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Abstract Regulation of seed oil accumulation in oilseed
rape (Brassica napus) has important economic significance.
However, few genes have been characterized that affect
final seed oil content. Through a mutant identification, the
class IV homeodomain-ZIP transcription factor GLABRA2
(GL2) has been found to regulate seed oil accumulation in
Arabidopsis, in addition to its role in trichome develop-
ment. In this study, we isolated four distinct orthologues of
GL2 from B. napus (AC-genome), B. rapa (A) and
B. oleracea (C), using an overlapping-PCR strategy. The
four GL2 orthologues were very similar, with 96.10—
99.69% identity in exon regions, 75.45-93.84% in intron
regions, 97.34-99.87% in amino acid sequences. Alignments
of the four genes revealed that the A-genome sequences of
BnaA.GL2.a from B. napus and BraA.GL2.a from B. rapa
are more similar than the others, and likewise the C-genome
sequences of BnaC.GL2.b from B. napus and BolC.GL2.a
from B. oleracea are more similar. BnaA.GL2.a and
BraA.GL2.a from the A-genome are highly expressed in
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roots, whilst BnaC.GL2.b and BolC.GL2.a from the
C-genome are preferentially expressed in seeds. Transgenic
ectopic overexpression and suppression of BnaC.GL2.b in
Arabidopsis allowed further investigation of the effect on
seed oil content. Overexpression generated two pheno-
types: the wild-type-like and the g/2-mutant-like (an Ara-
bidopsis glabrous mutant of gl2-2), with increases in seed
oil content of 3.5-5.0% in the g/2-mutant-like transgenic
plants. Suppression resulted in increases of 2.5-6.1% in
seed oil content, and reduced trichome number at the leaf
margins. These results suggest that BnaC.GL2.b can nega-
tively regulate oil accumulation in Arabidopsis seeds. As a
result of comparing the four GL2 genes, three A/C-genome-
specific primer sets were developed and a C-genome-spe-
cific EcoRV cleavage site was identified, which can be used
as functional markers to distinguish these orthologues
within Brassica species. The genes identified and their
molecular markers developed in this study will be valuable
both for oilseed rape breeding focusing on improvement of
seed oil content, and for detecting gene flow between
populations.

Introduction

Oilseed rape (Brassica napus L., Brassicaceae) is the
third largest oilseed crop in the world, providing approxi-
mately 13% of the world’s supply of vegetable oil
(Hajduch et al. 2006). In spite of its economic importance,
there has been little work on functional analysis of the key
genes controlling seed oil content in oilseed rape. The rea-
sons could be that oilseed rape (genome AACC, 2n = 38)
originated from a spontaneous hybridization between
B. rapa L. (syn. campestris; AA, 2n = 20) and B. oleracea
L. (CC, 2n = 18) and comprises two sets of homoeologous
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chromosomes from the two species. Thus the B. napus
genome contains many sequentially homologous genes
(Parkin et al. 2003; Snowdon et al. 2002). Most genes in
the amphidiploid genomes are predicted to exist as multi-
ple copies (>2) with highly similar structures (Lysak
et al. 2005). It is therefore difficult to distinguish such par-
alogues within B. napus. This, together with the complex
oil biosynthetic pathway and unclear control mechanisms,
has so far constrained efforts to understand the regulation,
and to modify seed oil quantity and quality in oilseed
rape.

In contrast, considerable advances have been made in
understanding the genetic and biochemical basis of seed oil
accumulation in the closely related Arabidopsis species.
Screens of Arabidopsis mutants have identified a num-
ber of transcription factors (TFs), including WRINKLED1
(WRI1), GLABRA2 (GL2), LEAFY COTYLEDONI1
(LEC1), LEC2, ABSCISIC ACID INSENSITIVE3 (ABI3),
FUSCA3 (FUS3), PICKLE (PKL) and 6b interacting pro-
tein 1-like 1 (ASIL1), which have been shown to affect oil
accumulation in seed (Focks and Benning 1998; Shen et al.
2006; Mu et al. 2008; Baud et al. 2007; Finkelstein and
Somerville 1990; Tiedemann et al. 2008; Ogas et al. 1999;
Gao etal. 2009). Manipulation of such regulators is
believed to be a more effective strategy for increasing oil
content than the manipulation of single biochemical steps
in plant seed oil biosynthesis (Shen et al. 2006). Apart from
GL2, the TFs identified to date control seed oil accumula-
tion via involvement in the process of plastidial glycolysis,
pyruvate dehydrogenase action and lipid synthesis during
Arabidopsis seed maturation. To our knowledge, the mech-
anism by which the GL2 gene regulates seed oil content
remains unclear. The GL2 gene belongs to the class IV
homeodomain (HD)-ZIP subfamily and features three con-
served domains, a homeodomain DNA-binding domain,
two-successive-ZIP domains, and a START motif (Ariel
et al. 2007). Further functional analysis has suggested that
the GL2 gene also plays a crucial role in root hairless cell
specification, leading to the local outgrowth of the trichome
in shoot epidermal cells and seed mucilage production
(Szymanski et al. 2000; Nakamura et al. 2006). In addition
to Arabidopsis, full-length sequences of GL2 genes have
also been cloned from other plant species, where they
mostly exist as multiple homologous genes. These include
five homologous GL2 paralogues in maize (Ingram et al.
1999, 2000), two in rice (Ito et al. 2002; Yang et al. 2002),
two in Norway spruce (Ingouff et al. 2001, 2003), two in
cotton (Guan et al. 2008), and one in Phalaenopsis (Nadeau
etal. 1996). However, to date, there has been no further
study of function affecting seed oil content, and no GL2
genes have been isolated from Brassica. We therefore
sought to clone and characterize the Brassica GL2 ortho-
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logues, particularly in the context of investigating their
roles in regulating seed oil content.

Molecular markers have been used to assist rapeseed
breeding and selection procedures (Snowdon and Friedt
2004). However, use of traditional markers such as RFLP,
AFLP and SSR are limited, largely due to their incomplete
correlation with gene function. In contrast, functional (or
‘in-gene’) markers (FMs) are usually designed from poly-
morphisms within transcribed regions of functional genes
and can dramatically facilitate accurate selection of target
characters in breeding programs (Wei et al. 2009). It has
now been demonstrated that functional markers can be
applied with high efficiency in marker-assisted selection
(MAS) for rapid transfer of a character into an otherwise
desirable genotype. For instance, Blake etal. (2004)
designed genome-specific PCR primer pairs for a series of
starch biosynthesis genes, such as Agp-L, SUT, Wx, Agp-S
and Ss/ in common wheat.

