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High salinity and drought are the major abiotic stresses
that adversely affect plant growth and agricultural pro-
ductivity. To investigate genes that are involved in
response to abiotic stresses in Brassica napus, a compre-
hensive survey of genes induced by high-salinity and
drought stresses was done by macroarray analysis. In
total, 536 clones were identified to be putative high-sal-
inity- or drought-responsive genes. Among them, 172 and
288 clones are detected to be putative high-salinity- and
drought-inducible genes, whereas 141 and 189 are candi-
dates for high-salinity- and drought-suppressed genes,
respectively. The functional classification of these genes
are indicated that belonged to gene families encoding
metabolic enzymes, regulatory factors, components of
signal transduction, hormone responses, some abiotic
stresses-related proteins, and other processes related to
growth and development of B. napus. From the up-
regulated candidate genes, some interested genes were
further demonstrated to be high-salinity- or/and drought-
induced expression by real-time quantitative RT-PCR
analysis. The experimental results also revealed that some
genes may function in abscisic acid-dependent signaling
pathway related to drought or salinity stress. Collectively,
the data presented in this study will facilitate the under-
standing of molecular mechanism of B. napus in response
to high-salinity and drought stresses, and also provide us
the basis of effective genetic engineering strategies for
improving stress tolerance of B. napus.
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Introduction

High salinity and drought are the major abiotic stresses that
adversely affect plant growth and agricultural productivity
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[1,2]. To overcome these limitations for improving crop
yield, it is important to increase stress tolerance of crops,
such as Brassica napus. The identification of novel genes,
analysis of their expression patterns in response to these
stresses, and evaluation of their potential functions in stress
adaptation will provide us the basis of effective engineering
strategies to improve crop stress tolerance [3,4].

It was demonstrated that one-fifth of irrigated agriculture
is adversely affected by soil salinity [1]. Plant requires
mineral nutrients absorbed from the soil by roots for its
development. Although Na™ is a major cation present in
the soil, it is not considered an essential mineral for most
plants. Excessive Na* disrupts the balance of other min-
erals such as K™, causing osmotic stress that leads to sec-
ondary stresses such as oxidative stress and nutritional
disorders [5]. In recent years, great effort has been focused
on elucidating the molecular basis of plant salt tolerance,
and as a result, several important pathways involved in the
salt-stress signal transduction have been identified [6].
These pathways include the salt-over-sensitive (SOS)
pathway (SOS3-SOS2-SOS1) that regulates ion homeo-
stasis under salt stress and results in Na™* efflux and vacuo-
lar compartmentation, the calcium-dependent protein
kinase (CDPK) pathway that plays an important role in
osmotic stress [7], and the mitogen-activated protein kinase
(MAPK) pathway that functions importantly in both abiotic
and biotic stresses [8]. One of the effective strategies to
improve plant salt tolerance is through overexpression of
the genes that are either involved in salt perception and
responses and/or shown to be required for normal levels of
tolerance [9]. Overexpression of these regulatory genes,
such as transcription factors (DREB/CBF) and protein
kinases (MAPK, CDPK), can increase plant salt tolerance
[10-13].

Drought is also one of the most severe environmental
stresses that affect plant development and productivity
[14]. Drought limits plant growth and development mainly
due to photosynthetic decline, osmotic stress-imposed
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constraints on plant processes, and interference with nutri-
ent availability [15]. Therefore, the osmotic stress and the
associated oxidative stress appear to be common conse-
quences of exposure to drought and salinity. In recent
years, a lot of plant drought-inducible genes have been
identified. Transgenic plants have demonstrably enhanced
their tolerance to abiotic stresses by introducing several
stress-inducible genes [16—18]. Previous studies indicated
that the genes encoding late embryogenesis abundant
(LEA) proteins are useful for improving plant drought
and salt tolerance [18—-20]. The regulatory factors (such
as transcription factors, protein kinases, and enzymes
involved in the abscisic acid [ABA] biosynthesis) play
important roles in improving plant tolerance to drought and
other abiotic stresses. A study reported that CBF/DREBI
expression in transgenic plants increases its tolerance
to freezing, drought, and salt stresses [21]. An active form
of DREB2 is shown to enhance drought tolerance of
transgenic Arabidopsis [22]. Overexpression of OsDREB1
or AtDREBI1 also improves rice tolerance to drought
and chilling [23]. Arabidopsis ABF3 or AREB2/ABF4
causes ABA hypersensitivity, reduces the transpiration rate,
and enhances drought tolerance of transgenic plants [24]. It
was observed that an LEA-type gene (RAB16A) is induced
to enhance plant salt/drought tolerance in the OsCDPK7-
overexpressing transgenic rice [25]. Previous studies
revealed that SRK2C, a number of SNF1-related protein
kinase family activated by osmotic/salt stress and ABA
treatment, regulates many downstream stress-inducible
genes, resulting in an enhanced stress tolerance of
transgenic plants [26,27].

