 18 and 25) were highly expressed in the leaf tissue, five
genes (RcbZIPs 7, 20, 16, 32 and 11) were tissue-specifi-
cally expressed in root tips, three genes (RcbZIPs 40, 8 and
49) were tissue-specifically expressed in endosperm, and
four genes (RcbZIPs 28, 43, 37 and 5) were preferentially
expressed in the seed I tissue. Interestingly, the homolog of
the RcbZIP25 is HYH (AT3G17609) in Arabidopsis, which
is involved in light regulation during leaf photosynthesis
(Brown and Jenkins 2008; Holm et al. 2002), consistent
with the high expression of RchZIP25 in leaf of castor bean.
However, the function of most bZIP genes is yet unknown.
To identify potential bZIP transcription factors involved
in oil accumulation in developing seeds of castor bean, we
purposely analyzed the expressional differences of RchZIP
genes detected in seed I and II tissues. Results showed
that 21 of 24 RcbhZIP genes were down-regulated from the
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initial developing stage to the fast oil accumulation stage.
These down-regulated genes might be negative regulators
or expressed early to activate downstream genes and then
declined if they were involved in oil accumulation in the
developing seeds of castor bean. Also, it is possible that
these down-regulated genes might not be involved in oil
accumulation in the developing seeds. Only three genes
RcebZIP40 (30138.m003906), RcbZIP31 (30055.m001548),
and RcbZIPS (29002.m000146) were significantly up-
regulated in the fast oil accumulation stage. Further, we
found the homolog of RcbZIP31 gene is the AtbZIP67
(AT3G44460) in Arabidopsis, which has been identified to
be a critical transcription factor responsive to ABA signal
in the seed filling and storage accumulation of developing
seeds (Bensmihen et al. 2005). The expressional up-regu-
lation of RcbZIP31 gene may imply its involvement in oil
accumulation in developing seeds of castor bean. Further
studies focusing on the functional analysis of RcbZIP31
might partially discover the mechanism underlying the reg-
ulation of oil accumulation in developing seeds of castor
bean. In addition, both RcbZIPs 40 and 8 were specifically
up-regulated in seed II and immature endosperm, implying
their functional involvement in storage material accumu-
lation or endosperm genesis in developing seeds of castor
bean, though their function is yet uncertain.

The expression of nine genes (RcbZIPs 2, 3, 9, 13, 15,
21, 22, 27 and 36) was not detected in any tissue tested,
implying their functions might not be involved in these tis-
sues under normal growth conditions. Further, we detected
whether the nine genes were expressed under drought
stress using RT-PCR techniques. Results from tests showed
that four RcbZIPs (2, 9, 22 and 36) were expressed in seed-
lings of castor bean (data not shown) under drought stress,
suggesting that the functions of the four RcbZIPs 2, 9, 22
and 36 might be involved in responding to abiotic stresses.
Comparing the five genes, whose expression was not
detected in this study, with their homologs in Arabidopsis,
we found that the HYS gene (AT5G11260), a homolog of
RcbZIP21, was involved functionally in regulating the pho-
tomorphogenic development in seedling (Chattopadhyay
et al. 1998); the ABI5 gene (AT2G36270), a homolog of
RcbZIP13, was involved functionally in mediating embry-
ogenesis in the late embryo development (Finkelstein and
Lynch 2000). It is understandable that the expression of
some genes (if their functions are involved in regulating
the growth and development of other organs specific) is not
detected for the limited samples tested in this study.

Conclusions

In total, 49 putative bZIP transcription factors were identi-
fied in castor bean, one of the most important non-edible
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oilseed crops and its seed oil is broadly used for indus-
trial applications. Further, the 49 bZIP transcription fac-
tors were characterized according to the conserved amino
acid residues within bZIP domain, the conserved motifs
and gene organization in structure, phylogenetical analy-
sis, and global expression profiles among different tissues
using high-throughput sequencing. Results obtained from
this study provide holistic information in understanding the
molecular basis of the bZIP gene family in castor bean and
other plants in the family Euphorbiaceae as well.
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