In this study, we have isolated four homologous GL2
genes, BnaA.GL2.a, BnaC.GL2.b from B. napus, BraA.GL2.a
from B. rapa, and BolC.GL2.a from B. oleracea. Their
expression patterns were divided into two groups with
BnaC.GL2.b predominantly expressed in seeds. We have
demonstrated that when BnaC.GL2.b is introduced into
Arabidopsis plants it functionally substitutes for Arabidop-
sis GL2. We suggest that BnaC.GL2.b may participate in
regulation of seed oil content in oilseed rape. Based on
sequence divergence of four GL2 orthologues, three specific
primer sets (exon-anchored, A- and C-genome-specific)
were developed and an EcoRV cleavage site unique to the
C-genome was identified. These functional markers can be
used to distinguish the four GL2 orthologues and different
Brassica species.

Materials and methods
Plant materials and growth conditions

Nine Brassica cultivars were used, representing B. napus
var. oleifera (cv. Zhongshuang 9, M083 and ‘583’), B. rapa
var. parachinensis (cv. Sijiucaixin), var. rosularis (cv.
Wautacai), var. campestris (cv. Yellow Sarson), and B. oler-
acea var. acephala (cv. Yuyiganlan), var. alboglabra (cv.
Xianggangbaihuajielan), var. capitata (cv. Lvbao). The
plants were grown in a greenhouse at 28°C (day) and 14°C
(night) with a natural photoperiod. Arabidopsis thaliana
ecotype Col-0 was used as transformation recipient. Col-0
seeds were sown in planting soil (1:1 mixture of peat moss
enriched soil: vermiculite) and cold treated (at 4°C) for
3—4 days prior to transfer to growth chambers with a day/
night cycle of 25°C (16 h light) and 20°C (8 h dark).
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Isolation of full-length BnaC.GL2.b cDNA
and B. napus GL2 5’ non-coding region

A clone (210c011) was identified from a sequenced oilseed
rape cDNA library, which had similarity (87.32%) to the
Arabidopsis GL2 (1L32873) sequence and was designated as
BnaC.GL2.b according to the standard nomenclature of
Ostergaard and King (2008). The library had been con-
structed from mixed mRNA of B. napus leaves treated with
fungus Sclerotinia sclerotiorum or chemicals (benzothiadi-
azole, oxalic acid and methyl jasmonate). Following
sequencing, the clone was shown to contain an intact open
reading frame (ORF) and encoded a GL2 protein similar to
that of Arabidopsis.

The GL2 5’ non-coding region of B. napus was cloned
using the Genome Walker Universal Kit (Takara Clontech,
Kyoto, Japan). Manufacturer’s instructions were followed
with B. napus (Zhongshuang 9) genomic DNA being
digested with EcoRV, Dral, Pvull and Stul. The digested
products were ligated to the Genome Walker Adaptor to
form four libraries. For the primary PCR, DNA of each
library, was used as the template and was annealed with the
adaptor primer 1 (AP1) and the GL2-specific primer 1
(GSP1) (5’-CTGCCGGAGGATGCATTCCGAAATATC-'3).
Subsequently, nested PCR was performed with the primer
set of the adaptor primer 2 (AP2) and the GL2-specific
primer 2 (GSP2) (primer 16 in Fig. 1: 5'-TGGGTTGTTT
CGATGACATCTCGACGG-'3).

PCR strategy for cloning other three GL2 homologous
genes

By comparing B. napus BnaC.GL2.b cDNA sequence with
Arabidopsis GL2 genomic DNA sequence, we designed
conservative primers on exon regions and non-coding
regions to amplify multiple B. napus GL2 homologous
genes. PCR was performed with genomic DNA and cDNA
from Zhongshuang 9, respectively. To obtain more
sequence variability, ten short amplification fragments were

clustered and assembled and every intron was amplified
with three primer sets (Fig. 1; Table 1). By comparing the
sequence identity of two overlapping fragments, B. napus
GL2 homologous sequences were obtained.

Based on the B. napus GL2 sequences, three pairs of
primers (P1/P4, P6/P7 and P8/P9 in Table 1; Fig. 1) were
designed to amplify BraA.GL2.a and BolC.GL2.a sepa-
rately from genomic DNA or cDNA of B. rapa (Yellow
Sarson) and B. oleracea (Yuyiganlan). The expected PCR
fragments (F3, F5 and F6 in Fig. 1) were assembled to
encompass a complete coding region and a partial
untranslated region. The most upstream primer (P1) and
the most downstream primer (P9) were uniquely located
in the corresponding 5’ and 3’ untranslated regions. The
other four primers (P4, 6, 7 and 8) were designed based on
the regions conserved between BnaA.GL2.a and
BnaC.GL2.b.

Sequencing PCR product and sequence analysis

All PCR reactions were performed in a reaction mixture
(50 ul) containing 100 ng of genomic DNA or cDNA,
0.2 mM dNTP, 0.5 mM each primer, 1.25 unit LA Taq and
50x LA-PCR Buffer II (Mg2+ plus) (Takara, Kyoto, Japan).
Amplification products were separated by electrophoresis
on 1% agarose gels, purified using a Mini-DNA Rapid Puri-
fication Kit (BioDev, Beijing, China), and cloned into
PMDI18-T (Takara) to sequence both strands using the
dideoxy chain termination method with the ABI 3730
sequencer.

