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Abstract Genes that are expressed early in specific

response to high salinity conditions were isolated from

rapeseed plant (Brassica napus L.) using an mRNA dif-

ferential display method. Five PCR fragments (DD1–5)

were isolated that were induced by, but showed different

response kinetics to, 200 mM NaCl. Nucleotide sequence

analysis and homology search revealed that the deduced

amino sequences of three of the five cDNA fragments

showed considerable similarity to those of b-mannosidase

(DD1), tomato Pti-6 proteins (DD5), and the tobacco har-

pin-induced protein hin1 (DD4), respectively. In contrast,

the remaining clones, DD3 and DD2, did not correspond to

any substantial existing annotation. Using the DD3 frag-

ment as a probe, we isolated a full-length cDNA clone

from the cDNA library, which we termed BnSWD1

(Brassica napus salt responsive WD40 1). The predicted

amino-acid sequence of BnSWD1 contains eight WD40

repeats and is conserved in all eukaryotes. Notably, the

BnSWD1 gene is expressed at high levels under salt-stress

conditions. Furthermore, we found that BnSWD1 was

upregulated after treatment with abscisic acid, salicylic

acid, and methyl jasmonate. Our study suggests that

BnSWD1, which is a novel WD40 repeat-containing

protein, has a function in salt-stress responses in plants,

possibly via abscisic acid-dependent and/or -independent

signaling pathways.
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Introduction

Plants encounter many adverse environmental challenges

during growth and development. Among them, insufficient

water is one of the most deleterious factors that affect plant

growth. Excess salt or insufficient water often cause

dehydration, which can denature many proteins or disrupt

membranes. Another consequence of dehydration is ion

displacement, which deprives cellular enzymes of the

inorganic cofactors required for optimal activity (Garcia

et al. 1997).

Many different types of genes are induced in plants

exposed to these stresses, and the expression patterns of

salt-stress-inducible genes are complex. In general, the

products of salt-stress-inducible genes can be classified into

two groups: those that directly protect plant cells against

environmental stresses and those that regulate gene

expression and signal transduction during the stress

response (Shinozaki and Yamaguchi-Shinozaki 1997). The

first group includes proteins that are likely to function by

protecting cells from dehydration, such as the enzymes

required for the biosynthesis of various osmoprotectants

(Verbruggen et al. 1993; Ishitani et al. 1995; Garcia et al.

1997), late-embryogenesis-abundant (LEA) proteins (Naot

et al. 1995), antifreeze proteins (Shinozaki and Yamagu-

chi-Shinozaki 1997), chaperones, and detoxification
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enzymes (Zhu et al. 2009), The second group includes

transcription factors (Urao et al. 1993; Liu et al. 1998),

protein kinases and phosphatases (Toroser and Huber

1997), and enzymes involved in phosphoinositide metab-

olism (Shinozaki and Yamaguchi-Shinozaki 1997).

Most salt-stress-inducible genes also respond to treat-

ment with exogenous abscisic acid (ABA). It appears that

dehydration triggers the production of ABA, which in turn

induces various genes. However, several genes that are

induced by salt stress are not responsive to exogenous ABA

treatment, such as a peroxidase, PR1, PR10, and osmotin

(PR5), which are typical components of plant defense

responses to wounding and pathogen attack (Zhu et al.

1995; Ingram and Bartels 1996). These findings suggest

that ABA and other stress-related hormones, such as sali-

cylic acid (SA), ethylene, and methyl jasmonic acid

(MeJA), may interact with one another during the regula-

tion of stress-signaling and plant stress tolerance.

Conventional genetic screens have been performed suc-

cessfully based on stress-related phenotypes (Xiong and

Zhu 2001, 2002); however, there remains a need to identify

additional signaling components to understand abiotic

stress-signaling networks.