Although a lot of abiotic stress-induced genes have been
characterized from model species such as Arabidopsis,
tobacco and rice, little is known in economically important
species such as oilseed plants so far. In our study, over 500
genes related to high-salinity and drought stresses were
identified from B. napus cDNA libraries using macroarray
analysis, and the expression patterns of 13 genes were
further analyzed under high-salinity and drought stresses.
This study provides insights into the regulation network of
B. napus in response to high-salinity and drought stresses.

Materials and Methods

Plant growth conditions

Seeds of B. Napus (cv. Zhongyou 821) were surface steri-
lized and germinated on plates with half-strength
Murashige and Skoog (MS) medium (pH 5.8) containing
0.8% agar under a 16 h light/8 h dark cycle at 25°C for
7 days. The 7-day-old seedlings were transferred onto MS
medium containing 150 mM NaCl, 200 mM mannitol, or
100 uM ABA for treatment, respectively.

c¢DNA library construction

Total RNA was isolated and purified from different tissues
of B. napus according to the protocol of the RNeasy®
plant mini kit (Qiagen, Valencia, USA). Equal amounts of
total RNA samples were reversely transcribed into cDNAs
using SMART™ ¢DNA Library Construction Kit
(Clontech, Palo Alto, USA) according to manufacturer’s
instruction. The cDNAs were digested with Sfil and size
fractionated by CHROMA SPIN-400 columns (Clontech).
Then, the cDNAs were inserted into TriplEx2 vector at the
Sfil site. The A-phages were packaged according to the
manufacturer’s instruction. The cDNA library was ampli-
fied using Escherichia coli XL1-Blue as host cells. Titers
of the cDNA library were calculated based on the plaques
obtained on LB plates.

Macroarray preparation

The excision of pTriplEx2 from recombinant ATriplEx2
was performed using E. coli BM25.8 as the host cells. The
pTriplEx2 is released as a result of Cre recombinase-
mediated site-specific recombination at the /oxP sites flank-
ing the embedded plasmid. Release of the plasmid occurs
automatically when the recombinant phage is transduced
into a bacterial host E. coli BM25.8 in which Cre recombi-
nase is being expressed. After the excision of pTriplEx2, a
total of 3000 colonies randomly selected from the library
were cultured overnight on 96-well cell plates. cDNA
insertions were then amplified with standard SP6 and T7
primers in 96-well PCR plate with T-gradient PCR instru-
ment (BioRad, Hercules, USA) using E. coli cultures as
templates. PCR reactions were performed in a total volume
of 50 ul (37 pl ddH,0, 5 pl of 10x PCR buffer with
MgCly, 4 pl of 2.5 mM dNTP, 1 pl of 10 uM SP6 primer,
1 pl of 10 uM T7 primer, 1 U Taq polymerase and 1 pl
E. coli culture as template) as follows: 94°C for 5 min,
1 cycle; then with 34 cycles of 94°C for 1 min, 56°C for
1 min, 72°C for 3 min; and finally with an extension at
72°C for 10 min. Five microliters PCR products were
checked on 1% agarose gel by electrophoresis. The remain-
ing PCR products were quantified by spectrophotometer
and the DNA concentration was adjusted identically.

