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Metabolic and hormonal processes associated
with the induction of secondary dormancy in
Brassica napus seeds’

Houman Fei, Yurdagul Ferhatoglu, Edward Tsang, Daiqing Huang, and
Adrian J. Cutler

Abstract: Polyethylene glycol treatment induces secondary seed dormancy in Brassica napus L. cultivar ‘AC Excel’
(ACE), but not in ‘DH12075” (DH). Gene expression, metabolite profiles, and hormone profiles were obtained from seeds
of both cultivars following polyethylene glycol 8000 treatment. ACE seeds were more transcriptionally active: 28 genes
were up-regulated in both cultivars and 10 and 158 genes were specifically up-regulated in DH and ACE, respectively.
Nontargeted metabolite analyses combined with gene expression analyses showed significant differences in lipid, sugar,
and phenylpropanoid metabolism between the cultivars. Abscisic acid (ABA) levels were higher and many ABA-inducible
genes were expressed more in ACE. An association of ABA with secondary dormancy was supported by the observation
that secondary dormancy was induced by polyethylene glycol 8000 in Arabidopsis wild-type seeds, but was reduced in
ABA-deficient and ABA-insensitive mutants. Therefore, secondary dormancy appears to be realized through an active
ABA-related mechanism that may involve changes in primary and secondary metabolism.

Key words: canola, microarray, metabolite profiling, abscisic acid, polyethylene glycol, lipids, phenylpropanoid, dormancy.

Résumé : Un traitement avec le polyéthyléne glycol (PEG) induit une dormance séminale secondaire chez le Brassica
napus L. cultivar ‘AC Excel’ (ACE), mais non pas chez le cultivar ‘DH12075° (DH). Les auteurs ont obtenu les profils de
I’expression génétique, des métabolites et des hormones a partir de graines des deux cultivars suite a un traitement au PE
8000. Les graines ACE transcrivent plus activement avec 28 geénes surexprimés chez les deux cultivars et 10 et 158 geénes
spécifiquement surexprimés chez le DH et le ACE, respectivement. L’analyse de métabolites non ciblés combinée avec les
analyses de I’expression génétique montre des différences significatives dans le métabolisme des lipides, des sucres et du
phénylpropanoide entre les cultivars. On observe chez I’ACE des teneurs en acide abscissique (ABA) plus €levées et une
plus forte expression de plusieurs genes induits par I’ABA. Une association de I’ABA avec la dormance secondaire est
supportée par 1’observation que ;a dormance secondaire est induite par le PEG 8000 chez les graines de 1’Arabidopsis de
type sauvage, mais est réduite chez les mutants déficients en ABA ou insensible a I’ABA. Conséquemment, la dormance
secondaire semble se réaliser par un mécanisme actif relié a I’ABA, qui peut impliquer des modifications dans les métabo-
lismes primaire et secondaire.

Mots-clés : canola, microarray, profile métabolique, acide abscissique, polyéthylene glycol, lipides, phénylpropanoide, dor-

mance.

[Traduit par la Rédaction]

Introduction

Canola (Brassica napus L.: formerly known as oilseed
rape) has become one of the most important cultivated oil-
seed crops worldwide. However, some improvements are re-
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quired to maximize the efficiency of growth and harvesting
of this crop. Yields are frequently reduced owing to seed
shedding arising from preharvest pod shatter, and crop dis-
turbance during harvesting (Price et al. 1996). In adverse
conditions losses can reach 10000 seeds'm™2 (Lutman
1993). These seeds remain viable in the soil for months or
even years (Roller et al. 2002), and can act as a long-term
source of “volunteer” plants. Erratic germination of volun-
teers may reduce quality in subsequent canola crops or act
as a weed in other crop plants grown on the same land. In
addition, cross pollination between volunteers from different
genetically modified canola cultivars has the potential to
cause technical problems with weed control, as a conse-
quence of gene stacking.

The persistence of volunteer seed is affected by light and
temperature (Pekrun et al. 1997a) and is related to the po-
tential for the development of secondary seed dormancy.
Brassica napus seeds exhibit little or no primary dormancy
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(Lutman 1993; Pekrun et al. 1998b; Momoh et al. 2002), but
the induction of secondary dormancy is triggered in certain
nondormant seeds by abiotic stresses such as light, moisture,
anoxia, and temperature during seed storage or during ger-
mination (Hilhorst 1995, 1998; Pekrun et al. 1997a, 1998a;
Toorop et al. 2005). Brassica napus exhibits large genotypic
variations in its capacity for secondary dormancy, as re-
ported by Pekrun et al. (1997a), Momoh et al. (2002) and
Gruber et al. (2004). After inductive treatments, the propor-
tion of dormant seeds ranges from almost zero up to 60%
for winter genotypes and up to 85% for spring types. Within
genotypes, variation occurs among seed lots and years of
harvest. Osmotic stress is the most effective treatment for
inducing secondary dormancy relative to other factors, such
as altering oxygen levels and temperature, although induc-
tion varies considerably among and within genotypes
(Pekrun et al. 1997a, 1997b). In the laboratory, secondary
dormancy is conveniently induced by several weeks of treat-
ment with polyethylene glycol (PEG) (Momoh et al. 2002;
Gulden et al. 2004b). Recently, Gulden et al. (2004b) quan-
tified the contributions of genotype, seed size, and environ-
ment to secondary dormancy potential in B. napus. The
results suggested that genotype contributes from 44% to
82% of the total variation in secondary dormancy among 16
genotypes. Seed size contributes 21% of the variation and
the effect of different harvest regimes contributes 0.1% to
4.5%.