The integrated nucleotide and deduced amino acid
sequences were analyzed using the software DNAMAN
(Lynnon Biosoft Co., Canada). Sequences were initially
aligned using the local NCBI standalone Blast software,
and then submitted to DNAsp 4.0 (http://www.ub.es/dnasp/)
to calculate the nucleotide diversity. A phylogenetic tree
was obtained by analyzing the amino acid sequence diver-
gence of the GL2 proteins, and a dendrogram constructed
using the neighbor-joining method with arithmetic mean
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Fig. 1 Primer positions (arrowheads) in the GL2 genes of Brassica
napus. 15 different primers were used for PCR to determine the GL2
genes structures. Primer 16 was annealed with the sequence of AP2
primer in nested PCR to amplify the 5’ non-coding regions by the
Genome Walking method (Clontech, GenomeWalker Universal Kit).

r———
F9 F10 ;

ATG and TGA indicate start and stop codons, respectively. Rectangles
indicate exon regions. Solid lines stand for introns. Bars (F1-F10,
correspond to primer pairs in Table 1) indicate cloned DNA fragments
by PCR
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incorporated into the MEGA version 2.1 (Kumar et al.
2001).

Determination of the number of Brassica GL2 orthologues

Southern blot was performed to determine the number of
GL2 orthologues in the three Brassica species. According to
the description of Wang et al. (2009), genomic DNAs (25 pg
each) of young Brassica plant leaves (Zhongshuang 9, Yuyi-
ganlan, Yellow Sarson) were firstly digested with the restric-
tion endonucleases EcoRI and HindIll (Takara), respectively.
The products were separated by size in 0.8% agarose gel in
1x TAE buffer (0.04 M Tris acetate and 0.001 M EDTA),
and then transferred to Nylon membrane (Roche, Indianapo-
lis, IN, USA). The DNA blot was hybridized with 340 bp
of the 3’ end BnaC.GL2.b cDNA sequence labeled with
digoxigenin (Roche) by PCR using the primers SC1882F:
(5'"CGAGAGAAAAGAGCACATG’'3) and SC2222R:
(5' ATGTTGTGGAGCGTGACA'3). The Dig-labeled probe
sequence is highly conservative among the four homologous
GL2 genes in the Brassica species.

Additionally, the four GL2 genomic DNA sequences
were used as query in BLAST comparison (E < 107°)
against the comprehensive Brassica genomic DNA data-
base in our group, which contain whole gDNA sequences
of B. rapa (Chiifu) and B. oleracea (‘267’) completely
sequenced by a whole genome sequencing (WGS)
approach (data unpublished). The sequences were aligned
using a local implementation of the NCBI standalone Blast
software (packageblast-2.2.18-ia32-win32.exe, http://www.
ncbi.nlm.nih.gov/BLAST/download.shtml).

RT-PCR detection of transcription levels
of the four GL2 genes in different organs

To study expression patterns of the four GL2 genes, semi-
quantitative RT-PCR was adopted for representatives of
three Brassica species (Zhongshuang 9, Yuyiganlan, Yel-
low Sarson). Transcription levels were detected in samples
from 4-week-old roots, stems, rosette leaves, flowers,
4 days after pollination (4-DAP) siliques, and mature seeds
30-DAP. Total RNA extraction, redigestion with DNase I
and first-strand ¢cDNA synthesis were carried out as
described by Wang et al. (2009). Quantitative uniformity of
the cDNA samples was assessed by PCR using the control
primers of Bnactin (B. napus actin, AF1118122), Bractin
(B. rapa actin, EX087730), and Boactin (B. oleracea actin,
AF044573) (Table 1). The expression patterns of
BnaA.GL2.a and BnaC.GL2.b were detected by RT-PCR
with primers PBnGL2A and PBnGL2C, respectively
(Table 1). The transcription levels of BraA.GL2.a and
BolC.GL2.a were detected with primers PBGL2 (Table 1).
All RT-PCRs were replicated twice.

Generation of BnaC.GL2.b overexpression and antisense
transgenic Arabidopsis plants

Based on the observed preferential expression of the
C-genome GL2 genes in seeds, B. napus BnaC.GL2.b was
selected to study further the effect on seed oil content in
Arabidopsis by overexpression and antisense knockdown
strategies. A full-length BnaC.GL2.b cDNA fragment
(2,253 bp) was PCR-amplified using primers PGL2Tr
(Table 1) with Ex Tag DNA polymerase (Takara), and sub-
cloned into vector pGQ4A containing two enhancers, a
double CaMV 35S promoter, the lead sequence of tobacco
mosaic virus (germin), and the CaMV Nos terminator
(Wang et al. 2009). The resulting constructs harbored the
BnaC.GL2.b-coding region either in a sense or antisense
orientation, which was confirmed by digesting with Xbal/
HindIII. The construct was transformed into Agrobacterium
tumefaciens (EHA105), together with the pSoup helper
plasmid, for Arabidopsis transformation (Vain et al. 2003).
To confirm positive transgenic lines, Basta resistant T,
plants were analyzed using two strategies: (1) genomic
DNAs were used as templates for PCR analysis by primers
PK (Table 1) designed based on the BnaC.GL2.b-coding
sequence, in order to confirm the integration of the T-DNA
into the Arabidopsis genome; and (2) RNA was isolated
from young leaves of putative transgenic plants and ana-
lyzed by Semi-quantitative RT-PCR to test for expression
of B. napus BnaC.GL2.b (primers BnaC.GL2.b) (Table 1).
Real-time RT-PCR was used to detection of Arabidopsis
endogenous GL2 (Atl1g79840, primers GL2) expression by
a Chromo4 real-time PCR detection system (Bio-Rad) and
SYBR Premix Ex Taq (Takara). Atactin (AT3G18780,
primers Atactin) was used as the control gene of internal
reference. Relative mRNA levels were calculated by iQ5
software (Bio-Rad) and normalized to the concentration of
Atactin mRNA. Quantification of each cDNA sample was
examined three times and the averaged data were analyzed
statistically.

Arabidopsis seed oil measurement

Arabidopsis wild-type (Col-0) and T, transgenic plants
were cultivated and harvested under similar growth condi-
tions. Seed oil content was measured according to the
method described by Wei et al. (2008). Briefly, a small
quantity of dried sample (<20 mg) was quantified, crushed
and extracted by petroleum ether using an ultrasound clean-
ing bath KQ-500DB (Ultrasound instrument Co., Ltd).
After addition of internal standard (methylheptadecanoate,
C17: 0), KOH-methanol solution was added to the
extracted sample for fatty acid methyl ester (FAME) prepa-
ration. Following addition of distilled water, the sample
was shaken and centrifuged. The supernatant was used for
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GC analysis (Agilent 7890N gas chromatograph). The rela-
tive peak areas (analyte area/IS area) were used for quanti-
fication of fatty acid content, based on response factors
(Christie WW 1991). The total fatty acid content was con-
verted to the total oil content by converting the forms of the
FAME:s to their relative forms of the fatty acid glycerides
(Li et al. 2006). All samples were replicated at least three
times.