Nylon membranes (Millipore, Bedford, USA) were
precut for DNA spotting. PCR products were arrayed on
nylon membranes manually. Two hundred cDNA samples
were spotted in an array on each membrane. A clone of the
B. napus actin2 gene (BnACT2) was also arrayed as the
positive control [28] and the ddH,O as the negative
control. The spotted membranes were denatured with
0.5M NaOH and 1.5M NaCl for 5 min, and neutralized
with 0.5 M Tris—HCI (pH 7.5) for 5 min, followed by
washing with 2x SSC and 0.1% sodium dodecyl sulfate
(SDS) for 5 min. The DNA was stabilized on the nylon
membranes with UV crosslinker.
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Hybridization

Totally 50 wg RNA, extracted from roots of 1-week-old
seedlings of B. napus treated by high-salinity (150 mM
NaCl for 6 h) and drought (200 mM mannitol for 24 h)
stresses, respectively, was labeled with [a-*?P]dCTP [29]
through reverse transcription using RNA labeling kit
(Promega, Madison, USA). The labeled first-strand cDNAs
were used as hybridization probes. Hybridization was per-
formed at 65°C overnight in a solution containing 50 mM
sodium phosphate buffer (pH 7.2), 0.4% SDS, 5% dextran
sulfate, 5x SSC, 5x Denhart’s, 10% denatured salmon
sperm DNA, and 2.5 uM EDTA, followed by washing
twice at room temperature with 1 x SSC and 0.1% SDS for
5 min, and then twice at 65°C with 0.5x SSC and 0.1%
SDS for 15 min. Autoradiography was done at —70°C and
the resulted profiles were analyzed.

DNA sequencing and analysis

DNA sequencing was carried out on ABI 3730 sequencers
by Sunny Biotech. Co., Ltd (Shanghai, China). The clones
were sequenced using SP6 primer. Similarities of ¢cDNA
sequences were analyzed with BLASTX program of NCBI
(http:/blast.ncbi.nlm.nih.gov/Blast.cgi).

Quantitative RT-PCR analysis

Total RNA was isolated and purified from different tissues
of B. napus according to the protocol of the RNeasy®
plant mini kit (Qiagen). Expression of the selected genes
in roots was analyzed by real-time quantitative reverse tran-
scriptase (RT)-PCR using the fluorescent intercalating dye
SYBRGreen with a detection system (Opticon 2, MIJ
Research, Waltham, USA). A BnACT2 was used as a stan-
dard control in the RT-PCR reactions. Two-step RT-PCR
procedure was performed in all experiments using a
method described earlier [30]. In brief, total RNAs, predi-
gested with DNase 1 for removing any contaminated
genomic DNA, were reversely transcribed into cDNAs that
were used as templates in PCR reactions. Real-time PCR
reaction was performed using real-time PCR Master Mix
(Toyobo, Osaka, Japan) according to the manufacturer’s
instructions, with gene-specific primers (Table 1). The Ct
(cycle threshold), defined as the PCR cycle at which a stat-
istically significant increase of reporter fluorescence is first
detected, is used as a measure for the starting copy
numbers of the target gene. Relative quantity of the target
gene expression level was performed using the comparative
Ct method. The relative value for the expression level
of each target gene was calculated by the equation Y =
10435 % 100% (ACt is the differences in Ct between the
control BnACT?2 products and the target gene products).
For the accurate amplification of each specific target gene,
we carefully designed the primer sets for each gene based
on the sequences corresponding to 3’-untranslated region.

Acta Biochim Biophys Sin (2010) | Volume 42 | Issue 2 | Page 156

Table 1 Gene-specific primers used in RT-PCR

Clone no.  Primer sequence
101 5'-ACCGTCTACGACTGGCTGTACAG-3' (F)
5'-CATTACAAGAGACAAGAGGACGC-3' (R)
121 5-GATGTTGCATGACGCAACCAATG-3' (F)
5'-CCAAACACTTCAGACATTCACAG-3' (R)
124 5'-GTTGCCCAACATCATTATCAAGC-3' (F)
5'-AGAAGAAAACAGAGCACTGCTCC-3' (R)
149 5'-GATGGATGCAAGTGCGGATCTG-3' (F)
5'-“TCACAAACCCCATAACACTTTCG-3' (R)
307 5'-ATTGAGTGACAACTTCGTGAAGC-3' (F)
5'-GCCATACATAAAAGAGCCTCTTC -3’ (R)
311 5'-AACCATCCAGTCTTCGTCGGAC-3' (F)
5'-AGCTGAGAAAACATCATCAGCAG-3' (R)
526 5-GCAGTTGCGAGAAGAACTACAAC-3' (F)
5-TGAAAACATTACACAATAAACACC-3' (R)
575 5'-TAACTCCTTCCCTACTCTCAACG-3’ (F)
5-TTGTGAACATAGTACAGACGACC-3' (R)
581 5'-GACCGTGGAAAGGACTCCATGAAGCATC-3' (F)
5'-GTCCCGGGTCAACGTCTCTTACTCTTGG-3' (R)
588 5'-CATCCAGGATGCAGTTGAGTAC-3’ (F)
5'-CCCCAACTGAATCAGTAGTACC-3' (R)
648 5'-AGTCACAACAACAGTGGTACTTC-3' (F)
5'-GGATATTTTAAGAATCTAACGTC-3' (R)
691 5'-AATCGAGTGGGAACAGGAGTC-3' (F)
5'-GAGACTCTGAACATCGTAAAG-3' (R)
961 5-GGAAGACGAGCACAAGAAGG -3’ (F)
5'-CATCTACCCCTCCCTCTCTATC-3' (R)
Actin2 5-GTGTTGTTGGTAGGCCAAGACATCA-3'(F)