In a previous study of gene expression during seed matu-
ration, we compared the B. napus cultivar ‘DH12075° (DH),
which exhibits no secondary dormancy, with ‘AC Excel’
(ACE), in which secondary dormancy can be induced. We
showed that many genes exhibit similar expression patterns
in both cultivars and a majority of genes are down-regulated
during maturation and dehydration. There are very few dif-
ferences in gene expression among cultivars at the mature
seed stage, but a significant number is apparent in the devel-
opmental transition from full-size embryo to mature seed.
Most differences are apparent in the dehydration stage (Fei
et al. 2007). These results suggested that the potential for
secondary dormancy was determined during seed matura-
tion. To better understand the responses of seeds to dor-
mancy-inducing treatments, we profile differences in
transcriptomes and metabolomes between dormant ACE
seeds and DH seeds treated with PEG.

Material and methods

Plant materials
The growth conditions for B. napus DH and ACE were
described previously (Fei et al. 2007).

Induction of secondary seed dormancy in B. napus
Mature seeds of DH were treated in 14.5 cm (diameter)
Petri dishes lined with two layers of filter paper. Seeds
(300) were incubated in each dish containing 22 mL of
polyethylene glycol 8000 (PEG) solution with an initial os-
motic potential of —1.5 MPa, in the dark, at 20 °C for
4 weeks (Pekrun et al. 1997¢). The seeds were rinsed with
distilled water (under green light) to remove PEG. The DH
seeds, which cannot be induced into secondary dormancy,
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were put in liquid nitrogen immediately after rinsing and
kept at —-80 °C. ACE seeds were germinated in new Petri
dishes lined with two layers of filter paper wetted with dis-
tilled water. The dishes were placed in the dark at 20 °C
for 2 weeks. Germinated seeds (about 20%) were removed
and those remaining were considered to be dormant. A
small number of the dormant seeds were cooled to 4 °C
for 48 h to break dormancy and then, after transfer to
20 °C, allowed to complete germination to test for seed vi-
ability. The remainder were frozen in liquid nitrogen and
stored at —80 °C. The induction of secondary dormancy
was repeated three times.

Induction of secondary seed dormancy in Arabidopsis

The protocol for induction of secondary dormancy in
seeds of wild type Arabidopsis thaliana (L.) Heynh Lands-
berg erecta and mutants (aba-1-1, ABA-deficient and abil-
1, ABA-insensitive) was almost identical to that described
for B. napus seeds above, expect for the duration of induc-
tion. Based on our preliminary test, the highest percentage
of Arabidopsis seeds entered dormancy after PEG treatment
for 3 weeks (data not shown).

Microarray analysis

Protocols for total RNA extraction, cDNA synthesis and
labeling, microarray hybridization and scanning, analyses of
microarray data, and confirmation of microarray results by
real-time PCR, were described in Fei et al. (2007). Initial se-
lection of genes for further analysis was based on criteria of
both statistical significance (P < 0.05) and biological signifi-
cance (two-fold difference in expression between samples).

Abscisic acid analysis

The frozen seeds were ground into fine powder in liquid
nitrogen and lyophilized for 48 h. Approximately 100 mg
dry mass (DM) of each sample (exact weight was recorded)
was used for abscisic acid (ABA) analysis. The procedures
for sample extraction, purification, and ABA quantification
were described in Chiwocha et al. (2003).

Sample preparation for nontargeted metabolite profiling

Frozen PEG-treated DH and ACE seeds (50 mg), each of
which consisted of seeds pooled from replicate treatments,
were homogenized and then extracted in duplicates with
1 mL of 1% (v/v) formic acid (aqueous extract) and then
with 3 x 3 mL ethyl acetate (organic extract) and stored
at =80 °C. The combined ethyl acetate fractions were dried
under a stream of nitrogen, dissolved in 1 mL of methanol
and stored at —80 °C until Fourier transform mass spectrom-
etry (FTMS) analysis. Samples were diluted 1:19 (v/v) prior
to analysis, using sample ionization by electrospray (ESI)
and atmospheric pressure (APCI) methods. Solvent mixtures
consisting of 50/50 (v/v) MeOH — 0.1% ammonium hydrox-
ide or 50/50 MeOH - 0.1% formic acid were used as mobile
phases for dilution of all negative and positive ionization
analyses, respectively, as described by Aharoni et al. (2002).

