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Abstract The plant-specific B3 superfamily of tran-
scription factors has diverse functions in plant growth and
development. Using a genome-wide domain analysis, we
identified 92, 187, 58, 90, 81, 55, and 77 B3 transcription
factor genes in the sequenced genome of Arabidopsis,
Brassica rapa, castor bean (Ricinus communis), cocoa
(Theobroma cacao), soybean (Glycine max), maize (Zea
mays), and rice (Oryza sativa), respectively. The B3
superfamily has substantially expanded during the evolu-
tion in eudicots particularly in Brassicaceae, as compared
to monocots in the analysis. We observed domain dupli-
cation in some of these B3 proteins, forming more complex
domain architectures than currently understood. We found
that the length of B3 domains exhibits a large variation,
which may affect their exact number of o-helices and
B-sheets in the core structure of B3 domains, and possibly
have functional implications. Analysis of the public
microarray data indicated that most of the B3 gene pairs
encoding Arabidopsis-rice orthologs are preferentially
expressed in different tissues, suggesting their different
roles in these two species. Using ESTs in crops, we iden-
tified many B3 genes preferentially expressed in repro-
ductive tissues. In a sequence-based quantitative trait loci
analysis in rice and maize, we have found many B3 genes
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associated with traits such as grain yield, seed weight and
number, and protein content. Our results provide a frame-
work for future studies into the function of B3 genes in
different phases of plant development, especially the ones
related to traits in major crops.

Introduction

The B3 domain was first identified in VIVIPAROUSI
(VP1) of maize (Zea mays; McCarty et al. 1991), and in its
Arabidopsis ortholog ABSCISIC ACID INSENSITIVE 3
(ABI3; Giraudat et al. 1992). Three basic regions, named
B1, B2 and B3, exist in VP1, among which B1 and B2 are
exclusive to VP1 while B3 is also present in other tran-
scription factors (Giraudat et al. 1992; Swaminathan et al.
2008; Romanel et al. 2009). The B3 domain has not been
found in other kingdoms, thus a B3-containing transcrip-
tion factor is considered plant specific. In addition to the
B3 domain, which is involved in DNA binding, other
domains can coexist in the multidomain B3 proteins and
are thought to mediate protein—protein interaction and/or
dimerization. These additional domains include APET-
ALA2 (AP2), auxin response factor (ARF), auxin/indole-
3-acetic acid (Aux/IAA), and zinc finger CW domain
(zf-CW), which have different structures, functions, and
evolutionary histories from the common B3 domain, a
typical attribute of a superfamily. Based on the presence of
these five domains in a protein, the B3 superfamily can be
classified into five families: ABI3-VP1, ARF, high-level
expression of sugar-inducible (HSI), related to ABI3-VP1
(RAV), and reproductive meristem (REM). In addition to
B3 proteins, some of these domains (except B3) serve as
the signature motif for other families, likely providing a
mechanism to expand their regulatory roles through
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interactions among different classes of transcription fac-
tors. For example, AP2 is the defining domain for the AP2/
EREBP (ethylene response element binding protein) family
(Riechmann and Meyerowitz 1998), whereas the Aux/IAA
domain defines the Aux/[AA family (Riechmann et al.
2000), both of which are also specific to plants.

A number of B3-containing transcription factors have
been shown to regulate a multitude of biological processes
in plants, controlling or influencing both vegetative and
reproductive development (Yamasaki et al. 2004, 2008;
Swaminathan et al. 2008; Romanel et al. 2009; Agarwal
et al. 2011). Three ABI3-VP1 family members, ABI3,
FUS3 (FUSCA 3) and LEC2 (LEAFY COTYLEDON 2),
for instance, are known to regulate seed development and
storage reserve accumulation (Monke et al. 2004; Bray-
brook and Harada 2008; Weselake et al. 2009; Le et al.
2010). Their B3 domains bind to the Sph/RY motif
(CATGCA) in the promoter region of genes under regu-
lation (Suzuki et al. 1997; Reidt et al. 2000; Monke et al.
2004; Le et al. 2010). Our recent bioinformatic analyses
indicated that the Sph/RY elements are overrepresented in
the promoters of genes encoding oleosins and seed storage
proteins in developing Arabidopsis seeds (Peng and
Weselake 2011). Monke et al. (2012) identified a set of 98
putative target genes of ABI3, most of which require the
presence of abscisic acid for activation and exhibit seed
maturation-specific expression patterns. The ARF family is
also well characterized in Arabidopsis, and their B3
domains can bind to auxin responsive elements (AuxREs;
TGTCTC) in the upstream of auxin responsive genes
(Ulmasov et al. 1999; Ellis et al. 2005). ARFs are involved
in various auxin-mediated physiological processes,
including apical dominance, tropic responses, lateral root
formation, vascular differentiation, embryo patterning, and
shoot elongation (Okushima et al. 2005a, 2005b; Guilfoyle
and Hagen 2007). For example, ATIGI19850, which
encodes ARF5 (IAA24), was shown to regulate embryo
axis formation and lateral root development (Smet 2010).
A number of ARF genes in maize were recently predicted
to be potential targets of small RNAs (Xing et al. 2011). By
contrast, the functions of other B3 genes are less well
characterized, but some of them are also implicated in
important biological processes. In the HSI family, for
example, both HSI2 (VAL1; AT2G30470.1) and HSL1
(HSI2-like 1; AT4G32010.1) function as repressors in the
LEAFY COTYLEDON 1 (LEC1)-B3 regulatory network
in plant embryo development and regulate the transition
from seed maturation to seedling growth (Tsukagoshi et al.
2005, 2007; Suzuki et al. 2007). Over-expression of an
RAV family gene, RAVI (AT1G13260), resulted in lateral
root retardation and rosette leaf development in Arabid-
opsis, and its under-expression caused an earlier flowering
phenotype, suggesting that RAV1 is a negative component
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in the regulation of plant development (Hu et al. 2004).
VERDANDI (AT5G18000.1), which is a REM family
protein, has recently been demonstrated to be a direct target
of an ovule identity complex that includes MADS-box
proteins and affects embryo sac differentiation in Arabid-
opsis (Matias-Hernandez et al. 2010).