Genome-specific primer design and identification
of informative restriction sites

The differences between the four GL2 nucleotide sequences
allowed us to design three pairs of primers to identify and
distinguish between copies associated with each of the two
Brassica genomes. In addition to a pair of exon-anchored
primers (Primer10 and 11), genome-specific primer sets
were designed for the A-genome (primer: BnGL2A) and
C-genome (BnGL2C), respectively (Table 1). PCR was
performed on genomic DNA from the nine cultivars of
three Brassica species mentioned above.

A genome-specific transition substitution present in the
four GL2 genes was used to generate another functional
marker. GL2 partial genome fragments including the substi-
tution were amplified from Zhongshuang 9 genomic DNA
using primers 14 and 9, and from Yellow Sarson or Yuyi-
ganlan using primers 8 and 9 (Table 1). PCR products were
subsequently subcloned into PMD18-T that possessed an
EcoRI site, but not an EcoRV site. Six independent positive
clones (B. napus) and three others (B. rapa or B. oleracea)
were selected and sequenced. After excluding clones hav-
ing identical sequences, four representative clones named
as ‘ZS9-1" (for BnaC.GL2.b), ‘ZS9-2’ (BnaA.GL2.a),
“Yuyi’ (BolC.GL2.a) and °YS’ (BnaA.GL2.a) were digested
by EcoRl/ EcoRV.

Results
Cloning of four homologous GL2 genes

Based on similarity to the Arabidopsis GL2 sequence, a
clone was identified from a B. napus cDNA library that
contained an intact ORF and encoded a GL2 protein,
BnaC.GL2.b, similar to that of Arabidopsis.

To determine the complete translation regions of the
B. napus GL2 paralogues, 5’ non-coding regions were iden-
tified by the Genome Walking method, based on the coding
sequence of BnaC.GL2.b. The presence of two different
amplification fragments in the 5’ non-coding regions sug-
gested that B. napus may possess at least two GL2 para-
logues. Although the two fragments had high sequence
similarity, they were different in length (731 and 500 bp).
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Promoter prediction using NNPP (Neural Network Pro-
moter Prediction: http://www.fruitfly.org/seq_tools/pro-
moter.html) indicated that both fragments include
transcription start sites (T'SS) and some basal elements of
the promoter including TATA-box, CAAT-box and G-box.
Within the 3’ non-coding regions, BnaC.GL2.b from the
cDNA library possessed a 162-bp fragment containing a
poly (A) tail following the stop codon TGA.

We then developed a novel PCR-based strategy to clone
three homologous GL2 genes (BnaA.GL2.a, BraA.GL2.a,
and BolC.GL2.a) from three Brassica species. This was
based on the sequence obtained from the clone
(BnaC.GL2.b) and the two non-coding regions obtained
from genome walking. To clone GL2 homologous genes
from B. napus, we designed 15 primers and amplified 10
short fragments, which covered the whole GL2 genomic
DNA region, at least three times for each intron (Fig. 1).
Sequences of the PCR fragments were oriented and assem-
bled to form the two GL2 homologous genes. Using the
same PCR strategy, we also acquired the GL2 genes from
B. rapa and B. oleracea, with each containing a 14-bp frag-
ment of the 5" UTR and a 16-bp fragment of the 3’ UTR.

Characterization of Brassica GL2 orthologues

Alignment of the nucleotide sequences of BnaA.GL2.a,
BnaC.GL2.b, BraA.GL2.a and BolC.GL2.a indicated that
all four genes have identical structures which contain nine
exons and eight introns similar to the known HD-ZIP IV
genes of Arabidopsis (SFig. 1 in Electronic Supplementary
Material, Fig. 2). Although the four genes have a high simi-
larity the predicted exons are more conserved than the
introns (Table 2). Dinucleotide sequences at the 5'- and
3’-ends of all introns strictly follow the universal GT-AG
rule (Breathnach and Chambon 1981). Sequence of the
C-genome orthologue of B. napus (BnaC.GL2.b) is most
similar to Arabidopsis GL2 (Table 2).

The most striking differences between the four ortho-
logues are the high variability of intron 5 (nucleotide posi-
tion: 2,100-2,400 bp) and intron 7 (3,100-3,300 bp), which

B - e -e-m-mms B ngpis (Bnad_GL2_a) 377Tbp

- - B ngpis (BnaC_GL2_ ) 3703bp

o Jje=semam B rgpa(Brad GL2 a) 342p

B e @ B, gleracea (BolC_GL2_d) 36620p

Fig. 2 Summary of the structures of the four Brassica GL2 genes. Box
represents the fifth intron in each gene, and the corresponding sequence
length is indicated above the box. These GL2 sequences have been
deposited in GenBank with accession numbers EU826520
(BnaA.GL2.a), EU826521 (BnaC.GL2.b), EU826522 (BraA.GL2.a)
and EU826523 (BolC.GL2.a)


http://www.fruitfly.org/seq_tools/promoter.html
http://www.fruitfly.org/seq_tools/promoter.html

Theor Appl Genet (2010) 120:1597-1610

1603

Table 2 Homologies of geno-
mic DNA and amino acid
sequences within four Brassica
GL2 and Arabidopsis GL2 genes

Gene pair Genomic DNA sequence similarity (%) Amino acid
sequence
Start codon to Exon Intron similarity (%)
stop codon region region
BnaA.GL2.a/BnaC.GL2.b 91.64 96.99 83.65 98.40
BnaA.GL2.a/BraA.GL2.a 96.52 98.76 93.84 98.67
BnaA.GL2.a/BolC.GL2.a 88.01 96.76 75.45 98.27
BnaC.GL2.b/BraA.GL2.a 89.09 96.10 78.18 97.34
BnaC.GL2.b/BolC.GL2.a 95.84 99.69 89.95 99.87
BnaA.GL2.a/GL2 70.53 87.58 37.05 90.87
BnaC.GL2.b/GL2 72.20 87.67 45.08 91.40
BraA.GL2.a/GL2 70.89 87.57 40.90 90.46
BolC.GL2.a/GL2 72.12 87.65 46.26 91.27

were reflected by their nucleotide diversity (Pi) values
(Fig. 3). The GC contents of intron 5 and the corresponding
GL2 genomic DNA are 27.7 and 41.9% in BnaA.GL2.a,
283 and 42.3% in BnaC.GL2.b, 27.7 and 42.5% in
BraA.GL2.a, and 283 and 42.5% in BolC.GL2.a. As
expected, the GC content of intron 5 is much less than that
of the corresponding genomic DNA in each gene. Interest-
ingly, the 235-bp intron 5 of B. napus BnaA.GL2.a is iden-
tical with the fifth intron of B. rapa BraA.GL2.a, but
extremely diverged (only 24% identity) from the 106-bp
intron 5 of the two GL2 genes from B. oleracea origin
(Fig. 2).