Fourier transform - ion cyclotron resonance mass
spectrometry

All analyses were performed using a Bruker Daltonics
(Billerica, Mass.) APEX III Fourier transform-ion cyclotron
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resonance (FT-ICR) mass spectrometer equipped with a
7.0 T actively shielded superconducting magnet. Samples
were introduced separately by direct injection into ESI and
APCI sources with positive and negative sources at a flow
rate of 600 pL-h~!. The instrument conditions were tuned to
optimize ion intensity and broad-band accumulation over the
mass range of 100-1000 Da. Using a linear least-squares re-
gression line, mass axis values were calibrated such that
each internal standard mass peak had a mass error
of < 1 ppm compared with the theoretic mass. Using
XMASS software (version 6.0.3) from Bruker Daltonics, the
mass spectra from each analysis were integrated to create a
peak list with the accurate mass and absolute intensity
(signal to noise intensity) of each peak. Compounds in the
range of 70-1000 m/z were analyzed. All detected masses
were converted to corresponding neutral masses (i.e., assum-
ing hydrogen adduct formation) to compare and summarize
data across ionization modes and polarities. A self-generated
two-dimensional (i.e., mass versus sample intensity) array
was created using DISCOVAmetrics (version 4.0) software
(Phenomenome Discoveries, Saskatoon, Sask.). Data from
multiple files were integrated and the combined file was
processed to identify unique masses. The average, represent-
ing the y-axis, of each unique mass was determined in a col-
umn and a row, representing the x-axis, was created for each
file selected for analysis. The signal-to-noise intensity for
each mass in selected files, representing the analyzed sam-
ples was then entered into its representative x,y coordinate.

Further details of sample preparation and analysis, data
processing of samples for nontargeted metabolite analysis
can be found in Zulak et al. (2007).

Statistical analysis and putative identifications

Two technical replicates of PEG samples from both DH
and ACE, consisting of the independent extraction and anal-
ysis of one biological replicate from pooled seeds, were
used in Student’s 7 test analysis (DISCOVAmetrics software)
to determine whether the means of metabolites in the two
cultivars were different. First, detected masses were filtered
for 13C isotopes and putative adducts and then filtered mass
signal to noise intensities were compared between the two
cultivars. Significant (Student’s ¢ test P < 0.1) masses were
determined and their putative identifications were made by
searching public databases such as ChemFinder (www.
chem-Wnder.cambridgesoft.com), CHEMnetBASE (www.
chemnetbase.com), PubChem Compound (www.ncbi.nlm.
nih.gov/entrez/query.fcgi?db=pccompound, and Lipid maps
(www.lipidmaps.org) with a mass variance (error) of <
3 ppm for target metabolites. The dataset of deduced molec-
ular formula was also used to search a custom list of pre-
dicted plant metabolites.

Results and discussion

Overall gene expression trends
Seeds of both cultivars were treated with PEG for 4 weeks.
The nondormant DH seeds were collected for RNA extrac-
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tion immediately after removal of PEG (i.e., before changes
in gene expression associated with the completion of germi-
nation occurred), whereas the dormant ACE seeds (after re-
moval of PEG) were incubated until the small number of
nondormant seeds had germinated and were removed. RNA
was extracted from the remaining dormant ACE seeds.
Therefore, our experiments compare dormant ACE seeds
with nondormant DH12075 seeds prior to germination of
the latter.

At the time these experiments were performed, Brassica
microarrays were not available and preliminary experiments
indicated that Arabidopsis cDNA arrays were more sensitive
than oligonucleotide arrays. Brassica napus and Arabidopsis
both belong to the Brassicaceae family and sequence iden-
tity in corresponding gene sequences is around 86% (Parkin
et al. 2005). Thus, it is possible to study gene expression in
Brassicas by using genomic tools developed for Arabidopsis
as in previous reports (Li et al. 2005; Fei et al. 2007). In this
report, B. napus genes hybridizing to probe spots are re-
ferred to by means of their Arabidopsis homologs. For inde-
pendent confirmation of microarray ratios, 19 genes from
microarray data (including up- and down-regulated, and un-
changed genes) were analyzed by two-step real-time PCR.
The expression ratios of selected genes from real-time PCR
were highly correlated with those from microarray data (cor-
relation co-efficient of 0.7; see supplementary data,3
Fig. S1), confirming the reliability of microarray data.