With the availability of a growing number of sequenced
plant genomes, genome-wide analysis of transcriptional
regulators has emerged as an active research area in com-
parative genomics. Such studies can shed light on the
origin and evolution of transcription factor families among
different species and help to unravel the evolutionary basis
of regulatory diversification in transcription (Riechmann
et al. 2000; Li et al. 2006; Romanel et al. 2009; Carretero-
Paulet et al. 2010; Xing et al. 2011). Swaminathan et al.
(2008) identified the B3-encoding genes in the genome of
Arabidopsis and rice (Oryza sativa), and defined four B3
families: ARF, LAV (including ABI3-VP1 and HSI fami-
lies), RAV and REM. Romanel et al. (2009) analyzed
the B3 genes in six species including two green algae
Chlamydomonas reinhardtii and Volvox carteri, moss
Physcomitrella patens, and three higher plant species
Arabidopsis, poplar (Populas trichocarpa), and rice
(O. sativa), to study the evolution of the B3 superfamily,
with a focus on its REM family. Following Arabidopsis
and rice, of which the genome was sequenced about a
decade ago (Arabidopsis Genome Initiative 2000; Goff
et al. 2002; Yu et al. 2002), advances in the whole-genome
sequencing technology have made it possible to sequence
larger, more complex genomes of major crops, such as
soybean (Glycine max; Schnable et al. 2009) and maize
(Schmutz et al. 2010). Genome-wide analyses of gene
families including important crop species will enhance our
understanding of physiological and agronomic diversity
arising from plant evolution and crop domestication.

In this study, we identified a comprehensive list of B3
genes using a genome-scale domain analysis in seven plant
genomes including Brassicacea and major crop species:
Arabidopsis, Brassica rapa, castor bean (Ricinus commu-
nis), cocoa (Theobroma cacao), soybean (G. max), maize,
and rice. In these crops, the B3 genes have not been studied
in detail and, to our knowledge none of them have been
functionally characterized. Our results indicate that the B3
superfamily has substantially amplified in the genome of
eudicots, especially in the Brassicaceae lineage. In addi-
tion, our in silico expression analyses of the B3 genes using
public microarray and expressed sequence tag (EST) data
uncovered B3 genes that are preferentially expressed in
reproductive organs (flower and seed) as compared with
vegetative tissues (root, stem, and leaf). Of the 19 Ara-
bidopsis-rice orthologous B3 gene pairs existing in the two
public Affymetrix microarray datasets, 16 of them were
preferentially expressed in different tissues. Using the
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known quantitative trait loci (QTL) data in rice and maize,
we found many B3 genes in known QTL regions, providing
a link of B3 genes to important traits in crop breeding. Our
results will be useful for genetic improvement of major
Ccrops.

Materials and methods

Identification and classification of B3 genes in the seven
genomes

The data source and characteristics of the proteome sequence
used in this study are summarized in Table 1, for the seven
species including Arabidopsis (Arabidopsis Genome Initia-
tive 2000; Swarbreck et al. 2008), B. rapa (Cheng et al. 2011;
The Brassica rapa Genome Sequencing Project Consortium
et al. 2011), castor bean (R. communis; Chan et al. 2010),
cocoa (T. cacao; Argout et al. 2011), soybean (G. max;
Schmutz et al. 2010), maize (Z. mays; Duvick et al. 2008;
Schnable et al. 2009), and rice (O. sativa). Two subspecies
of rice (Japonica and Indica) have been independently
sequenced (Goff et al. 2002; Yu et al. 2002), and we chose to
use the genome sequence of the Japonica for this analysis,
which has been more widely used as the reference genome
for rice. The computational pipeline for genome-scale
domain analysis to identify B3 genes and classify them into
the five families is shown in Fig. 1. Briefly, InterProScan
(Mulder and Apweiler 2007), which combines multiple
domain recognition methods, was installed locally to facil-
itate our genome-scale domain analysis. The InterPro data-
base (Mulder et al. 2007; Hunter et al. 2009), which
integrates multiple domain signature databases including the
protein family database Pfam (Finn et al. 2008), was used for
domain recognition by InterProScan with default parame-
ters, including an E value threshold of 0.001. To enhance
accuracy, we added a refinement step following computa-
tional analysis to eliminate putative B3 genes without
sufficient evidence for certain domains. For example,
AT1G05930.1 contains a domain of unknown function
(IPR005508; DUF313) and thus was not included in the final
list of B3 genes in Arabidopsis, even though it also contains a
B3 domain (IPR003340). We also examined the annotation
of candidate B3 genes using BLAST (Altschul et al. 1997),
and removed those that hit a pseudogene in Arabidopsis
genome. For example, Bra027159, a putative B3 gene in
B. rapa, matches a pseudogene in Arabidopsis (AT5G24050)
and was thus eliminated. For newly sequenced genomes, we
also evaluated the sequence of each B3 candidate gene. For
example, we found two candidate B3 genes in B. rapa,
Bra018098 and Bra025779, which contain large stretches of
Ns in their DNA sequences (representing ambiguous base
calls in sequence reads or genomic gaps yet to be sequenced),

and were thus excluded from subsequent analyses. In addi-
tion, in the genome of Arabidopsis or rice, one gene can
encode more than one protein isoform, and we retained only
one of them if they belong to the same family. The final B3
transcription factors identified in each species were classified
into each of the five families on the basis of the domain
architecture described in Romanel et al. (2009).

Multiple sequence alignment of domain sequences
and structural analyses of B3 domains

We extracted the sequences for B3, AP2, ARF, Aux/IAA,
and zf-CW domains in the B3 proteins, and multiple
sequence alignments were performed using ClustalX 2.0
(Larkin et al. 2007). Sequence conservation for each
domain was analyzed using the plotcon tool in the
EMBOSS suite (Rice et al. 2000), with a sliding window of
four residues.