Sequence alignment of the complete genes revealed
greater similarity within two orthologues from either A or
C origin than between homoeologues from the different
genomes. Sixty-three genome-specific single nucleotide
polymorphisms (SNPs) (7 transversions, 50 transitions, 6
insertions /deletions) were detected in the GL2 coding
regions, which resulted in eleven amino acid substitutions

Pi
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Fig. 3 Genetic diversity of the four Brassica GL2 genes. The most
variable region is present at the position of 2,100-2,400 bp (calculated
from the start codon), and the corresponding nucleotide diversity (Pi)
value is nearly 0.14

(Table 3). 82% of the genome-specific substitutions are
synonymous mutations (SFig. 1).

Analysis of putative Brassica GL2 proteins

The proteins deduced from the GL2 exon sequences all
have 750 amino acids, with predicted molecular weights
and isoelectric points values of 83.76 kDa and 7.00 for
BnaA.GL2.a, 83.70kDa and 7.02 for BnaC.GL2.b,
83.77 kDa and 6.57 for BraA.GL2.a, and 83.65 kDa and
7.28 for BolC.GL2.a.

Comparison with other representative HD-Zip IV
proteins (Arabidopsis GL2, Phalaenopsis 039, rice
ROCI1 and maize ZmOCL1) suggested that the four pro-
teins were typical of HD-ZIP IV proteins described by
Nakamura et al. (2006) (Fig. 4a, b). In particular, the
HD is N-terminally located, in contrast to most HD
proteins, where the HD is located in the middle or in the
C-terminal region (Chan et al. 1998). In the HD, the
sequence of the third helix region (QVKFWFQNRRT-
QIK) is strictly conserved, which provides sequence-
specific interaction with DNA (Gehring etal. 1994)
(Fig. 4b). A basic amino acid cluster (RKRKK) acts as a
nuclear localization signal (PredictNLS server: http://
cubic.bioc.columbia.edu/predictNLS/) in the N-termi-
nal end of HD (SFig. 1), similar to that reported by
Hicks et al. (1995). Following the conserved HD, two
successive truncated leucine zipper motifs (LZ), includ-
ing a loop and a STAR-related lipid transfer (START)
domain, were found. Additionally, SignalP 3.0 (http://
www.cbs.dtu.dk/services/SignalP/) predicted no signal
peptides in the four GL2 proteins.

A phylogenetic tree based on the sequence similarities of
nine taxonomically diverged HD-ZIP IV proteins generated
a clear division into monocot and dicot origin. As expected,
the Arabidopsis GL2 gene is the most closely related to four
Brassica GL2 genes (Fig. 4c).
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Table 3 A/C-genome-specific

. . . .. Gene Amino acid variation loci®
amino acids variation loci in four
Brassica GL2 proteins 238 269 404 412 418 419 477 660 697 709 745
BnaA.GL2.a Gln Leu Ala Met - Ala Lys Met Ala Met Cys
BnaC.GL2.b His Val Val Val Thr  Ser Arg Leu - Leu Ser
a L . . BraA.GL2.a Gln Leu Ala Met - Ala Lys Met Ala Met Cys
Variation loci based on amino
acid sequence of BnaA.GL2.a BolC.GL2.a His Val Val Val Thr  Ser Arg Leu - Leu Ser
H
A
Ry Helix helix helix
Bnak_GLZ_a 151
BnaC_GLZ b 151
BraA GLZ a 152
BolC_GLZ_a 151
GLABRAZ 157
039 162
ROC1 139
ZmOCL1 145

Leucine zipper motif . .
leucine zipper
Bnai _GLZ_a
BnaC_GLZ b
Br nA_G].. 2 _a
BolC_GLZ_a
GLABRAZ
039
ROC1
ZmOCL1

leucine zipper
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Fig. 4 The structure of the four GL2 proteins and sequence compari-
son within the HD-GL2 family. a Schematic diagram illustrating
the domains conserved among the HD-GL2 members. Conserved
domains, including acidic amino acid region (), homeodomain (HD),
two successive truncated leucine zipper motifs (LZ) and START
domain (START), are marked. b Alignment of the sequences in the HD,
leucine zipper motif of the four GL2 proteins with the corresponding
sequences of Arabidopsis GLABRA?2, Phalaenopsis 039, Rice ROC1
and Maize ZmOCL1. Identical and similar amino acids are marked.

Copy numbers of Brassica GL2 gene family

To determine copy numbers of GL2 gene family in the
three Brassica species, this study carried out Southern blot

@ Springer

Asterisks denote potential DNA sequence-specific contact residues.
¢ Phylogenetic tree showing the predicted relationships among the rep-
resentative HD-GL2 proteins. The four Brassica GL2, GLABRA2,
039, ROC1, ZmOCL1 and Sunflower Hahrl were included. The tree
was constructed by using the neighbor-joining method. The branch
lengths are proportional to the sequence divergence. Numbers indicate
genetic distance. GenBank accession number of above-mentioned pro-
teins: GLABRA2 (L32873), 039 (U34743), ROC1 (AB077993),
ZmOCL1 (Y17898), and Hahrl (L76588)

using a conservative 340-bp C-terminal region fragment of
Brassica GL2 cDNA sequence as the hybridization probe,
and exhaustive blast analysis against the whole genomic
DNA sequences of B. rapa and B. oleracea (unpublished
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sequence data), respectively. The result of Southern blot
showed that both EcoRI and HindIII digestions gave rise to
two hybridized bands in genomic DNA of B. napus, one in
either B. rapa or B. oleracea, indicating two copies of GL2
genes in B. napus and one in either B. rapa or B. oleracea
(Fig. 5), which was the same to the result of blast analysis
against the whole genomic DNA sequences of B. rapa and
B. oleracea (SFig. 2). Furthermore, corresponding ortho-
logues from B. napus, B. oleracea or B. rapa showed the
same or very similar size in sequence length (indicated with
arrows in Fig. 5), which verified the origin of BnaA.GL2.a
and BnaC.GL2.b in B. napus.