For each cultivar, expression was compared with the cor-
responding mature stage seed. It was established in a pre-
vious study that there were almost no significant differences
in gene expression between mature stage seeds of the two
cultivars under consideration (Fei et al. 2007). We also per-
formed direct comparisons between PEG-treated seeds of
both cultivars. The results obtained were consistent with re-
sults of the comparisons using dry seed as a reference stage,
and so results of the direct comparisons are not presented
except in a few specific cases to provide additional correla-
tive support for trends in gene expression.

All gene expression levels from the six replicates were
statistically analyzed using Significance Analysis of Micro-
arrays (SAM) software (Tusher et al. 2001). For the genes
that were statistically significantly different (P < 0.01) be-
tween cultivars, an additional criterion of biological signifi-
cance was applied by using a minimum two-fold threshold
ratio. Lists of significantly differentially expressed genes
were prepared based on both statistical and biological crite-
ria. However, any ratio threshold is arbitrary and in many
cases expression ratios below two-fold are functionally sig-
nificant. Therefore, we selectively supplemented our analy-
sis below with genes that fall short of the biological
criterion, but whose expression changes are consistent with
those of functionally related genes that meet the two-fold
threshold.

Following PEG treatment, there were 157 and 228 genes
that were significantly differentially expressed in DH and
ACE seeds, respectively. Hierarchical clustering analysis

3 Supplementary data for this article are available on the journal Web site (http://botany.nrc.ca) or may be purchased from the Depository of
Unpublished Data, Document Delivery, CISTI, National Research Council Canada, Building M-55, 1200 Montreal Road, Ottawa, ON K1A
OR6, Canada. DUD 3942. For more information on obtaining material refer to http://cisti-icist.nrc-cnrc.gc.ca/eng/ibp/cisti/collection/unpub-

lished-data.html.
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Fig. 1. Hierarchical clustering of genes whose expression is significantly altered by treatment with a —1.5 MPa of PEG solution for 4 weeks

to induce secondary dormancy.

il
1
J

showed that there were more down-regulated genes in PEG-
treated DH seeds (119 of 157 genes), and more up-regulated
genes in PEG-treated ACE seeds (186 of 228) (Fig. 1). By
comparing the up-regulated genes in DH and ACE seeds,
we identified 28 genes that were up-regulated in both culti-
vars (commonly up-regulated) and 10 and 158 genes that
were specifically up-regulated in DH and ACE, respectively.
Among down-regulated genes, 23 genes were commonly
down-regulated, whereas 96 and 19 genes were specifically
down-regulated in DH and ACE seeds, respectively (Fig. 2).

Gene functions and differential expression between
cultivars

Among the 28 commonly up-regulated genes, there was a
significant number involved in metabolism of carbohydrates
and proteins, as well as response to abiotic stimuli and trans-
port (see supplementary data,> Table S1). However, among
the 23 commonly down-regulated genes, few were associ-
ated with metabolism and response to stress; many were not
associated with known biological processes (see supplemen-
tary data,? Table S2).

Only 10 genes were specifically up-regulated in DH seeds
(see supplementary data,? Table S3) of which, one (hybrid-
izing to a probe for At2g40170) codes for a homolog of the
late embryogenesis-associated (LEA) gene AtEM6. This
gene is required for normal seed development (Manfre et al.
2006) and is well known as responsive to ABA (Vicient et
al. 2000). In one study, its expression showed no correlation
with seed dormancy in Arabidopsis (Baumbusch et al.
2004), but in a more recent analysis of Arabidopsis tran-
scription, EM6 was one of a group of LEAs that are ex-
pressed at higher levels in both primary and secondary
dormant seeds relative to nondormant (afteripened) seeds
(Cadman et al. 20006).

Relative to the number of up-regulated genes, there were
more genes specifically down-regulated in DH seeds (see
supplementary data,®> Table S4). Among these genes, 37
were mainly associated with metabolism and transport and
15 genes were related to protein biosynthesis and metabo-
lism, suggesting that numerous physiological and biochemi-
cal activities were slowed during PEG treatment. The
expression of homologs to two transcription factors, WERE-
WOLF1 (At5g14750) encoding the MYB family transcrip-
tion protein AtMYB66 and ABF3 (At4g34000) encoding an
ABA-response element binding factor protein, were re-
pressed. WEREWOLF1 is known to be involved in root and
hypocotyl epidermal cell fate determination and is expressed
at higher levels in nongerminating than in germinating seeds
(Li et al. 2005). ABF3 is one of 75 distinct members of the

| IIH\‘III{ il {IMIJ’T \

DH-MS vs. DH-PEG

H ACE-MS vs. ACE-PEG

Fig. 2. Venn diagram showing the statistically and biologically sig-
nificant genes commonly and specifically expressed in PEG treat-
ment of DH (red) and ACE (green) seeds. Yellow indicates genes
expressed in both cultivars.