5'-CTTGATGTCTCTTACAATTTCCCGC-3' (R)

F, forward; R, reverse.

To achieve optimal amplification, PCR conditions for each
primer combination were optimized for annealing tempera-
ture, and PCR products were verified by melting curve
analysis and confirmed on an agarose gel. Mean values
and standard errors (bar) were calculated from three inde-
pendent experiments with three biological replicates of root
materials, and the data were normalized with the relative
efficiency of each primer pair.

Results

c¢DNA isolation and macroarray analysis

A cDNA library of B. napus was constructed with mRNAs
from different tissues of the plant species. cDNA insertions
were amplified from the cDNA library via PCR using SP6
and T7 primers, and sizes of the insertions were 0.5-3 kb in
length. A total of 3000 PCR products that represent same
numbers of randomly selected cDNA clones were arrayed on
40-nylon membranes. Each four-nylon membranes, which
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Figure 1 Screening of high-salinity/drought-induced genes with macroarray anmalysis The PCR products of cDNA clones were blotted on
two-nylon membranes (A:B, C:D) at same locations, and the membranes were, respectively, hybridized with cDNA probes from the roots of control (A)
and 150 mM NaCl-treated plants (B), or control (C) and 200 mM mannitol-treated plants (D) of B. napus. Arrows indicate the representatives of the

up-regulated clones (partial data shown).

were spotted with identical cDNA samples, were hybridized
with ¢cDNA probes reversely transcribed from mRNAs in
roots of high-salinity- or drought-treated plants and controls.
The experimental results revealed that the genes on the
macroarray showed differential expression profiles in
response to various abiotic stresses. In total, 536 clones were
identified to be putative high-salinity- or drought-responsive
genes, including 310 up-regulated and 226 down-regulated
genes under high-salinity or/and drought conditions (Fig. 1).
Among them, 172 and 288 clones are detected to be putative
high-salinity- and drought-inducible genes, whereas 141 and
189 are candidates for high-salinity- and drought-suppressed
genes, respectively (Fig. 2). Based on the Venn diagram
analysis, we analyzed differences and cross-talk of gene
expression between high-salinity- and drought-stress
responses in B. napus. As shown in Fig. 2, 18 genes were
up-regulated only by high salinity, whereas 138 genes were
up-regulated only by drought. Similarly, 37 and 85 genes
were down-regulated only by high salinity or drought,
respectively. In contrast, 154 genes were induced by both
high salinity and drought, whereas 104 genes were sup-
pressed by both high salinity and drought, suggesting the
existence of a substantial common regulatory system or a
cross-talk between high-salinity and drought stresses.

EST sequencing and gene identification

To identify the high-salinity- and drought-induced genes,
these isolated cDNA clones were sequenced for obtaining
their ESTs. The insert cDNA sequences were determined
by a single DNA sequencing with SP6 primer. The
sequence data were analyzed by BLASTX to determine

-
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Figure 2 Venn diagrams showing the classification of high-salinity-
and drought-responsive genes identified on the basis of
macroarray In total, 313 high-salinity-responsive genes (including 172
up-regulated and 141 down-regulated genes), and 477 drought-responsive
genes (including 288 up-regulated and 189 down-regulated genes) were
identified by c¢DNA microarray. (A) Intersection of genes that were
up-regulated by high-salinity stress with those that were up-regulated by
drought stress. (B) Intersection of genes that were down-regulated by
high-salinity stress with those that were down-regulated by drought stress.