The WD40 motif (also known as the Trp-Asp motif) is

present in many eukaryotic proteins (van der Voorn and

Ploegh 1992). These WD40 proteins may play key roles

in signal transduction, cytoskeletal dynamics, protein

trafficking, nuclear export, ribosomal RNA biogenesis,

and, especially, chromatin modification and transcription

(Neer et al. 1994; Smith et al. 1999). Several genes that

encode different WD40 proteins, including the putative

G-b subunit, COP1 (constitutive photomorphogenesis

protein 1), the cell-differentiation regulation protein,

TTG1 (TRANSPARENT TESTA GLABRA1), and the

retinoblastoma binding protein, have been isolated from

plants (Ma 1994; Ach et al. 1997; Walker et al. 1999).

The COP1 protein from Arabidopsis comprises three

domains and acts as part of a protein complex that

negatively regulates gene transcription. The WD40 region

of COP1 is essential for the function of this protein as a

negative regulator of photomorphogenesis (McNellis

et al. 1994). The interaction with other proteins in the

complex probably takes place via the WD40 repeat

domain.

mRNA differential display analysis is one of the most

sensitive methods for the detection of mRNAs that are

expressed differentially in various biological systems

(Liang and Pardee 1992). This PCR-based method is con-

sidered to be simple and rapid, and its sensitivity is greater

than that of other conventional differential screening pro-

cedures. Moreover, the patterns of the amplified cDNA

products of different mRNA samples derived from this

method can be compared side by side, which permits the

rapid identification of differentially expressed cDNAs

(Goormachtig et al. 1995).

In this paper, rapeseed plant (Brassica napus L.) was

used to investigate plant responses to osmotic stress.

Brassica napus is a model system that is suitable for the

study of these aspects of the plant stress response because

of its natural saline habitat and relatively short life span.

Five discrete PCR fragments were isolated from salt-trea-

ted Brassica napus seedlings using mRNA differential

display analysis. The DNA fragments were subjected to

nucleotide sequence determination and northern blot

analysis. The results of these analyses revealed the specific

expression of the corresponding genes in response to high

salinity conditions. One of the clones encoded eight

WD40-motif repeats, and the predicted protein sequence

exhibited no similarity to any known protein. The corre-

sponding gene, which was termed BnSWD1, was induced

by treatment with salt, SA, or MeJA. Expression analysis

suggested the involvement of the BnSWD1 gene in salt

stress and that the BnSWD1 protein may be a new com-

ponent of the plant stress-signaling pathway.

Materials and methods

Plant materials and abiotic stress treatments

Seeds of rapeseed plant (Brassica napus L.) were pur-

chased locally. Seeds were surface sterilized and grown in

vitro in 19 Murashige and Skoog (MS) liquid medium

(Sigma, St. Louis, MO, USA) for 4 days at 25�C with a

16 h light/8 h dark photoperiod. The culture medium was

replaced with 19 MS liquid medium supplemented with

200 mM NaCl (salt stress) or without NaCl (control). The

culture flasks were placed in a shaking incubator at 150g.

For treatment with ABA, SA, ethephon (ET), and MeJA,

plants were grown on MS agar plates in a growth chamber

under a 16 h light/8 h dark photoperiod. Plants were trea-

ted and examined at 3 weeks after seed germination.

Detached leaves were placed in Petri dishes filled with

100 lM ABA, 2 mM SA, 1 mM ET, or 100 lM MeJA for

various periods, and were then frozen in liquid nitrogen for

further analyses.

mRNA differential display

Differential display analysis was performed as described by

Liang and Pardee (1992). Four-day-old Brassica napus

seedlings were treated with 200 mM NaCl for 0, 0.5, 1, or

3 h, and total RNA was extracted from the treated seed-

lings using the method described by Ausubel et al. (1989).

After DNase I (Promega, Madison, WI, USA) treatment,

2 lg of each total RNA sample was used for reverse
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transcription and subsequent PCR. Reaction products were

separated on 6% sequencing gels, dried, and visualized

using autoradiography. Bands of interests were excised

from the dried gel and reamplified. Adequate amounts of

the reamplified fragments were obtained in one or two

rounds of reamplification and were purified from agarose

gels. The purified fragments were subcloned into the pT7-

Blue vector (Novagen, Madison, WI, USA), sequenced,

and used as probes for RNA gel blot analysis.