Up-regulated more than 2-fold
DH-MS vs. DH-PEG ACE-MS vs. ACE-PEG

Down-regulated more than 2-fold
DH-MS vs. DH-PEG  ACE-MS vs. ACE-PEG

bZIP family in the Arabidopsis genome (Jakoby et al. 2002);
it is inducible by ABA and various stress treatments (Choi
et al. 2000) and functions in ABA signaling (Kang et al.
2002).

Among the 158 genes specifically up-regulated in ACE
(see supplementary data, Table S5), 31 were involved in
primary and secondary metabolism, 26 were associated with
protein biosynthesis and metabolism, 17 were related to
transport, and 6 were related to transcription, indicating ac-
tive physiological and biochemical processes during induc-
tion of secondary dormancy. Six genes in this list were
associated with photosynthesis.
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Table 1. Genes significantly down-regulated in DH seeds and up-regulated in ACE seeds treated with PEG.

Fold change

AGI number DH ACE  Description (TAIR)

Biological process (Nick’s classification)

At5g65220 043  5.04
At5g41700 029 218
At3g08580 032 3.6
Atlg11260 041 494
At2g38540 044 314
At2g38530 039 522

Glucose transporter (STP1)

Putative 50S ribosomal protein L29
Putative E2 ubiquitin-conjugating enzyme UBC8
Mitochondrial ADP/ATP carrier protein 1

Non-specific lipid transfer protein 1
Non-specific lipid transfer protein 2

Protein biosynthesis, cell organization and biogenesis
Protein metabolism

Transport, biological process

Transport

Transport

Transport

Note: AGI, Arabidopsis Genome Initiative database.

Genes that may be directly associated with secondary
dormancy

In terms of identifying genes that may be specifically as-
sociated with secondary dormancy, it is of particular interest
that there were six (Atlgl1260, At2g38530, At2g38540,
At3g08580, At5g41700, At5g65220) highly up-regulated in
ACE seeds and down-regulated in DH seeds after PEG treat-
ment (Table 1).

Genes At2g38530 and At2g38540 encode nonspecific
lipid transfer protein2 and 1 (nsLTPs), respectively. The
nsL'TPs exhibit a broad range of substrate specificity capable
of transferring several classes of phospholipids, glycolipids,
fatty acids and steroids between membranes, with wide-
ranging binding affinities (Helmkamp 1986; Wirtz 1991;
Kader 1996). The nsLTPs are involved in a variety of bio-
logical processes, such as cutin formation, embryogenesis,
defense reactions against phytopathogens, symbiosis (Sterk
et al. 1991; Molina et al. 1993; Segura et al. 1993; Pyee et
al. 1994) and plant adaptation to various environmental con-
ditions such as cold- and drought-stress induction in barley
(Dunn et al. 1991), salt-induced expression in tomato
(Torres-Schumann et al. 1992), and drought-stress induction
in sunflower leaves (Ouvrard et al. 1996). Both nsLTP2 and
nsLTP1 are ABA-inducible (Garcia-Garrido et al. 1998;
Huang et al. 2007). In the latter paper, nsLTP1 and 2 were
shown to be inducible in green tissue by the ABA analog
PBI425 (Huang et al. 2007), which hyperinduces ABA re-
sponses and therefore reveals ABA-regulated genes more ef-
fectively than ABA itself. The different responses of these
genes to induction of secondary dormancy in DH and ACE
seeds suggest that their expression reflects increased ABA
responses and also suggests that metabolic processes involv-
ing lipid transport occur at higher levels in ACE than in DH.
Differences in lipid metabolism between the cultivars are
discussed below.

Gene At5g65220 codes for a putative 50S ribosomal pro-
tein L29, which is a component of the large ribosomal sub-
unit and is involved in protein biosynthesis and ribosome
biogenesis (Klein et al. 2004). The expression level of this
gene matched well with the expression of genes related to
protein biosynthesis in DH (see supplementary data,?
Table S3) and ACE seeds (see supplementary data,?
Table S5). This gene has recently been shown to be induci-
ble by ABA using the hyperactive ABA analog PBI425
(Huang et al. 2007).