DNA and protein homologies. The results indicated that
amino acid sequences encoded by a portion of these genes
share significant similarities to the known proteins (such as
metabolic enzymes, regulatory factors, structure proteins,
components of signal transduction, hormone response
proteins, transporters, or abiotic stress-related proteins) that
have been previously described in other species, and the
remaining are unknown proteins that have no or very low
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Table 2 Numbers of cDNA clones involved in different functional groups up-regulated by drought and/or high-salinity stress

Functional category Number  Description

Protein kinase 5 MAPK 12, MAPKKK, Botrytis-induced kinase 1, CIPK

Iron homeostasis 4 FeS protein, metallothionein-like protein type 2, metallothionein protein

Transport 2 Plasma membrane aquaporin, ATOEP16-3; P—P bond hydrolysis-driven protein transmembrane
transporter

Electron transport system 1 Electron carrier

Hormone 2 Auxin-responsive family protein, auxin-repressed protein

Lipid metabolism 11 Lipid-transfer protein, lipid-binding protein

Pollen-related protein 5 Pollen-coat protein, pollen development-related protein

Photosynthesis 1 Photosystem II 10 kDa polytpeptide

Cytoskeleton 1 Profilin

Cell wall protein 2 Glycine-rich protein

Stress 5 Cold-regulated protein, COR2S5, dehydrin, ERD15, allergen V5/Tpx-1-related family protein,
allergen family protein

Metabolic enzymes 31 Peroxidase, carbon—nitrogen hydrolase family protein, glycosyl transferase family, probable
MPT-synthase sulfurylase, phosphoric monoester hydrolase, formate dehydrogenase,
S-adenosylmethionine synthetase, S-adenosyl-L-homocystein hydrolase, ubiquitin-protein ligase,
ATP binding/nucleoside triphosphatase, S-methyltransferase, ubiquitin carboxyl-terminal
hydrolase family 1 protein, thioredoxin-dependent peroxidase, putative dTDP-glucose
4-6-dehydratase, O-methyltransferase family 2 protein, ribonucleoside-diphosphate reductase,
ubiquinol-cytochrome C reductase complex

Transcriptional factor 2 Transcription factor-like protein, MY C-like protein

Unknown protein 28 Unknown protein

Total clones obtained 100

identity with the proteins in other plant species (partial
data shown in Table 2).

From the up-regulated candidate genes, 13 interested
genes (GenBank accession no.. GU189578—GU189590,
respectively) were selected for further confirming their
salinity- or/and drought-induced expression by real-time
quantitative =~ RT-PCR, using gene-specific  primers
(Table 1). The experimental results demonstrated that
expression levels of all the 13 genes were significantly
increased under high-salinity stress (Fig. 3) and drought
stress (Fig. 4). Of the 13 genes, six were induced by both
high-salinity and drought stresses, whereas the other 6
genes were induced only by drought stress and 1 gene only
by high-salinity stress. On the whole, the results of quanti-
tative RT-PCR are consistent with the data from macroarray
analysis. These 13 clones belong to 6 families, including
MAPKKK, metallothionein proteins, auxin-responsive or
-repressed proteins, lipid transfer protein, stress-related pro-
teins, and metabolic enzyme (Table 3).

Expression pattern analysis of the stress-induced genes

To investigate the expression profiles of the salinity- and
drought-induced genes, expressions of the identified 13
genes under stresses were analyzed by real-time quantitative
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RT-PCR. Under 150 mM NaCl treatment, the transcripts of
six high-salinity-inducible genes encoding auxin-repressed
protein (101), protein kinase (124), metallothionein (526),
glyceraldehyde-3-phosphate dehydrogenase (307), ubiquitin-
protein ligase (588), and CIPK (581), respectively, were
accumulated at highest levels at 6 h, whereas expression of
one gene encoding water stress-induced protein (961)
reached its peak value at 12 h. Two genes encoding auxin-
repressed protein (101) and metallothionein (526), respect-
ively, displayed similar expression patterns. Their transcripts
gradually increased and reached its highest level at 6 h, and
then decreased to very low levels under NaCl treatment
(Fig. 3). However, the other 6 genes encoding MAPKKK
(121), metallothionein (149), auxin-responsive protein (311),
lipid transfer protein (575), transcription factor-like protein
(648), and early responsive to dehydration 15 (ERDIS5)
(691), respectively, were not induced by high-salinity stress
(data not shown).