RNA gel blot analysis

Total RNA was isolated from Brassica napus seedlings as

described by Ausubel et al. (1989). Twenty micrograms of

total RNA was fractionated on a 1.2% agarose gel con-

taining formaldehyde and transferred onto a Nytran mem-

brane (Amersham, Little Chalfont, Buckinghamshire, UK).

Hybridization was carried out using a 32P-labeled DNA

probe according to a published protocol (Church and

Gilbert 1984). After hybridization, the membranes were

washed with 29 SSC at room temperature for 10 min

twice, 0.19 SSC containing 0.1% SDS at room tempera-

ture for 10 min, and at 65�C for 5 min. The membranes

were dried and exposed to X-ray film or directly visualized

using a BAS-2500 phosphorimager (Fuji Photo film;

Minato-ku, Tokyo, Japan).

Reverse transcription (RT)-PCR analysis

Total RNA was extracted from leaf tissues using the TRI

reagent, according to the manufacturer’s instructions

(MRC, Cincinnati, OH, USA). Total RNA was treated with

1 U of RNase-free DNase (Promega) for 10 min at 37�C

and purified using the TRI reagent. The first-strand cDNA

was synthesized using 1 lg of DNase-treated RNA, an

oligo dT primer (Amersham), and Moloney murine leu-

kemia virus reverse transcriptase (M-MLV RT; Invitrogen,

Carlsbad, CA, USA) according to standard protocols. All

PCR reactions were performed in a total volume of 20 ll in

AccuPower PCR PreMix (Bioneer, Deajeon, Korea). The

primers used for the RT-PCR analysis were as follows:

BnSWD1, 50-CCTTGTGGTGCCTGGACGC C-30 and 50-T
GCTCCTGCATTCACGCCCG-30; BnD22 (Brassica na-

pus drought-induced protein; GenBank accession number

X65637; Downing et al. 1992), 50-CACTTGGCATCAC

CCAGACAC-30 and 50-CCCTATGCTTTACACTCTTA

AACC-30; BnP5CS1 (Brassica napus delta 1-pyrroline-5-

carboxylate synthetase 1; GenBank accession number

AF314811), 50-GCCCTCCAAGTGACCCTA AC-30 and

50-TTCCAACACGCAGTCCTCTAA-30; BnActin (Bras-

sica napus actin; GenBank accession number AF111812),

50-TCTTCCTCACGCTATCCTCCG-30 and 50-TTAGCC

GTCTCCAGCTCTTGC-30; and BnPR1 (Brassica napus

PR1; GenBank accession number U70666), 50-AT

GAAAGTCACTAACTGTTCTCGAC-30 and 50-GCCAGT

AAACTAGGTAACGGATAA-30. The PCR using BnAc-

tin-specific primers was used to ensure that an equal

amount of RNA was used for all samples.

To obtain the full-length cDNA of BnSWD1, 50-RACE

(rapid amplification of 50 complementary DNA ends) PCR

was performed using the SMART RACE cDNA amplifi-

cation kit (BD Biosciences, Franklin Lakes, NJ, USA),

according to the manufacturer’s instructions. The 50 end of

BnSWD1 cDNA (0.7 kb) was amplified from mRNA

that was purified from salt-treated leaves using the gene-

specific primer 50-CCCATGGGATGGTGATGACTGCA

CA-30.

Results and discussion

Isolation of salt-induced cDNA fragments using mRNA

differential display

To isolate new components of the salt-stress response

pathways of Brassica napus, genes that are differentially

regulated by salt stress were isolated using the mRNA

differential display method. Forty-eight partial cDNA

fragments exhibiting a differential expression pattern were

initially identified by polyacrylamide gel electrophoresis

using 40 different combinations of primer pairs [oligo

dT(11)VC, VG, and 20 random decamers]. Fragments in

the gel were excised and subjected to reamplification. The

expression pattern of each amplified fragment was exam-

ined using a preliminary RNA gel blot analysis. As shown

in Fig. 1, the results of these experiments confirmed that

the expression of 5 out of the 48 genes was induced by salt

treatment. However, the exact time of induction and the

extent of expression of each gene varied considerably.