Gene At5g41700 codes for putative E2 ubiquitin-
conjugating enzyme (UBCS). Covalent attachment of ubiq-
uitin to other cellular proteins has been implicated in a

multitude of diverse physiological processes in eukaryotes
including selective protein degradation. This attachment is
carried out by a multi-enzyme pathway consisting of three
classes of enzymes: ubiquitin-activating enzymes (Els),
ubiquitin-conjugating enzymes (E2s), and ubiquitin-protein
ligases (E3s) (Sullivan et al. 1994). In a study of genome-
wide ABA-responsive gene expression, 25 genes coding for
proteins putatively involved in regulated proteolysis were
up-regulated in ABA treated Arabidopsis, and 3 of them
were putative UBC genes (Hoth et al. 2002). UBCS has re-
cently been shown to be ABA-inducible in green tissue
(Huang et al. 2007). It was suggested that ABA might trig-
ger the controlled degradation of a variety of cellular regu-
latory proteins via the ubiquitin pathway (Hoth et al. 2002).
Our data also showed that there were 18 genes involved in
protein metabolism in PEG-treated ACE seeds (see supple-
mentary data,® Table S5) in which there was a high level of
ABA (Fig. 3).

Gene At3g08580 codes for a mitochondrial ADP/ATP
carrier protein 1. The ADP/ATP carrier protein is the most
abundant protein in mitochondria from different sources
(Smagula and Douglas 1988). Mitochondrial adenylate car-
rier protein serves to supply the cytosol with ATP synthe-
sized at the luminal site of the mitochondria through
oxidative phosphorylation. The high expression of this gene
in PEG-induced dormant ACE seeds implies an active en-
ergy pathway in mitochondria during induction of secondary
dormancy.

Gene Atlgl1260 encodes a proton/hexose cotransporter
(STP1) and is therefore an energy dependent sugar trans-
porter (Sauer et al. 1990). The high expression of ADP/
ATP carrier protein gene (At3g08580) may be associated
with the activity of STP1. It has been reported that high
concentrations of glucose inhibit germination of Arabidopsis
seeds. This inhibition acts on embryo growth and independ-
ent of hexokinase function (Dekkers et al. 2004), and is de-
pendent on ABA synthesis (Huijser et al. 2000; Ullah et al.
2002). Evidence supporting this also comes from measure-
ments of ABA in glucose-treated seedlings (Arenas-Huertero
et al. 2000) and the observation that ABA synthesis and re-
sponse mutants are insensitive to glucose (Laby et al. 2000;
Rook et al. 2001). Increased expression of STPI is consis-
tent with the involvement of ABA and sugar in producing
dormancy in ACE.

Abscisic acid and secondary dormancy
It is well established that ABA has a crucial role in pro-
moting and maintaining primary dormancy, but its involve-
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Fig. 3. Endogenous ABA levels in mature seeds (MS) of
‘DH12075” (DH) and ‘AC Excel’ (ACE) and in MS seeds treated
with —1.5 MPa of polyethylene glycol (PEG). Each value is a mean
of three replicates. Bars indicate SE.
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ment in secondary dormancy has not been studied to the
same extent in B. napus (Gulden et al. 2004a), although it
has recently been shown to be a key factor in both primary
and secondary dormancy in Arabidopsis (Cadman et al.
2006).

Mature ACE seeds contained almost three-fold more ABA
than DH seeds. After 4 weeks of PEG treatment, the level of
ABA in ACE seeds further increased about three-fold, (rela-
tive to ACE mature seed) but decreased in DH seeds (rela-
tive to DH mature seeds) (Fig. 3).

We have already noted a number of ABA-related genes
that are expressed at higher levels in dormant ACE seeds
than in DH seeds such as nsLTPsl and 2, UBCS8, L29, and
ABF3. Comparing genes identified from PEG-treated DH
and ACE seeds with a comprehensive list of genes regulated
by ABA in A. thaliana (Huang et al. 2007), we found that
many were commonly regulated by ABA and PEG treat-
ments (Fig. 4 and see supplementary data,> Tables S6 and
S9). Consistent with the difference of ABA concentration in
DH and ACE seeds, many more ABA-inducible genes were
up-regulated by PEG in ACE seeds or were down regulated
by PEG in DH seeds. The ABA-regulated genes that were
specific to ACE are shown in Fig. 4. These results suggest
that PEG-induced dormancy may be realized through ele-
vated ABA, which in turn regulates the expression of ABA-
responsive genes. In addition to those genes noted above,
other ABA-related genes that were specifically up-regulated
in PEG-treated ACE include PHOPHOLIPASE D delta
(At4g35790) and LATE EMBRYOGENESIS ABUNDANT3
(LEA3, At4g02380). However, it must be noted that many
genes up-regulated specifically in ACE are not related to
ABA and indeed some are down-regulated by most of the
ABA-related treatments in Huang et al. (2007). Conse-
quently, changes that were specific to ACE were not all re-
lated to ABA. Finally, genes commonly up-regulated in both
cultivars were not ABA-regulated (see supplementary data,?
Table S9); therefore, the set of ABA-regulated genes is spe-
cific to PEG-treated ACE.