Expression analysis of B3 genes in the seven species

To compare tissue-specific expression patterns of B3 genes
in Arabidopsis and rice, we used two public Affymetrix
GeneChip datasets (Schmid et al. 2005; Jain et al. 2007,
Jain and Khurana 2009; Sharma et al. 2009; Deveshwar
et al. 2011), which include a large amount of microarray
gene expression data in the five tissues of the two species:
seed, flower, root, leaf, as well as stem (Arabidopsis) or
SAM (shoot apical meristem; rice). The raw data (.CEL
files) were downloaded from TAIR (Swarbreck et al. 2008;
http://Arabidopsis.org/servlets/TairObject?type=hyb_descr_
collection&id=1006710873) and the NCBI Gene Expres-
sion Omnibus (GEO; Barrett et al. 2011; http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE6893). To miti-
gate the potential impact of different analysis methods used
in the two studies, we analyzed the raw data separately for
each tissue of the two species with a consistent approach
using Bioconductor packages in the R statistical computing
environment (Gentleman et al. 2004; R Development Core
Team 2010), which has been described in Peng and
Weselake (2011). Only B3 genes represented in the Ara-
bidopsis or rice genome array and expressed in at least one
of the five tissues (cut-off value of 5.0 in a log, scale) were
considered, and the highest expression value for each B3
gene was chosen if multiple samples for each tissue were
profiled. To visualize the expression pattern of B3 genes in
different tissues, their normalized expression data were
standardized and analyzed in GenePattern (Reich et al.
2006).

For the remaining species, we used the expressed
sequence tag (EST) data to identify B3 genes preferentially
expressed in reproductive and vegetative organs. All EST
sequences for each species were retrieved from GenBank
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Identification of B3 genes overlapping with known
QTLs in rice and maize

The QTL data for rice and maize, respectively, were
retrieved from Gramene QTL database (Liang et al. 2008;
Ni et al. 2009) and MaizeGDB (Cannon et al. 2011;
Schaeffer et al. 2011). For the QTLs with known physical
positions of their flanking markers, we extracted their
corresponding genomic sequences. We then identified B3
genes residing in these known QTL regions in the two
crops using BLAST (Altschul et al. 1997), with an E value
threshold of 10™'°. For each B3 gene, up to three top hits
were retained if their E value is below the cutoff.

Results

B3 genes in the genome of Arabidopsis, Brassica rapa,
castor bean, cocoa, soybean, maize, and rice

To identify candidate B3 genes in the sequenced genome of
Arabidopsis, B. rapa, castor bean, cocoa, soybean, maize,
and rice, we performed a genome-wide domain analysis
using each proteome as input (Table 1; Fig. 1). The num-
bers of B3 genes in each of these seven species, and those
in the five B3 families are shown in Table 2. The annota-
tion of these B3 genes identified in Brassicacea and the
major crop species is given in Online Resource 1. We
compare the number of B3 genes identified in this study
with previous surveys in Arabidopsis and rice, and found
both agreement and discrepancy. We found the Arabid-
opsis genome encodes 92 B3 transcription factors,
accounting for about 0.26 % of the total number of pre-
dicted proteins in this model species. This number of B3
genes in Arabidopsis is between those in the two previous
surveys: 118 in Swaminathan et al. (2008) and 87 in Ro-
manel et al. (2009). Strikingly, we identified 187 B3 genes
in the B. rapa genome, and estimated that this represents
nearly 0.46 % of its coding capacity. In other eudicots, we
uncovered 58, 90, and 81 B3 genes in castor bean, cocoa,
and soybean, accounting for about 0.19, 0.26, and 0.17 %
of the coding capacity, respectively. By contrast, only 77
(~0.11 %) and 55 (~0.13 %) B3 genes were detected,
respectively, in rice and maize, the two monocot genomes
in the study. Our number of B3 genes found in the rice
genome is smaller than that in the two earlier studies: 91 in
Swaminathan et al. (2008) and 86 in Romanel et al. (2009).
Relative to the estimated gene content in each of these
seven genomes, our results suggest that the B3 superfamily
was substantially amplified during evolution in eudicot
plants, particularly in Arabidopsis and B. rapa. In a B. rapa
chromosome, a cluster of five B3 genes belonging to the
ABI3-VP1 family was found within a 40 kb genomic

region (Online Resource 2). This expansion, however, is
not uniform in all the five B3 families or across the seven
plant genomes analyzed.

In most of these seven genomes, ABI3-VP1 is the
largest family in the B3 superfamily, and this is particularly
the case for cocoa, Arabidopsis, and B. rapa. The notable
exception is soybean, in which 54 ARF members form the
largest family, similar to the 55 soybean ARFs reported in
Zhang et al. (2011). We identified 37 and 28 ABI3/VP1
family proteins in Arabidopsis and rice, respectively. By
contrast, only six in Arabidopsis and seven in rice were
identified in the ABI3-VP1 and HSI families combined in
Romanel et al. (2009), which is much lower than that in
earlier surveys for the ABI3-VP1 family alone. For
example, the databases of transcription factors in Arabid-
opsis (DATF) and rice (DRTF) reported, respectively, 60
and 57 ABI3-VP1 members in Arabidopsis and Japonica
rice (54 in Indica; Guo et al. 2005; Gao et al. 2006). In an
early genome-wide transcription factor study, 14 ABI3-
VP1 family members were identified in Arabidopsis (Ri-
echmann et al. 2000). Interestingly, we found an example
in Arabidopsis for one gene encoding two proteins that
were classified into two different families in the B3
superfamily. AT2G16210 can encode two protein forms:
AT2G16210.1 and AT2G16210.2. AT2G16210.1 contains
one extra exon at the 5’ end and its protein product was
assigned to the REM family, whereas the protein encoded
by AT2G16210.2 was classified into the ABI3-VP1 family.
This indicates that the extra exon in AT2G16210.1 encodes
an additional N-terminal B3 domain.