Fig. 1 Expression patterns of the PCR fragments isolated during salt-

stress treatments. Twenty micrograms of total RNA was electropho-

resed and gel blotted. The blots were hybridized with 32P-labeled

DNA fragments derived from differential display experiments (DD1,
DD2, DD3, DD4, and DD5). Ethidium bromide (EtBr) staining

confirmed equal loading of RNA samples
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These partial cDNAs were subcloned and sequenced.

Homology searches revealed that the deduced amino-acid

sequences of three of the five cDNA fragments exhibited

significant sequence similarity to known proteins in the

databases (Table 1). However, the remaining two clones

did not show any significant sequence similarity.

The predicted amino-acid sequence of one of the clones

isolated, DD1, showed homology to b-mannosidase of

Arabidopsis thaliana. Several reports suggest that enzymes

of sugar metabolism are critical for drought tolerance in

plants (Ingram and Bartels 1996). It has been demonstrated

that certain sugars, such as trehalose and sucrose, may be

central to the protection against water deficit in plants

(Ingram and Bartels 1996). It has also been reported that

the activity of enzymes involved in glycolysis and gluco-

neogenesis increases significantly during drought toler-

ance. For example, the activity of enolase, which is a

glycolytic enzyme, increases by more than fourfold in

Mesembryanthemum crystallinum during salt stress

(Forsthoefel et al. 1995). As b-mannosidase catalyzes the

degradation of oligosaccharides, it may be involved either

in producing small sugar units that act directly as osmo-

protectants or in providing raw materials that are needed to

synthesize effective osmoprotectant sugars, such as treha-

lose (Ingram and Bartels 1996). The second cDNA frag-

ment, DD5, shared significant amino acid sequence

homology with tomato Pti6. Sequence analysis indicated

that the protein has an EREBP/AP2 DNA-binding motif,

which is present in the ethylene-response-element-binding

proteins (EREBPs) and in the APETALA2 protein.

Recently, several EREBP/AP2 transcription factors were

isolated that bind a C-repeat/dehydration-responsive ele-

ment (CRT/DRE) sequence, which is essential for dehy-

dration- and cold-stress-inducible gene expression

(Stockinger et al. 1997; Liu et al. 1998; Park et al. 2001).

The third clone, DD4, showed significant amino acid

sequence similarity with hin1 and NDR1. hin1 is a tobacco

gene that is highly induced by a bacterial protein, harpin.

Induction of hin1 by Pseudomonas syringae pv. syringae

61 (Pss61) is dependent on functional bacterial hrp genes,

which are involved in the assembly of the harpin secretion

pathway (Gopalan et al. 1996).

Sequence analysis of BnSWD1, a member of the WD40

repeat-containing protein family

We found a significant increase in the expression of the

DD3 cDNA fragment at an early time after salt induction.

This cDNA fragment contained two putative WD40-repeat

motifs, which are found in a number of eukaryotic proteins

involved in signal transduction, cytoskeletal dynamics,

protein trafficking, nuclear export, ribosomal RNA bio-

genesis, and chromatin modification and transcription

(Neer et al. 1994; Smith et al. 1999). To identify new

regulators of salt stress, the full-length cDNA of DD3 was

isolated from a Brassica napus cDNA library. The library

was prepared from mRNA isolated from Brassica napus

seedlings that had been salt-stressed for 1 or 3 h.