PEG treatment in ACE only affects a subset of ABA re-
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sponsive genes — some are unaffected or down regulated.
We previously noted EM6, which is expressed more in DH,
as well as RABI8, which is down regulated in both DH and
ACE by PEG treatment. Other examples include the dehy-
dration-induced gene ERDI5 (At2g41430) that is induced in
Arabidopsis vegetative tissue by 24 h treatment with ABA or
the ABA analog PBI425, but is unchanged in any of the
Brassica seed comparisons (see supplementary data,? Table
S9). Similarly, the benzodiazepine receptor-related gene
(At2g47770) is strongly induced by all ABA treatments but
is unaffected by all Brassica seed comparisons, although
there is a weak specific down-regulation in PEG-treated
ACE seeds (Huang et al. 2007).

It had previously been established that both high temper-
ature treatment and moist chilling in the dark induced secon-
dary dormancy in Arabidopsis (Toorop et al. 2005; Cadman
et al. 2006). To provide genetic evidence for a regulatory
role of ABA in secondary dormancy, we first established
that the PEG treatment used for induction of secondary dor-
mancy in B. napus also worked in Arabidopsis seeds. Our
results documented a high rate of induction of secondary
dormancy by PEG in wild type Arabidopsis seeds. However,
induction of secondary dormancy in the ABA-deficient mu-
tant abal-1 (Koornneef et al. 1982; Karssen et al. 1983) was
less than 20%. In the ABA-insensitive mutant abil-1 (Gil-
mour and Thomashow 1991), about 60% of seeds were in-
duced into dormancy (Fig. 4). It therefore appears that the
induction of secondary dormancy is almost completely de-
pendent on normal levels of ABA biosynthesis and partially
dependent on ABA signaling via the ABII protein phospha-
tase. It may be concluded that ABA plays a key role in
PEG-inducted secondary dormancy.

It has been established in Arabidopsis that ABA does not
inhibit storage reserve mobilization in nongerminating seeds
(Pritchard et al. 2002). Assuming that this is also true in
B. napus, the activity of ABA in no way prevents storage
reserve hydrolysis and energy metabolism in dormant seeds.
Therefore, there is no inconsistency between higher tran-
scriptional and metabolic activity in ACE and more pro-
nounced ABA-induced effects.

Associating differences in gene expression with
differences in metabolite contents

The data from nontargeted metabolite analyses allowed us
to verify the significance of some of the differences in gene
expression by mapping genes and metabolite data onto path-
ways. Nontargeted metabolite analysis using four different
modes of analysis [positive and negative electrospray ioniza-
tion (ESI) and atmospheric pressure ionization (APCI)] from
both aqueous and organic extracts detected 433 analytes in
both cultivars following PEG treatment. Among them ~ 88
analytes were significantly different (Student’s 7 test P <
0.1) between the two cultivars, 72 of which accumulated
preferentially in ACE. The relative intensities (ratio of DH /
ACE) varied from 3.2 to 0.18. After removal of masses that
could not be assigned a putative identity, the remaining ones
that were significantly different are listed in the supplemen-
tary data,? Table S7. Of particular interest are lipids, phenyl-
propanoids, and sugars that are enriched more in ACE than
in DH.

Four phenylpropanoid-containing moieties with detected
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Fig. 4. Abscisic acid (ABE) inducibility of genes up-regulated specifically in ‘AC Excel’ (ACE). Plot of gene expression vs. treatments for
a cluster of ABA-regulated genes expressed specifically in ACE. ABA data is from Huang et al. (2007). Brassica seed data are on the left
panel. Treatments of Arabidopsis seedlings with ABA (6 h and 24 h) and PBI425 (6 h and 24 h) are in the right panel. Genes included in

this cluster are listed in the supplementary data,’ Table S6.
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Fig. 5. Germination of Arabidopsis seeds (wild type and mutant
genotypes) treated with —1.5 MPa of polyethylene glycol (PEG) so-
lution in the dark at 20 °C for 3 weeks and then transferred to
water for 2 weeks. Germination in water was used as control for
each genotype. Each value is a mean of three replicates. Each re-
plicate contained a minimum of 100 seeds. Bars indicate SE.
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masses of 978.2612, 224.0684, 340.0802, and 310.0695 ac-
cumulated preferentially in ACE. Among these are sinapic
acid (mass = 224.0685), as well as the malic acid conjugate
of sinapic acid (340.0794). Two other phenylpropanoids ac-
cumulated, one whose identity is ambiguous (mass =
978.2612) and the other is a malate conjugate of 4-hydroxy,
3-methoxy cinnamic acid (feruloyl malate). The presence of
the four phenylpropanoids suggests more phenylpropanoid
metabolism in ACE. Among corresponding genes, the differ-
ence in expression of caffeoyl CoA 3-O-methyltransferase