Organ-specific transcription of Brassica GL2
homoeologues

Previous analysis of Arabidopsis GL2 transcription level
suggested that the GL2 gene was universally expressed in
different tissues during the whole life cycle (Nakamura
etal. 2006). Here we used semi-quantitative RT-PCR to
detect expression levels of the four Brassica GL2 genes in
six organs (root, stem, leaf, silique, flower and seed). As
expected, the orthologues were transcribed in a wide range
of organs. However, expression patterns were different
between orthologues of the A-genomes and the C-genomes,
and between the two orthologous GL2 genes of B. napus.

M E H FE H E H

212k— K o ¥

5.1k—
3.5k—
-t @
1.9k — —
-
1.4k — .
0.9k — Sy A

B.napus B.oleracea B.rapa

Fig. 5 Southern blot detection for members of GL2 gene family in
B. napus, B. rapa, and B. oleracea. Twenty-five micrograms of geno-
mic DNAs were digested with EcoRI (E in figure) and HindIll (H),
respectively, and hybridized by a cDNA fragment of 340 nucleotides
conservative among Brassica GL2 orthologues. The arrows point to
the bands of B. napus at the similar marker positions where their ortho-
logues in B. oleracea and B. rapa were located. M lambda DNA/
EcoRI + HindIIl marker (Fermentas Biotech)

The transcription of the two A-genome GL2 orthologues
was universally enriched in roots and relatively weaker in
30-DAP seeds. In contrast, the two C-genome GL2 ortho-
logues had higher levels of transcription in 30-DAP seeds
and 4-DAP siliques, and lower levels in roots and rosette
leaves (Fig. 6).

Modulation of seed oil content by overexpression
and suppression of BnaC.GL2.b

A T-DNA insertion g/2 mutant (a glabrous mutant of g/2-2)
had previously been shown to increase seed oil content
in Arabidopsis, in addition to positively controlling tri-
chome development (Shen et al. 2006). Our phylogenetic
analysis indicated that B. napus BnaC.GL2.b is the most
similar orthologue to Arabidopsis GL2. To investigate
whether BnaC.GL2.b also affects seed oil content, we gen-
erated Arabidopsis BnaC.GL2.b overexpression and sup-
pression transgenic plants. Multiple independent Basta
resistant T, transgenic plants were obtained and prelimi-
narily verified positive by PCR amplification (data not
shown). Ectopic overexpression of BnaC.GL2.b driven by
35S promoter in the wild-type Arabidopsis generated two
phenotypes: the wild-type-like and the g/2-mutant-like (an
Arabidopsis glabrous mutant of g/2-2). Suppression of
BnaC.GL2.b in antisense transgenic plant reduced tri-
chome number at the leaf margins (Fig. 7a). Based on their
phenotype, nine transgenic plants were selected for further
detection of B. napus BnaC.GL2.b transcription levels by
semi-quantitative RT-PCR. The results indicated that
BnaC.GL2.b was drastically detected in T2 transgenic
plants (Fig. 7b). Real-time quantitative RT-PCR analysis
of Arabidopsis endogenous GL2 expression showed that
their decreased transcription levels were found both in the

Rt Sm Lf Se Fr Sd

BnaA GL2.a
BnaC.GL2.b
Bractin

BraA GL2a
Bractin
BolCGL2.a
Boactin

Fig. 6 Semi-quantitative RT-PCR detection of transcription levels of
the four GL2 genes in six various organs. Bnactin (B. napus actin,
AF1118122), Bractin (B. rapa actin, EX087730) and Boactin (B. oler-
acea actin, AF044573) were used as the internal controls, respectively.

Rt Root, Sm stem, Lf rosette leaf, Se 4-DAP (days after pollination)
silique, Fr flower, Sd 30-DAP seeds
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Fig. 7 Phenotypes identification and molecular detection of
BnaC.GL2.b T, transgenic plants. Arabidopsis was transformed with
B. napus BnaC.GL2.b driven by 35S promoter in wild-type genetic
background. WT' Wild-type (Col-0); wild-type-like overexpression
transgenic plants: overl, over3, over4; g/2-mutant-like overexpression
plants: over7, overl4, overl5; antisense plants: antil, anti2, anti4.
a. Trichome of wild-type and BnaC.GL2.b transgenic plants. Overex-
pression transgenic plants with wild-type-like (7, 2, 3) or g/2-mutant-
like (4, 5, 6) phenotypes. Seedlings (/, 4), stems (2, 5) and buds (3, 6)
are shown. The rosette leaves of wild-type (7) and antisense transgenic
plant (8). Red boxes (9 and 10) indicate magnified leaf trichomes.
b Semi-quantitative RT-PCR detection of B. napus BnaC.GL2.b
expression in wild-type and BnaC.GL2.b transgenic plants. Atactin
(AT3G18780) was used as the internal control. ¢ Real-time quantita-
tive RT-PCR analysis of Arabidopsis GL2 expression in wild-type and
BnaC.GL2.b transgenic plants. Expression levels are given in relative
units, with the wild-type level serving as 1 unit. The mean £ SD (three
replicates) is indicated for each sample. d Seed oil content of wild-type
and BnaC.GL2.b transgenic plants. Bars are standard deviation

gl2-mutant-like overexpression plants and the antisense

transgenic plants, but not in WT and the wild-type-like
overexpression plants (Fig. 7c).
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In agreement with the transcription levels, seed oil con-
tent had a consistent increase of more than 3% in the gi2-
mutant-like overexpression and antisense lines (Fig. 7d).
ANOVA analysis indicated a significant difference (P < 0.01)
in oil content between wild-type Arabidopsis (26.54 £
0.301%) and either the g/2-mutant-like overexpression or
antisense lines. There was no detectable difference in seed
oil content between the wild-type-like overexpression lines
and WT. The fatty acid composition as detected by FAME
analysis showed no changes in transgenic and wild-type
plants (data not shown). No obvious differences between
T, transgenic plants and Arabidopsis wild-type plants
were observed in other seed characteristics such as seed
size and seed number. Our results indicated that suppres-
sion with B. napus BnaC.GL2.b can decrease trichome
number at the leaf margin, and increase seed oil content in
Arabidopsis.