Approximately 2.5 9 105 phages were screened by plaque

hybridization using a 32P-labeled DD3 cDNA fragment as a

probe. Among the three clones identified, one was fully

Table 1 Summary of the salt-stress-induced cDNA fragments of Brassica napus identified using mRNA differential display

Clone no. cDNA (bp) Induction time (h)a Sequence homologyb Accession no.c

DD1 489 0.5 Contains similarity

to Bos beta-mannosidase

AC000106 Arabidopsis

DD2 275 1 Unknown

DD3 253 1 Unknown

DD4 266 0.5 hin1 Y07563 Tobacco

DD5 393 0.5 Pti6 U89297 Tomato

a Based on RNA gel blot analysis that was performed using samples harvested at the time, after salt treatment
b According to the NCBI BlastX search results
c GenBank/EMBL/SwissProt accession number

Fig. 2 a Comparison of the predicted amino-acid sequence of

BnSWD1 with other homologous proteins. The asterisk indicates a

putative nuclear localization signal. Dots indicate conserved amino

acids in all sequences and dashes were introduced to optimize the

alignment. The WD40 motifs are numbered. b Schematic structure of

BnSWD1. The black box indicates the six consensus WD40 repeats

and the gray box includes the two non-canonical WD40 repeats. c
Phylogenetic relationship of plant BnSWD1-like proteins. The

phylogenetic tree was generated by the MEGA 4.0 software using

the neighbor-joining method. The bootstrap values from 100 repli-

cates are indicated at each branch. The plant species and GenBank (or

TIGR Transcript Assemblies) accession numbers for sequences were:

Brassica napus BnSWD1 (GU111248), Arabidopsis thaliana AtWD1
and AtWD2 (NP_566246 and AAF27015), Ricinus communis RcWD1
and RcWD2 (XP_002512270 and XP_002271491), Populus tricho-
carpa PtWD1 and PtWD2 (XP_002328525 and XP_002319610), Vitis
vinifera VvWD1 and VvWD2 (XP_002271491 and CAO42978), Oryza
sativa OsWD1 and OsWD48 (NP_001066238 and ABA95885), and

Physcomitrella patens PpWD1 and PpWD2 (XP_001764540 and

XP_001766371)

c
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sequenced and termed BnSWD1. This cDNA was 2536 bp

in length and contained an open reading frame of 754

amino acids, which corresponds to a predicted polypeptide

of 82.5 kDa (Fig. 2a).

Analysis of the deduced amino acid sequence of

BnSWD1 using SMART (http://smart.embl-heidelberg.de/

smart/set_mode.cgi? NORMAL = 1) revealed the pres-

ence of eight putative WD40-repeat motifs (which corre-

sponded to 443 amino acids) at its N-terminal region. This

motif can be further separated into two regions, based on

its preservation of canonical WD40 motif sequences. The

first region (Fig. 2b, black box) contained six consensus

WD40 repeats and the second region (Fig. 2b, gray box)

included two noncanonical WD40 repeats. In addition, the

BnSWD1 protein contained two putative nuclear localiza-

tion signals (Fig. 2a).

A BLASTX analysis revealed the existence of BnSWD1

highly conserved homologous proteins in plants. We also

found significant BnSWD1 homology in all other eukary-

otes. The overall identity and similarity among the plant

BnSWD1-like proteins varied between 56 and 90% and 72

and 95%, respectively (Fig. 2a, c). Although there are no

studies on the function of BnSWD1-like proteins in plants,

a few recent reports described a novel function for one of

the BnSWD1 homologs in mammals, WDR48 [also known

as a USP1 (ubiquitin-specific protease) associated factor 1

(UAF1)], which controls the deubiquitinating enzyme

activity of USP1 via WD40 motif-mediated protein–pro-

tein interactions (Park et al. 2002, 2003; Cohn et al. 2007,

2009; Cote-Martin et al. 2008). Disruption of ubiquitina-

tion by deubiquitinating enzymes (DUBs) has been

implicated in many aspects of plant cellular functions

(Love et al. 2007; Bonnet et al. 2008); however, the

physiological roles of most DUBs and the mechanism of

regulation of protein deubiquitination in plants are poorly

understood.