We identified 23 ARFs in Arabidopsis, in agreement
with previous studies (Riechmann et al. 2000; Remington
et al. 2004; Guo et al. 2005; Romanel et al. 2009). In rice,
we identified 28 ARFs, the same as Romanel et al. (2009),
but lower than the 41 ARFs identified in the Japonica rice
genome in another previous analysis (Gao et al. 2006),
although only 24 ARFs were found in Indica rice in the
same study. In maize, we identified 24 ARFs, which is
lower than the 31 ARFs reported recently (Xing et al.
2011). For the REM family in Arabidopsis and rice, we
identified 24 and 19 members, respectively, compared to
45 and 39 REMs identified in Romanel et al. (2009). In
castor bean and rice, ABI3-VP1I is roughly the same size as
ARF, whereas in rice, the ABI3-VP1 family is slightly
larger than ARF. Notably, we identified no REM family
members in soybean, most likely because we used only the
peptides predicted with highest confidence for this analysis
(Table 1). For this reason, the number of soybean B3 genes
in Table 1 may represent an underestimation of the B3
superfamily in this species. For genes in other B3 families,
we identified six RAV family members in Arabidopsis, in
line with an early survey (Riechmann et al. 2000). These
authors, however, did not define a B3 family or
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Table 2 Number of B3 genes and their classification in the B3 superfamily identified in the genome of Arabidopsis, Brassica rapa, castor bean,

cocoa, soybean, maize, and rice

Species ABI3-VP1 ARF HSI RAV REM Total number of B3 genes % in each genome®
At 37 23 2 6 24 92 0.26
Br 68 33 4 14 68 187 0.46
Re 21 18 3 4 12 58 0.19
Tc 50 18 2 5 15 90 0.26
Gm 16 54 6 5 0 81 0.17
Zm 23 24 2 2 4 55 0.13
Os 28 26 2 4 17 77 0.11

ABI3-VP] abscisic acid-insensitive 3-viviparous 1, ARF auxin response factor, HSI high-level expression of sugar-inducible gene, RAV related to

ABI3-VP1, REM reproductive meristem

* The percentage of B3 genes in each species was determined using the total number of B3 genes we identified in the study divided by the total

number of proteins listed in Table 1

superfamily, and instead classified those six proteins into a
RAV-like subfamily in the AP2/EREBP family, presum-
ably using the AP2 domain in these proteins.

Domain duplication and location of the five domains
in B3 proteins

According to our analysis, the domain architecture in these
B3 proteins is more complex than currently known. In the
REM family proteins, some of them contain more than two
(instead of two) B3 domains (Table 3). In Arabidopsis and
B. rapa, we identified eight and 12 B3 proteins, each
containing over two B3 domains, several of which contain
more than five B3 domains. For example, seven predicted
B3 domains were found in AT2G24650.1, whereas nine
predicted B3 domains in Bra032075. Likewise, REM
family members with more than two B3 domains were
identified in castor bean (one), cocoa (two), and rice (two),
but not in maize. In addition to the B3 domain, duplication
events of the ARF domain were observed in two ARF
family members, Bra002327 in B. rapa and
LOC_0s07g08520 in rice. In contrast, we found no
duplication events for AP2, Aux/IAA, or zf-CW domains
in these B3 proteins.

To examine the locations of the five domains in the B3
proteins, we divided each B3 protein into three equal
segments in a protein sequence: N-terminal, middle, and
C-terminal, and determined where a domain (or the
majority of its sequence) is located. We found that the five
domains exhibit distinct distribution patterns in the B3
proteins (Table 4). The majority of the B3 domains in the
seven species were found in the N-terminal regions, fol-
lowed by C-terminal regions, and the least number of B3
domains exist in the middle regions. Conversely, the AP2
domains were located exclusively in the N-terminal
regions, whereas the ARF domains exist predominantly in
the middle regions. The Aux/IAA domains were found
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Table 3 The REM family proteins containing more than two pre-
dicted B3 domains

Species Gene ID Protein Number of B3
length domains
At AT1G26680 920 6
AT2G24690 748 4
AT2G24700 555 4
AT2G24650 1,045 7
AT2G24680 851 5
AT4G00260 528 4
AT4G31650 493 4
AT5G32460 530 4
Br Bra032077 496 4
Bra032075 1,157 9
Bra024697 543 4
Bra024696 530 4
Bra000545 459 3
Bra012445 691 5
Bra011285 987 >
Bra010225 807 5
Bra007840 856 4
Bra007836 1,063 8
Bra007835 717 6
Bra000564 1,015 5
Cr 29848.m004479 559 4
Ct CGD0000402 939 4
CGD0000405 771 4
Os LOC_Os12g40070 661 4
LOC_0s03g42370 1,029 5

exclusively in the C-terminal region, which was also the
case for the zf-CW domains, despite only a small number
of zf-CW domains found in these B3 proteins and an equal
number of zf-CW domains present in the middle region of
soybean B3 proteins.
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Table 4 Domain distribution in the N-terminal, middle, or C-terminal region in the B3 superfamily of the seven species
Species B3 AP2 ARF Aux/IAA zf-CW

N* M* ct N M C N M C N M C N M C
At 66 12 33 6 0 0 2 19 0 0 0 23 0 0 2
Br 127 30 77 14 0 0 5 20 1 0 1 25 0 0 4
Rc 28 7 21 4 0 0 2 11 0 0 0 15 0 0 3
Tc 59 5 26 5 0 0 2 10 1 0 0 15 0 0 2
Gm 47 5 4 5 0 0 7 27 1 0 0 46 0 3 3
Zm 21 3 20 2 0 0 1 10 4 0 0 10 0 0 2
Os 53 8 34 4 0 0 7 15 3 0 0 24 0 0 2

B3 basic domain 3, AP2 APETALA?2, ARF auxin response factor, Aux/[AA auxin: indole-3-acetic acid, z~-CW zinc finger domain with Cys

(C) and Trp (W) residues

? The distribution of a domain was determined by dividing a protein sequence evenly into three segments and examining where the majority (or
the entirety) of a domain sequence is located. ‘N’, ‘M’, and ‘C’ indicates N-terminal region, middle region and C-terminal region, respectively