Development of functional markers

Based on comparison of the four GL2 sequences, we
designed A- and C-genome-specific PCR primers and iden-
tified a genome-specific restriction enzyme site, which can
both be used as functional markers to distinguish these
Brassica homoelogues and A- and C-genomes. Analysis of
the GL2 genes indicated that intron 5 and intron 7 were
more variable and genome-specific, and could be used
to design three primer pairs (exon-anchored, A- and
C-genome-specific) to amplify from genomic DNA of
B. napus, B. rapa and B. oleracea (Fig. 8a, b). When a pair
of exon-anchored primers spanning three introns (intron 4,
5, 6) was used, we observed two bands in each B. napus
cultivar. However, only one was observed in either B. oler-
acea or B. rapa (Fig. 8a). This further confirmed that each
of the two genes present in the amphidiploid B. napus is
represented by one counterpart copy in each of the two pro-
genitor diploid species. When using a pair of A-genome-
specific primers, a unique fragment was amplified from
both B. napus and B. rapa, but no amplified product was
obtained from any B. oleracea cultivar. For the pair of
C-genome-specific primers, only one fragment was ampli-
fied from B. napus and B. oleracea, and none from B. rapa
(Fig. 8b). Thus these GL2 genome-specific PCR primers, as
functional molecular markers, can effectively identify and
distinguish these GL2 orthologoues and also the Brassica
A- and C-genomes.

An informative transition substitution (A — C) was
found in the four GL2 genes: adenine (A) was present in
BnaA.GL2.a (at position 3486) and BraA.GL2.a (at position
3451) of the A-genomes, whereas cytosine (C) was present
in BnaC.GL2.b (at position 3415) and BolC.GL2.a (at posi-
tion 3374) of the C-genomes (SFig. 1). This variation cre-
ated an EcoRV (GATATC) cleavage site in BnaC.GL2.b
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Fig. 8 Gel electrophoresis of PCR amplification and enzyme cutting
results. In PCR (a, b), each primer pair was used to amplify different
Brassica species. B. napus: ZS9 (ZhongShuang 9), ‘583’ and M083;
B. rapa: Sijiu (Sijiucaixin), Wuta (Wutacai) and YS (Yellow Sarson);
B. oleracea: Yuyi (Yuyiganlan), Xiang (Xianggangbaihuajielan) and
Lvbao (Lvbaojielan). M 500 bp ladder Marker. In enzyme cutting anal-
ysis (¢, d), four representative clones amplified from the corresponding
GL2 genomic DNA were digested by EcoRl/ EcoRV, respectively.
a An exon-anchored primer pair. b Lanes 2, 3,4, 5,6, 7,8, 9, 10 for the

and BolC.GL2.a, whereas there is no such site in the GL2
sequence of both A-genomes. Based on these sequence
characteristics, GL2 partial genome fragments incorporating
this substitution were amplified in three Brassica species and
subcloned into pMD18-T. Four representative clones (‘ZS9-
I’ with a 1,212-bp fragment amplified from BnaC.GL2.b,
‘2S9-2° with a 1,164-bp fragment from BnaA.GL2.a,
‘Yuyi’ with a 1,162-bp fragment from BolC.GL2.a, and
‘YS’ with a 1,213-bp fragment from BraA.GL2.a) were
digested with EcoRI/EcoRV, respectively. The results dem-
onstrated that full digestion was achieved for ‘ZS9-1" and
‘Yuyi’ from the C-genomes, whereas ‘ZS9-2° and ‘YS’
from the A-genomes were resistant to digestion with
EcoRV (Fig. 8c, d). These results indicated that the EcoRV
cleavage site in the GL2 gene sequences could also be used
as a rapid practical marker for distinguishing these homoel-
ogues as well as distinguishing between the Brassica A- and
C-genomes.

Discussion
In this paper, we isolated four full-length GL2 genes from

B. napus and its progenitor diploid relatives by an overlap-
ping-PCR  strategy. Comparative analysis of exon

Lvbao
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A-genome-specific primers, and lanes 11, 12,13, 14,15, 16,17, 18, 19
for the C-genome-specific primers. ¢ Two clones amplified from GL2
genomic DNA of B. napus (ZhongShuang 9). “ZS9-1", a clone includ-
ing the fragment of BnaC.GL2.b; “ZS9-2’, a clone including the frag-
ment of BnaA.GL2.a. M DL2000 marker. d Two clones amplified from
GL2 genomic DNA of B. oleracea Yuyiganlan and B. rapa Yellow
Sarson, respectively. ‘Yuyi’, a clone with the fragment of BolC.GL2.a;
‘YS’, a clone with the fragment of BraA.GL2.a. M 500 bp ladder
marker

sequences amplified from genomic DNA and the corre-
sponding cDNA sequences showed only a few nucleotide
differences between them. Blast analysis of four GL2 geno-
mic DNA sequences against our Brassica whole genome
database and Southern blot both indicated that there were
just one GL2 orthologue in either B. rapa or B. oleracea
and two in B. napus. The four Brassica GL2 genes were
sequentially divided into two groups and two orthologous
genes from the same genomic origins (A or C) are more
similar than those from two different genomic origins (A
and C), as is the case with the ALC loci in three Brassica
species, although the presence of three homologous ALC
paralogues in B. napus predicted by southern blot (Hua
et al. 2009). Sequence alignment indicated that the four
GL2 proteins belong to the HD-ZIP IV subfamily and fea-
ture a set of distinctive features such as DNA-binding spec-
ificities, gene structures, and additional common motifs.
The HD-Zip proteins are widely present in the plant king-
dom, and conserved in the process of evolution (Ariel et al.
2007). Therefore, the phylogenetic tree of GL2 genes fur-
ther confirmed that B. napus originated from the natural
combination of chromosomes in hybrids between its paren-
tal genomes. We believe the PCR strategy described here is
generically applicable for cloning multiple homologous
genes in polyploid plants and their progenitors.