Expression of BnSWD1 during salt stress

We next examined the temporal expression pattern of the

BnSWD1 gene in response to salt stress using an RT-PCR

analysis. As shown in Fig. 3, the expression of the

BnSWD1 gene was induced rapidly within 3 h after salt

treatment and the transcript level increased steadily up to

24 h (Fig. 3). This expression pattern was consistent with

that of the partial cDNA fragment. The induction of the

BnSWD1 mRNA was hardly detected in control plants that

were treated with water. We also monitored the expression

pattern of the marker genes Brassica napus BnD22

drought-induced protein (BnD22; Downing et al. 1992) and

delta 1-pyrroline-5-carboxylate synthetase (BnP5CS1; Xue

et al. 2009), which were used as positive controls for the

salt stress. The BnD22 protein, which is a member of the

Kunitz-type proteinase inhibitor family, is a 22-kDa protein

that is induced by progressive or rapid water stress and

salinity (Downing et al. 1992; Reviron et al. 1992).

Expression of the proline biosynthetic gene BnP5CS1 is

also rapidly upregulated under treatment with NaCl and

ABA (Xue et al. 2009). Induction of the expression of both

marker genes began 3 h after treatment with 200 mM NaCl

and increased to high levels at 24 h. The expression of

BnD22 was increased under non-salt-stressed conditions,

whereas that of BnP5CS1 was suppressed (Fig. 3). This

result partly reflected the effects of mechanical stress

caused by detachment. However, we were able to assess

whether the induction of BnD22 was due to salt or

wounding stress, as the induction of BnD22 in response to

salt was relatively faster and stronger than that of the

Fig. 2 continued

Fig. 3 Expression patterns of the BnSWD1 gene after NaCl treat-

ment. Brassica napus seedlings grown for 4 days in MS agar plates

were treated with 200 mM NaCl for the indicated periods. Plants

treated with water were used as negative controls. One microgram of

total RNA was used for cDNA synthesis and PCR was then performed

using the primers described in ‘‘Materials and methods’’. The

expression of BnD22 and BnP5CS1 in salt-treated plants was also

monitored as a positive control
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control. Importantly, these results indicated that BnSWD1

expression was specifically induced as part of the rapeseed

defense mechanism against salt stress.

Expression of BnSWD1 in response to stress-related

chemicals

To analyze the effects of other stimuli on the expression of

BnSWD1, plant hormones, which included ABA, ethylene,

MeJA, and SA, were administered to rapeseed plants. As

determined by semi-quantitative RT-PCR (Fig. 4), the

steady-state mRNA levels corresponding to BnSWD1

increased significantly within 3 h for ABA, SA, and MeJA

treatment compared with the treatment-with-buffer control.

Compared with these three hormones, the addition of

1 mM ET did not activate the expression of BnSWD1. On

the other hand, the induction of the positive control genes

BnD22 and BnP5CS1 was only detected after treatment

with ABA, as observed previously (Downing et al. 1992;

Xue et al. 2009). In addition, we monitored the expression

patterns of BnPR1 as a positive control for treatment with

SA and ET (Potlakayala et al. 2007). Expression of the

BnPR1 gene was detected within 24 h after the adminis-

tration of ET or SA, with different induction patterns

(Fig. 4). These results imply that the induction of BnSWD1

expression after salt stress is dependent on ABA, SA, and

MeJA accumulation.

In plants, chemicals such as ABA, SA, ET, and MeJA

are important inducers of defense-related genes that act

against biotic and abiotic stresses (Reymond and Farmer

1998; Mauch-Mani and Mauch 2005). There are several

reports on genes that respond to both abiotic and biotic

stresses. For example, lipid transfer protein (Ltp) genes

have been reported to not only respond to environmental

stresses, such as cold and salt stress (Molina et al. 1996),

but also to be induced by bacteria or fungal pathogens

(Molina and Olmedo 1997). Osmotin and osmotin-like

proteins are another example of genes that respond to both

abiotic and biotic stresses. These observations suggest

that BnSWD1 is among the plant genes that are dually

responsive to both types of stress. Further studies will be

necessary to clarify the roles of the novel plant WD40

protein, BnSWD1, in the signal transduction pathways that

mediate the responses of plants to various environmental

cues.
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