The five domains exhibit different degree of sequence
divergence in the B3 superfamily

We attempt to compare sequence divergence (or con-
versely conservation) between the B3 domains and other
coexisting domains in the same B3 proteins. Our analyses
showed that the B3 domains in the seven species exhibit
considerable sequence divergence. In the RAV family, the
B3 domains exhibited a higher degree of divergence than
their coexisting AP2 domains (Fig. 2a, b), even though the
sequence conservation was not uniform across different
regions within the same domain. Many residues in the B3
domains did not align and large gaps existed, whereas most
residues in the AP2 domains aligned well (Online Resource
3). Likewise, in the HSI family, the B3 domains also
showed a higher degree of divergence than their zf-CW
counterparts (Fig. 2c, d). Many residues in these B3
domains are not conserved, whereas in the zf-CW domains,
most residues were conserved, especially the Cys and
Trp residues as expected (Online Resource 3). Hence, the
B3 domain might have been evolved independently from
AP2 in the RAV family and zf-CW domain in the HSI
family. Similar analyses in the ARF family, however,
indicated that B3, ARF, and Aux/IAA domains display a
comparable degree of divergence in the ARF family
(Online Resource 3).

The length of the five domains varies in the B3
superfamily and the length of the B3 domain may affect
its exact core structure

It has been shown that the B3 domain is relatively large,
composed of 95-117 amino acid residues (Yamasaki et al.
2004; Waltner et al. 2005). According to our analysis,
however, the length of the B3 can vary to a more sub-
stantial extent, ranging, respectively, from 62 to 118.

Similar degree of length variation was observed for ARF
and Aux/IAA domains in these seven species, ranging from
65 to 107, and 84 to 163 residues, respectively. In contrast,
the length variation of the AP2 and zf-CW domains is
small, ranging, respectively, from 46 to 49 and 43 to 45
residues. In total, we detected 1,054 domains in these B3
proteins, and the average domain length is 92, 48, 81, 117,
and 44 for B3, AP2, ARF, Aux/IAA, and zf-CW, respec-
tively. We found that the exact number of o helices and
sheets of the known core structure (two o helices and seven
B sheets; Yamasaki et al. 2004; Waltner et al. 2005) of B3
domains can vary to a certain extent, largely depending on
the domain length (data not shown). The large length
variation observed in the B3, ARF, and Aux/IAA domains
could have structural and/or functional implications as
reported in Sandhya et al. (2009) showing 80 % of ‘length-
deviant’ superfamilies possess distant internal structural
repeats and nearly half of them acquired diverse biological
function.

Most B3 genes in Arabidopsis and rice
were preferentially expressed in different tissues

The availability of two similar microarray data sets in
Arabidopsis and rice allowed our comparison of tissue-
specific expression patterns of B3 genes in these two spe-
cies. Both of these data sets were obtained using the Af-
fymetrix GeneChip platform and included five tissues:
seed, flower, root, leaf, and stem (Arabidopsis) or SAM
(rice). Swaminathan et al. (2008) showed the expression
patterns of most B3 genes in Arabidopsis and rice, which
did not include ARF genes. We included the ARF family
genes for a similar analysis. Of the 92 B3 genes identified
in Arabidopsis, we found 56 B3 genes (or ~60 %) repre-
sented in the ATH1 Genome Array and expressed in at
least one of the five tissues. Of the 77 B3 genes identified in
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Fig. 2 Sequence conservation plots of the B3 and AP2, as well B3
and zf-CW domains in the B3 superfamily. Domain sequences were
aligned using ClustalX 2.0 (Larkin et al. 2007), and the conservation
plots were obtained using the plotcon tool in EMBOSS (Rice et al.
2000), using a sliding window size of four residues. In the sequence

rice, we found 46 B3 genes (or ~60 %) in the Affymetrix
Rice Genome Array and expressed in at least one of the five
tissues. The tissue-specific expression pattern for these B3
genes is shown in Fig. 3, and their normalized expression
values are provided in Online Resource 4. In Arabidopsis,
most B3 genes are preferentially expressed in flower and
seed (Fig. 3a). Moreover, all B3 genes highly expressed in
Arabidopsis flowers and seeds belong to the ABI3-VPI1
family (Fig. 3c). A total of 24 ABI3-VPI genes were pref-
erentially expressed in flowers (18) and seeds (6), accounting
for nearly 38 % of this transcription factor class in Arabid-
opsis. These include ABI3-VPI genes, ABI3 (AT3G24650),
FUS3 (FUSCA 3; AT3G26790), and LEC2 (LEAFY COTY-
LEDON 2; ATIG28300), which are well-characterized reg-
ulators of seed development and storage compound
accumulation (Weselake et al. 2009; Le et al. 2010).

In rice, most B3 genes were preferentially expressed in
flower and SAM (Fig. 3b), totalling 19 and 17, respec-
tively. Fourteen genes in the ABI3-VP1 family were found
in the rice Affymetrix data, but only six of them were
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conservation plot for B3 domains (a) and AP2 domains (b), for the
RAYV family, the upper limit of the y axis is 1.7 in a and 4.2 in b. In
the sequence conservation plot B3 domains (¢) and zf-CW domains
(d), for the HSI family, the upper limit of the y axis is 1.9 in ¢ and
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preferentially in the seed and flower (Fig. 3c). In compar-
ison, 19 ARF genes were found, with 12 and 6 preferen-
tially expressed in the flower and SAM, respectively.
Interestingly, we identified 19 B3 gene pairs in these two
microarray datasets that encode putative orthologs in
Arabidopsis and rice. Of them, 16 gene pairs were pref-
erentially expressed in different tissues (Table 5). For
example, AT3G24650 (ABI3) was preferentially expressed
in Arabidopsis seeds, but its rice orthologous gene
LOC_0s08g01090 was preferentially expressed in flower.