On the other hand, 12 of the selected 13 genes were
induced to up-express by treatment with 200 mM mannitol
(Fig. 4), of which 6 genes were induced by high-salinity
stress simultaneously (Fig. 3). The transcripts of five genes
encoding protein kinase (124), metallothionein (149 and
526), lipid transfer protein (575) and ERDI5 (691),
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Figure 3 Quantitative RT-PCR analysis of expression of the identified genes in B. napus under salt stress Total RNAs were isolated from
7-day-old roots treated with 150 mM NaCl for 3, 6, 12, 24, 48 h respectively. ck, untreated roots (control). Relative value of the expression of the
identified genes in B. napus roots was shown as percentage of BnACT2 expression activity. Mean values and standard errors (bar) were shown from three

independent experiments.
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Figure 4 Quantitative RT-PCR analysis of expression of the identified genes in B. napu under drought stress Total RNAs were isolated from
7-day-old roots treated with 200 mM mannitol for 3, 6, 12, 24 h respectively. ck, untreated roots (control). Relative value of the expression of the
identified genes in B. napus roots was shown as percentage of BnACT2 expression activity. Mean values and standard errors (bar) were shown from three

independent experiments.

respectively, were accumulated to their peak values at late
stage (24 h) of drought stress, while the other 4 genes
encoding MAPKKK (121), auxin-responsive protein (311),
transcription factor-like protein (648) and water stress
induced protein (961), respectively, reached their maximum
expression levels at early stage (3 h) of drought stress. In
contrast, the remaining three genes encoding auxin-
repressed protein (101), glyceraldehyde-3-phosphate dehy-
drogenase (307), and CIPK (581), respectively, were
induced to express at the highest levels at 12 h after manni-
tol treatment (Fig. 4).

It is believed that the phytohormone ABA plays an
important role in the signaling pathway related to plant

response to abiotic stresses (such as drought, salinity). To
investigate whether the identified genes are involved in
ABA-dependent signal transduction, expression profiles of
the six genes, which are thought to be potentially related to
ABA signaling, were analyzed in roots of B. napus plants
with 100 uM ABA treatment. As shown in Fig. 5, the tran-
scripts of the gene encoding MAPKKK (121) reached its
peak value at 1h after ABA treatment. Four genes that
encode protein kinase (124), metallothionein (149), CIPK
(581), and ERDI15 (691), respectively, showed a similar
expression pattern. The products of all the four genes were
accumulated at the highest levels at 6 h. On the contrary,
the expression of the gene encoding ubiquitin-protein
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Table 3 Summary of ESTs of the 13 induced genes in B. napus

Clone no.  Accession no.  Homologous gene Species E-value®  Homology
101 GU189578 Auxin-repressed protein Brassica oleracea 2e—57 1d.100%; Po.100%
121 GU189579 Protein kinase family protein Arabidopsis thaliana 6e—67 1d.95%; P0.97%
124 GU189580 Protein kinase, putative Arabidopsis thaliana 4e—120 1d.96%; P0.98%
149 GU189581 Metallothionein protein Pringlea antiscorbutica  2e—23 1d.89%; P0.93%
307 GU189589 Glyceraldehyde-3-phosphate dehydrogenase  Arabidopsis thaliana 8e—164  1d.96%; P0.98%
311 GU189582 Auxin-responsive family protein Arabidopsis thaliana le—56 1d.87%; P0.93%
526 GU189583 Metallothionein protein Brassica juncea le—09 1d.96%; P0.96%
575 GU189584 Lipid transfer protein B. napus 6e—61 1d.94%; P0.99%
581 GU189585 CIPK Arabidopsis thaliana 0.0 1d.95%; P0.97%
588 GU189590 Ubiquitin-protein ligase Arabidopsis thaliana 3e—89 1d.95%; P0.96%
648 GU189586 Transcription factor-like protein Arabidopsis thaliana le—61 1d.61%; P0.69%
691 GU189587 ERDIS5 Brassica rapa le—79 1d.98%; P0.98%
961 GU189588 Water stress-induced protein Brassica oleracea 8e—12 1d.94%; P096%
?E-value resulted from BLASTXx search. Id., identities; Po., positives.
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Figure 5 Quantitative RT-PCR analysis of expression of the identified genes in B. napus under 100 pnM ABA treatment Total RNAs were
isolated from 7-day-old roots treated with 100 pum ABA for 1, 3, 6, 12 h respectively. ck, untreated roots (control). Relative value of the expression of
the identified genes in B. napus roots was shown as percentage of BnACT2 expression activity. Mean values and standard errors (bar) were shown from

three independent experiments.