@ Springer



1608

Theor Appl Genet (2010) 120:1597-1610

Previous reports suggested seed oil content can be regu-
lated by modifying key enzymes such as ACCase and
DGAT in oilseed rape lipid biosynthesis (Roesler et al.
1997; Weselake et al. 2007). However, more recent studies
have indicated that seed oil accumulation appears to be
controlled by a coordinated regulatory mechanism, which is
not only pertinent to major steps of lipid metabolism path-
ways, but also requires coordination of key components in
carbohydrate metabolism, in particular the regulation of
sucrose and hexose flux (Mu et al. 2008). Therefore, identi-
fication of the key genes involved in seed oil content at the
level of carbohydrate metabolism represents another strat-
egy for increasing seed oil bioassembly. Screens of Arabid-
opsis mutants have identified a series of important TFs,
which can significantly affect seed oil content. Among these
TFs, LEC1 and WRI1 act as master regulators because they
appear to regulate the action of other TFs (Weselake et al.
2009). The LECI gene encodes the CCAAT box-binding
domain protein and controls seed oil biosynthesis by induc-
ing expression of more than half of the plastidial fatty acid
synthesis genes in Arabidopsis (Mu et al. 2008). The WRII
gene encodes an AP2/EREB (ethylene responsive element
binding) domain protein and promotes oil accumulation by
controlling the carbon flux and sugar metabolism in Ara-
bidopsis (Cernac and Benning 2004). In addition to these
two TFs, Arabidopsis GL2 gene has been confirmed to play
a key role in seed oil biosynthesis (Shen et al. 2006). In this
paper, four Brassica GL2 genes transcription levels
detected by semi-quantitative RT-PCR showed that the two
orthologous GL2 genes from the same genomic origin (A or
C) had a more similar expression pattern when compared to
those arising from the different genomic origin. Hua et al.
(2009) also reported two types of different expression pat-
terns within the ALC homologous genes from three Bras-
sica species. It is well known that cis-regulatory region of
the gene is important for determination of its expression
pattern. Compared to those of paralogues, cis-regulatory
sequences of the orthologous genes exhibit dramatically
slower rates of evolution, which makes their gene expres-
sion patterns more conservative (Castillo-Davis et al.
2004). Thus, sequence characteristics among the cis-regula-
tory regions of the four GL2 orthologues could be the cause
of two types of expression patterns. Generally speaking,
orthologous genes are expected to retain similar (if not
identical) functions across different species, whereas para-
logues may more readily acquire novel functions within a
genome (Sonnhammer and Koonin 2002; Chen et al. 2006).
We therefore infer that the GL2 orthologues from the
A-genome may participate in root development, whilst the
GL2 orthologues from the C-genome may play an impor-
tant role in regulating seed development.

Based on this hypothesis, we further studied the effect of
B. napus BnaC.GL2.b on seed oil accumulation in overex-
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pression and suppression transgenic Arabidopsis plants. In
T, antisense transgenic plant, suppression of BnaC.GL2.b
drastically increased oil accumulation, which suggested
that BnaC.GL2.b protein could substitute Arabidopsis GL2
and regulate oil content in Arabidopsis. Surprisingly, some
of BnaC.GL2.b-overexpressed plants also increased seed
oil content, in addition to suppression of trichome cell
differentiation, in transgenic Arabidopsis. The reason for
the fact that the 35S:: BnaC.GL2.b interrupted Arabidopsis
endogenous GL2 function is unclear. Previous reports indi-
cated that the ectopically expressed Arabidopsis GL2 or
cotton GaHOX1 both repressed the trichome development.
One possible mechanism for such phenotype is ‘squelch-
ing’, in which overexpression of GL2 and GL2-like genes
might affect normal GL2 function by reducing the ratio of
the heterodimers to the GL2 homodimer (Ohashi et al.
2002; Guan et al. 2008).

Conventional molecular markers used in oilseed rape
have been based on genomic DNA sequence rather than the
actual genes. In contrast, ‘FMs’ combine DNA polymor-
phisms and trait variation, which can rapidly transfer a
character into an otherwise desirable genotype for genetics
research and breeding (Rahman et al. 2008). Due to the
high homology of Brassica A- and C-genomes, it is not
easy to identify and distinguish B. napus functional para-
logues and the genome types. Therefore, cloning and func-
tional identification of important orthologous genes and
development of FMs that allow mapping of the individual
loci can be advocated. Wu et al. (2007) and Rahman et al.
(2008) separately reported FMs specific for erucic acid at
the FAEI loci, which confirmed that the usage of FMs is
feasible in oilseed rape. In this paper we have evidence sug-
gesting that the two B. napus GL2 homologues might have
different functions, with BnaC.GL2.b potentially being
effective in regulating seed oil content in oilseed rape.
Analysis of the four GL2 sequences showed that both of
intron 5 and 7 have A- and C-genome-specific features
(Fig. 2), which allowed us to design three genome-specific
primer sets, as the FMs, to distinguish these Brassica ortho-
logues. The divergence of these genome-specific sequences
also provides an opportunity for targeting-induced local
lesions in genomes (TILLING ) or EcoTILLING analysis
of allelic DNA polymorphism at the GL2 loci in a popula-
tion using artificial mutagenesis or a natural germplasm
(Wang et al. 2008). Besides PCR-based markers, 63 A/C-
genome-specific SNPs were also identified in the GL2 cod-
ing regions, of which, 79.37% belong to the transition type
and are higher than transversion frequency (11.11%), simi-
lar to the result of Fang et al. (2006). Among these SNP
loci, 82.15% of the genome-specific substitutions are syn-
onymous mutations, which can be used as allele-specific
PCR to perform genetic mapping, or to identify genome-
specific restriction endonucleases sites to distinguish the
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GL2 orthologues (see SFig. 1). The present study identified
from these SNPs an EcoRV cleavage site unique to the
C-genome, which effectively distinguished the four ortho-
logues and Brassica A/C-genome. Thus the two types of
functional markers exploited in this study offer another
approach to accelerate breeding selection for seed oil con-
tent, as well as to identify interspecific hybrids and interge-
nomic gene flow of Brassica.
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