B3 genes preferentially expressed in reproductive
tissues of the crop species

For the B3 genes identified in the remaining five crop
species, no extensive microarray data for gene expression
estimates can be found. Consequently, we used the
expressed sequence tag (EST) data to identify B3 genes
expressed preferentially in the reproductive flowers and
seeds. In all of the available ESTs for each of the six
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Fig. 3 The expression patterns of B3 genes in the five tissue types of
Arabidopsis and rice. a The B3 genes represented in the ATHI
Arabidopsis Genome Array and expressed in at least one of these
tissues. The AGI code and probe set identifier for each gene are also
shown. b The B3 genes represented in the Affymetrix Rice Genome
Array and expressed in at least one of the five tissues. The rice gene

species retrieved from GenBank dbEST (Benson et al.
2008), we found that certain ESTs would not be ideal for
this type of analysis. Notably, 59,901 soybean ESTs and
263,993 maize ESTs were either too short or contain low-
complexity nucleotides, accounting for ~7.5 and ~13 %
of their total ESTs, respectively. Furthermore, some cDNA
libraries were normalized (or subtracted), and others were
constructed using pooled samples including multiple tis-
sues and organs. Therefore, the number of ESTs with an
unambiguous tissue designation was small for each of the
five organs in most of the six species, did not permit us to
carry out a digital gene expression analysis using EST tag
counts. As such, we combined ESTs into vegetative and
reproductive tissues for each species (Online Resource 5),
and used a qualitative approach to identify B3 genes with
ESTs only in reproductive tissues but none in vegetative
tissues, in each species, which represent B3 genes prefer-
entially expressed in reproductive tissues of these crop
species (Table 6). As expected, several genes orthologous
to known B3 genes in Arabidopsis were found preferen-
tially expressed in reproductive tissues in most of these
species, including LEC2, FUS3, and ABI3. In addition,

and their probe set identifiers are also shown. ¢ Number of B3 genes
in the five families expressed in different tissues of Arabidopsis and
rice. The abbreviations for the five family names are: ABI3-VPI,
abscisic acid insensitive 3-viviparousl; ARF, auxin response factor;
HSI, high-level expression of sugar-inducible gene; RAV, related to
ABI3-VP1; REM, reproductive meristem

several REM genes were preferentially expressed in
reproductive tissues in these crops. This includes the VDD-
encoding gene in castor bean and cocoa (Table 6); its
Arabidopsis ortholog (AT5G18000) has recently been
shown to be a direct target of the MADS domain ovule
identity complex, whose mutation affected embryo sac
differentiation (Matias-Hernandez et al. 2010). Similarly,
B3 genes preferentially expressed in vegetative tissues of
the six species can be identified (data not shown). This
tissue-specific expression data of B3 genes may be useful
in designing knockout experiments in crops. Due to the
constraint of EST data, genes listed in Table 6 likely rep-
resent an underestimation of the B3 genes preferentially
expressed in the reproductive tissues of the crop species.

B3 genes overlapping with known QTLs in rice
and maize

We identified 8,216 and 3,564 QTLs in the rice and maize,
respectively. All the rice QTLs have known physical loca-
tions of their flanking markers. In contrast, only 600 maize
QTLs have inferred physical coordinates. The marker
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Table 5 Tissues of preferential expression of the orthologous B3 gene pairs in Arabidopsis and rice

B3 family name AtGenelD Tissue of preferential expression OsGenelD Tissue of preferential expression
ABI3-VP1 AT3G24650 Seed LOC_0s08g01090 Flower
AT5G06250 Seed LOC_0s12g06080 Flower
AT3G26790" Seed LOC_0s01g51610 Seed
AT2G36080 Seed LOC_0s11g05740 Root
AT5G58280 Flower LOC_0s05g40280 SAM
AT3G61970 Flower LOC_0s06g01860 Root
ARF ATIG19850% Flower LOC_Os04g56850 Flower
ATIG30330 Flower LOC_0s12g41950 SAM
ATIG59750 Flower LOC_0s04g36054 SAM
AT5G62000 Flower LOC_0s12g29520 SAM
AT2G33860 Flower LOC_0s05g43920 SAM
AT4G30080 Seed LOC_0s10g33940 Flower
AT2G28350 Seed LOC_Os04g43910 Flower
HSI AT4G32010 Stem LOC_0s07g37610 Flower
RAV ATIG25560 Leaf LOC_0Os05g47650 Flower
ATI1G68840 Leaf LOC_0s01g04750 SAM
REM AT4G34400 Flower LOC_0s01g67830 SAM
AT3G18990 Root LOC_0s03g42290 Flower
AT4G33280* Seed LOC_0s08g23470 Seed

? The B3 orthologous genes were preferentially expressed in the same tissue in both Arabidopsis and rice

positions of each QTL allowed us to extract its corre-
sponding genomic sequence. The average length of genomic
sequence spanning known QTLs in rice is approximately
2.4 Mb long (maximum nearly 39 Mb), whereas the average
length covering each maize QTL is about 36 Mb (maximum
QTL length nearly 173 Mb). We identified many B3 genes in
the known QTLs in rice and maize. In rice, we identified
more than 400 QTLs associated with B3 genes. Among these
QTL links of B3 genes in rice, one gene can be involved in
multiple traits and one trait can be associated with multiple
B3 genes, forming a complex relationship. For example,
LOC_Os01g04750.1, a putative RAV family protein
(RAV?2; Online Resource 1), is related to both root number
(CQAI24-RTNB) and leaf senescence (CQN28-LFSNS) in
rice. On the other hand, spikelet number (SPKNB) is asso-
ciated with many rice B3 genes (Online Resource 6). In
maize, only 19 QTLs related to B3 genes were found,
because in a vast majority of maize QTLs, the physical
location of their flanking markers has not been inferred. In
both rice and maize, B3 genes are associated with such
important traits as kernel weight, kernel length, ear diameter,
protein content, and dry matter (Table 7).