ligase (588) was not induced by ABA treatment. The
above results suggest that the five genes (nos. 121, 124,
149, 581, and 691) may function in the ABA-dependent
signaling pathway related to drought or salinity stress.
Moreover, expression patterns of the 13 genes in differ-
ent tissues/organs of B. napus were analyzed by quantitat-
ive RT-PCR (Fig. 6). The results revealed that three genes
encoding auxin (101), metallothionein (149), and ERD15
(691), respectively, were preferentially expressed in cotyle-
dons, but their mRNAs were detected at relatively low
levels in other tissues. One gene encoding auxin-responsive
protein (311) was specifically expressed in stems, whereas
transcripts of another gene encoding MAPKKK (121) were
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detected at high level in stems, at moderate level in cotyle-
dons, but at low or undetectable levels in other tissues.
Additionally, two genes encoding ubiquitin-protein ligase
(588) and water stress-induced protein (961), respectively,
were predominantly expressed in stems, such as the
MAPKKK (121) gene. However, their transcripts were also
detected at high levels in flowers, unlike the MAPKKK
(121) gene. On the other hand, the other four genes encod-
ing protein kinase (124), glyceraldehyde-3-phosphate dehy-
drogenase (307), lipid transfer protein (575), and CIPK
(581), respectively, showed similar expression patterns.
Their products were accumulated at highest levels in
flowers, but at moderate or low levels in other tissues. One
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Figure 6 Quantitative RT-PCR analysis of expression of the isolated genes in B. napus tissues Total RNAs were isolated from roots (column 1),
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the expression of the identified genes in B. napus tissues was shown as percentage of BnACT?2 expression activity. Mean values and standard errors (bar)

were shown from three independent experiments.

gene encoding metallothionein (526) was preferentially
expressed in roots, but its mRNA was found at very low or
undetectable levels in other tissues.

Discussion

In this study, the cDNA library was constructed and the
genes were screened using macroarray analysis for identify-
ing high-salinity- or drought-responsive genes in B. napus.
From 3000 cDNA clones in the macroarray assay, a total
of 536 genes were identified, including 310 up-regulated
and 226 down-regulated genes, of which 13 stress-induced
genes were identified for further study.

Comparative analysis of B. napus with Arabidopsis is
quite useful not only for understanding the genomic simi-
larities across the two species, but also for discovering
important genes for genetic engineering of B. napus. We
compared the identified stress-inducible genes of B. napus
with those Arabidopsis genes that are thought to be
involved in plant response or tolerance to environmental
stresses. The results demonstrated that there are consider-
able similarities between the two genomes in response to
abiotic stresses. Our analysis revealed that a lot of
stress-inducible genes in B. napus are homologues of those
in Arabidopsis. These stress-inducible genes include the
genes encoding ERDI15, cold-regulated proteins (COR),
dehydrins, water stress-induced protein, aldehyde dehydro-
genase, transcription factor, lipoxygenase, protein

phosphatase, protein kinase, transporter, and metallothio-
nein-like proteins, etc. All of the genes were found to be
up-regulated in response to abiotic stresses in B. napus,
like those stress-inducible genes in Arabidopsis. However,
our macroarray data also revealed some differences in the
genes responsive to environmental stresses between the
two plant species. There are a number of B. napus genes
that have been reported with similar functions or gene
name in Arabidopsis but not documented as genes respon-
sive to abiotic stresses in Arabidopsis. These included
many enzymes, such as formate dehydrogenase, carbon-
nitrogen hydrolase, phosphoric monoester hydrolase,
S-adenosyl-L-homocystein hydrolase, ubiquitin carboxyl-
terminal hydrolase family 1 protein, sulfurylase, and a
number of proteins with unknown functions (Table 2). In
addition, among the 13 stress-inducible genes identified in
B. napus, nine have already been characterized to share
similar functions in Arabidopsis, but to date, the remaining
four are not reported to be salinity- or drought-induced
genes in Arabidopsis, suggesting that some of the ident-
ified genes in B. napus are the novel genes responding to
abiotic stresses.