Discussion

The plant-specific B3 superfamily of transcription factors
is defined by the presence of one or more B3 domains, or a
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combination of the B3 domain and one or more additional
domains including AP2 (APETALA2), ARF, AUX/IAA,
and zf-CW. This superfamily includes five families, among
which ABI3-VP1 and ARF families are well studied in
Arabidopsis and have diverse functions in plant growth and
development (Yamasaki et al. 2004, 2008; Swaminathan
et al. 2008; Agarwal et al. 2011). In contrast, few B3 genes
have been identified and characterized in major crops, and
new insight into this superfamily could be gained from
genome analysis including crop species. Using a genome-
scale domain analysis approach, we identified a compre-
hensive list of B3-encoding genes in the seven plant
genomes including both model species and economically
important crops. The B3 genes have been analyzed in
Arabidopsis and rice (Swaminathan et al. 2008; Romanel
et al. 2009), and our numbers of B3 genes in these two
genomes show agreement and discrepancy with previous
studies. The discrepancy in the number of B3 genes iden-
tified in different studies may be attributed to different
database sources, approaches, and parameters being used.
For example, previous studies assigned B3 proteins without
typical AP2 domains to the RAV family, and some REMs
lacked additional B3 domains (Magnani et al. 2004; Kim
et al. 2006; Swaminathan et al. 2008; Romanel et al. 2009);
in such cases our domain analysis classified them into the
ABI3-VP1 family. This is also true for other multidomain
B3 families; if no typical domain (other than B3) was
found in a protein, we assigned it to the ABI3-VP1 family.
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Table 6 B3 genes differentially expressed in the flower and seed in Brassica rapa, castor bean, cocoa, soybean, and maize
Species Gene ID AGI Arabidopsis ortholog name/description
Br Bra032890 AT1G28300 LEC2 (LEAFY COTYLEDON 2)
Bra030087
Bra025229 AT3G26790 FUS3
Bra020417 AT5G57720 AP2/B3-like protein
Bra018530 AT4G34400 AP2/B3-like protein
Bra017692 AT3G53310 AP2/B3-like protein
Bra017651 AT4G34400 AP2/B3-like protein
Bra017650 AT4G34400 AP2/B3-like protein
Bra017649 AT4G34400 AP2/B3-like protein
Bra017648 AT3G06160 AP2/B3-like protein
Bra011110 AT4G34400 AP2/B3-like protein
Bra011086 AT3G06160 AP2/B3-like protein
Bra006989 AT3G53310 AP2/B3-like protein
Bra003130 AT3G53310 AP2/B3-like protein
Bra002509 AT5G60142 AP2/B3-like protein
Bra037132 AT5G66980 AP2/B3-like protein
Bra012121 AT5G66980 AP2/B3-like protein
Cr 29887.m000243 AT1G49480 RTVI (RELATED TO VRNI)
29887.m000238 AT3G18990 VRNI (REM39)
29887.m000236
29676.m001675
29585.m000597 AT5G18000 VDD (VERDANDI)
29801.m003200 AT3G19184 AP2/B3-like protein
29801.m003201 AT3G19184 AP2/B3-like protein
29945.m000088 AT5G58280 AP2/B3-like protein
29851.m002498 AT3G18990 VRNI (REM39)
Ct CGD0000997 AT3G24650 ABI3 (ABSCISIC ACID INSENSITIVE 3)
CGD0008599 AT5G18000 VDD (VERDANDI)
CGD0008603 AT1G49480 RTVI1 (RELATED TO VRNI)
Gm Glyma08g47240.1 AT3G24650 ABI3 (ABSCISIC ACID INSENSITIVE 3)
Glymal8g38490.1
Glymal6g05480.1 AT3G26790 FUS3 (FUSCA 3)
Glymal6g05480.1
Glyma20g04730.1 AT1G28300 LEC2 (LEAFY COTYLEDON 2)
Zm B4FSX9_MAIZE AT5G58280 AP2/B3-like protein
COPGW2_MAIZE AT5G58280 AP2/B3-like protein
COPJB5_MAIZE AT3G19184 AP2/B3-like protein
B4FB68_MAIZE AT5G66980 AP2/B3-like protein
B4FGAO_MAIZE AT4G33280 AP2/B3-like protein
B6T3X9_MAIZE AT4G33280 AP2/B3-like protein
B6TXS3_MAIZE AT5G66980 AP2/B3-like protein

The ortholog AGI ID and name/description were omitted if a gene has the exactly same Arabidopsis ortholog as the previous row

This may explain why we identified a large number of  B. rapa gneome, we observed many tandem arrayed B3

members in the ABI3-VP1 family in Arabidopsis.

genes, suggesting tandem duplication as a primary mech-

Our analysis suggested a substantial expansion of the B3 anism for the expansion of the B3 superfamily in this
superfamily in the dicot genomes, particularly in the gen-  species. An example is shown in Online Resource 2, and
ome of Brassicaceae (Arabidopsis and B. rapa). In the  other duplicated B3 genes were also observed in the B.

@ Springer



1316

Theor Appl Genet (2013) 126:1305-1319

Table 7 A selected set of B3 genes associated with quality and yield
traits in rice and maize

B3 gene QTL accession QTL name E value
LOC_Os11g05740 AQE046 100-seed weight 0
LOC_0s01g48060 CQASI10 1,000-seed weight 0

LOC _0s01g48060 CQASI2 Seed number 0
LOC_0s08g06120 AQEO017 Seed width le—135
LOC_Os12g06080 AQFAO015 Grain length/width 0

ratio

LOC_0s02g41800 AQHEO088 Total biomass yield 0
LOC_0Os01g67830 AQFF020 Harvest index 0
LOC_0s02g45850 CQIJ3 Panicle number 0
LOC_0s02g04810 CQAS26 Yield 0
B4FPB4_MAIZE  q300k3 300-kernel weight 0
B4FXE4 _MAIZE  qproc3 Protein content le—134
B4FSX9_MAIZE  qgyld8 Grain yield le—111
B4GIAO_MAIZE  qgrdml %grain dry matter ~ 2e—61
B4FEK2_MAIZE  gproc3 Protein content 8e—32

rapa genome, with some consisting of two copies, whereas
others including more than two copies. Further observation
indicated that most of the duplicated B3 genes belong to
ABI3-VP1 or REM families, which helps explain the large
size of both ABI3-VP1 and REM families in B. rapa
(Table 2). Duplicated B3 genes (Romanel et al. 2009) and
other transcription factors (Riechmann et al. 2000) have
also been found in the Arabidopsis genome.

We observed B3 and ARF domain duplications in some
B3 proteins, forming more complex domain organizations
than currently known. The functional implication of these
duplicated domains remains elusive, although domain
duplication tends to introduce functional diversification
among related proteins in a gene family (Sandhya et al.
2009; Carretero-Paulet et al. 2010). In a gene family, new
members could arise via domain duplication or loss. For
example, in the MYB family, R2R3-MYB proteins may
originate from MYB3R proteins through the loss of R1, or
MYB3R proteins emerged through the gain of R1 in an
ancient R2R3 predecessor, but R2R3 has been proposed to
be a precursor of MYB3R (Braun and Grotewold 1999;
Riechmann et al. 2000; Dias et al. 2003; Jiang et al. 2004;
Feller et al. 2011). In the B3 superfamily, these duplicated
domains we observed led us to hypothesize that domain
duplication is the dominant event, suggesting ABI3-VP1
was the founding family in this superfamily. The other four
families were then formed via duplication of the B3
domain and/or emergence of other domains. This hypoth-
esis is supported by a higher sequence similarity between
B3 genes in algae and ABI3-VP1 genes (and HSIs) in the
land plants (Romanel et al. 2009). In addition, the B3
domain duplication may have contributed to the relative
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large number of REM proteins (containing two or more B3
domains) identified in B. rapa and Arabidopsis (Table 2).
Domain duplication has been reported previously in the
RAV family and other transcription factor families. For
example, a RAV protein in the liverwort Marchantia
polymorpha contains two B3 domains (Swaminathan et al.
2008). And among the 167 basic helix-loop-helix (bHLH)
proteins identified in the rice genome, one (OC_OsOlg
09930) was predicted to contain two duplicated bHLH
domains (Li et al. 2006).

The expression level of a gene in a tissue or at a par-
ticular developmental stage is a crucial indication for its
potential function. Many B3 genes exhibit tissue-specific
expression patterns in the seven plant species, which is
especially evident in Arabidopsis and rice, two species with
large amounts of publicly available microarray data. Some
well-studied Arabidopsis B3 genes, such as ABI3, FUS3,
and LEC2 were found preferentially expressed in seed and
several REM genes in reproductive flowers and seeds, as
expected. The function of many other ABI3-VPI genes
preferentially expressed in reproductive tissues remains to
be elucidated, and may also play important roles in
reproductive development. Seventeen ARF genes were
found to be expressed in the five tissues of Arabidopsis,
including seven preferentially expressed in flowers and
seeds. It is interesting to note that ARF2 (AT5G62000) has
two sets of probes in the Affymetrix ATH1 Genome Array,
247468 _at and 247508 _at, with the former detecting higher
expression in roots and the latter detecting higher expres-
sion in flower (Fig. 3a). Nevertheless, this gene was
expressed in a relatively constitutive manner across these
five tissue types. ARF2 has been shown to promote tran-
sitions between multiple stages of Arabidopsis develop-
ment, and regulates leaf senescence and floral organ
abscission (Ellis et al. 2005). One HSI family gene, HSI2
(AT2G30470), was also preferentially expressed in Ara-
bidopsis seeds, supporting the experimental study of HSI2
(Tsukagoshi et al. 2007), which showed HSI2 and HSL1
repress the sugar-inducible expression of the seed matu-
ration program in seedlings and play an essential role in
regulating the transition from seed maturation to seedling
growth. Our analysis also indicated that the HSL1-encod-
ing gene, AT4G32010, was preferentially expressed in stem
(shoot), even though it was also highly expressed in root,
flower, and seed, and modestly expressed in leaf (Online
Resource 4), indicating its relatively stable expression in
these tissues. In additiona, six and two Arabidopsis B3
genes encoding REM proteins were found preferentially
expressed in reproductive organ flowers and seeds,
respectively. AtREM1 (AT4G31610), for example, is pref-
erentially expressed in flower (Fig. 3a), consistent with a
previous study showing its preferential expression in
reproductive meristems (Franco-Zorrilla et al. 2002). One
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REM gene, REM39 (REDUCED VERNALIZATION
RESPONSE 1; AT3G18990), however, was preferentially
expressed in root, possibly related to the response of root
meristems to cold treatment during vernalization. Nonethe-
less, REM39 was also highly expressed in flower, seed, and
stem, and moderately expressed in leaf (Online Resource 4),
and therefore REM39 is another constitutively expressed
gene in these organs. Furthermore, we found that most of
gene pairs encoding putative orthologs in Arabidopsis and
rice were preferentially expressed in different tissues
(Table 5). The different expression patterns of B3 genes
among the five major tissue types suggest that many of them
may have evolved different functions in the growth and
development of Arabidopsis (eudicot) and rice (monocot).
With the QTL data in rice (Liang et al. 2008; Ni et al.
2009) and maize (Cannon et al. 2011; Schaeffer et al.
2011), we performed a sequence-based analysis and found
many B3 genes within these known QTL regions. QTL data
are often placed on genetic maps, and lack of physical
positions of their flanking markers for many QTLs ham-
pered identification of candidate genes in QTL regions. For
example, in the maize QTLs we downloaded from maiz-
eGDB (Cannon et al. 2011; Schaeffer et al. 2011), over
80 % have no physical coordinates and were not suitable
for such an analysis. The lack of physical positions for the
soybean QTLs in SoyBase (Grant et al. 2010), prevented us
from doing a similar analysis in a dicot species. Notwith-
standing the constraint, some of the associations between
B3 genes and quality traits we presented here in rice and
maize (Table 7; Online Resource 6), could be exploited in
breeding for traits involving B3 genes in major crops.
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