The data presented in this study indicated that the most
salinity-inducible genes are also drought-induced ones,
while five of six drought-inducible genes examined are
also responsive to ABA, suggesting that a significant
cross-talk may occur between drought and high-salinity
stress signaling and between drought and ABA responses
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as well. Our results from B. napus are consistent with the
overlap of expressions of drought- and high-salinity-
responsive genes observed in Arabidopsis [31,32].

MAPK cascades are three kinase signaling modules that
are highly conserved among eukaryotes, which are impor-
tant mediators of signal transduction in cells [29]. An
increasing number of studies have demonstrated that
MAPKSs play important functions in regulating both stress
responses and plant development. Plant MAPKs can be
activated by a variety of abiotic and biotic stresses, includ-
ing salinity, drought, cold, pathogens, and ABA [33-37].
In our study, we identified two genes (nos. 121 and 124)
encoding MAPKKKSs related to abiotic stresses and ABA
in B. napus. The 124 gene expression was induced by
high-salinity, drought stress, and ABA, whereas transcripts
of the 721 gene were largely accumulated under drought
stress and ABA treatment. The results suggest that the two
genes may play important roles in signal transduction
related to abiotic stresses and ABA in B. napus.

Previous studies revealed that metallothionein-like pro-
teins were involved in response to stresses such as metal
ions, heat shock, glucose and sucrose starvation, high
levels of sucrose, low temperature, wounding and viral
infection [38—42]. By microarray or differential screening
cDNA libraries, many metallothionein-like proteins related
to dehydration or NaCl stress were identified in plants
[4,43]. Similarly, we identified two genes (nos. 149 and
526) encoding metallothionein-like proteins in B. napus.
One gene (526) was induced by both high-salinity and
drought stresses, whereas the other gene (149) was induced
by drought stress and ABA treatment, suggesting that the
isolated metallothionein-like proteins may function in
B. napus response to high salinity, drought, and ABA
signaling.

As a second messenger in plants, intracellular calcium
(Ca”") levels are modulated in response to various signals
including abiotic stresses, light, pathogens, and hormones
[44]. Three major families of calcium sensors have been
identified in higher plants: CDPK, calmodulin (CaM), and
calcineurin B-like (CBL). They achieve function by inter-
acting with their target proteins. CBLs interact with and
regulate the activity of a specific group of Ser/Thr protein
kinases called CBL-interacting protein kinases (CIPKs)
[45]. The CBL—-CIPK pathway plays an important role in
plant responses to ABA signaling under abiotic stresses.
Previous studies revealed that some drought-inducible
genes also respond to exogenous ABA treatment, but the
others were not affected by ABA, indicating that both
ABA-independent and ABA-dependent regulatory systems
function in governing expressions of drought-inducible
genes [46]. In this study, we identified a CIPK gene
(no. 581) which was induced by high salinity, drought
and ABA, suggesting that this gene may be involved in
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B. napus plants responding to abiotic stresses via ABA
signaling pathway. The results also imply that the 58/ gene
might play an important role in B. napus drought tolerance
through ABA-dependent regulatory system, but the precise
function of this gene still remains to be explored so far.

ABA plays an essential role in plant adaptation to
adverse environmental conditions including drought stress
[31,47]. Apart from ABA, auxin is also involved in plant
adaptation to biotic and abiotic stresses [48]. A number of
genes encoding proteins responsive to auxin were identified
as drought-down-regulated genes, suggesting that auxin
may negatively modulate drought-stress signaling [49]. On
the other hand, there are a few exceptions. For example,
some auxin-responsive genes (IAA3, At4g00880) were
up-regulated by drought [32]. Similarly, our results indi-
cated that one gene encoding auxin-repressed protein (no.
101) in B. napus was induced by both high-salinity and
drought stress. Another gene (no. 311) encoding auxin-
responsive protein was also induced by drought stress.
In addition, we identified two stress-related genes that
encode ERD15 (no. 691) and water stress-induced protein
(no. 961). Collectively, we identified over 500 drought
and/or high-salinity stress-inducible genes in B. napus by
microarray and quantitative RT-PCR analyses. The data
generated in this study will facilitate to understand which
genes involved in B. napus response to abiotic stresses and
ABA signaling. Studying the roles of these stress-inducible
genes in detail will further understand the molecular mech-
anism of B. napus in response to drought and high-salinity
stresses, and also provide us the basis of effective genetic
engineering strategies for improving stress tolerance of
B. napus.
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