(At4g34050) between cultivars is likely significant. This
gene codes for an enzyme that converts caffeoyl CoA to fer-
uloyl CoA, which is then converted to coniferyl aldehyde by
cinammoyl CoA reductase, which is also up-regulated spe-
cifically in ACE, although it does not reach the two-fold cri-
terion for biological significance (see supplementary data,?
Table S8). Coniferyl aldehyde is converted to various prod-
ucts including sinapic acid. Conjugation of sinapate to form
sinapoyl malate via the sinapate ester pathway is likely re-
lated to increased expression of sinapoylglucose:malate sina-
poyltransferase (SNGI) (At2g22990) (supplementary data,?
Table S8). Esters of hydroxycinnamic acids (especially sina-
pate) are major soluble phenypropanoid metabolites in Bras-
sicaceae and serve as antinutritionals in seed (Naczk et al.
1998). These results are summarized in Fig. 6 and indicate
increased activity of the pathway from caffeoyl CoA to ma-
late esters of hydroxycinnamic acids in ACE. Increased ex-
pression of a homolog of isoflavone reductase (Atlg19540)
in ACE (supplementary data,® Table S8) also suggests
higher phenylpropanoid metabolism.

With respect to lipids, there were three lipid-transfer
genes more highly expressed in ACE (see supplementary
data, Table S5). As noted above, LTPs are potentially in-
volved in many processes and their presence is consistent
with increased lipid levels and therefore an increased re-
quirement for lipid relocation within cells. Furthermore,
higher expression of both oleosin 1 and 2 suggests more
lipid bodies are required for oil (triacylglycerol; TAG) stor-
age. There were also higher levels of two desaturases
At3g12120 (FAD2; FATTY ACID DESATURASE?2, responsi-
ble for 18:2 fatty acid synthesis) and At3g61580 (coding for
a sphingolipid desaturase), suggesting increased fatty acid
modification, which is consistent with generally higher lipid
synthesis. A third desaturase FAD3 (OMEGA-3 FATTY
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Fig. 6. Summary of metabolites and genes of the phenylpropanoid pathway that are at higher levels in ‘AC Excel’. Enzyme activities coded
by genes with higher expression in ‘AC Excel’ are shown in bold magenta and metabolites in red. The genes and metabolites together
indicate more conversion of caffeoyl CoA into sinapoyl and feruloyl malate.
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ACID DESATURASE, At2g29980) also increased in ACE
(see supplementary data, Table S8). Also consistent with in-
creased lipid formation in ACE was higher expression of
LONG-CHAIN FATTY ACID COA LIGASE (At4g23850)
(see supplementary data,? Table S8).

We noted earlier that nsLTPs 1 and 2 are ABA inducible,
and it has been shown that oleosin gene expression is also
induced by ABA in B. napus (Zou et al. 1995). Among the
metabolites, there were two diacylglycerols (masses
614.4910, 580.5061) which are precursors of phospholipids
such as phosphatidyl choline (PC, N, N-dimethyl diacylgly-
cerophosphoethanolamines) and phosphatidyl ethanolamine
(PE, diacylglycerophosphoethanolamines), as well as TAGs

Sinop?oldehyde -

Ferulic acid

Feruloyl malate

Sinapic acid
Sinapoyl glucose: malate
sinapoyl transferase

Sinapoyl malate

[but not of phosphatidyl serine (PS) or phosphatidyl inositol
(PD]. There are three TAG species (masses 912.8193;
878.741; 880.7557) that accumulated preferentially in ACE,
as well as six PE or PC species (masses 915.762; 741.5299;
829.583; 743.5466; 831.5981; 567.3532). A phosphatidyl
serine synthase gene (Atlgl5110) was expressed more
strongly in DH than ACE (listed among commonly up-regu-
lated genes in the supplementary data,> Table S1). Since
phosphatidic acid can be converted either to PS and PI (by
PS synthase) or to PE and PC, lower expression of PS syn-
thase in ACE is consistent with more production of PEs in
ACE. Among genes that do not reach the two-fold threshold
for biological significance, a homolog of a putative LPAT2
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Fig. 7. Summary of metabolites and genes associated with lipid metabolism that are higher in ‘AC Excel’. Genes are shown in bold, capi-
talized magenta, and the masses of respective lipids detected are in red.
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(ACYL-CoA:1-ACYLGLYCEROL-3-PHOSPHATE ACYL- phospholipids (especially PE and PC-types) and TAG accu-
TRANSFERASE?2; At3g57650) was significantly higher ex- mulation in ACE. These results are summarized in Fig. 7.

pressed in ACE than DH. So overall, there is evidence for There is clear evidence for altered sugar and oligosacchar-
more phospholipid metabolism resulting in accumulation of  ide metabolism in ACE with the accumulation of di-, tri-
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and tetra-saccharides (masses 342.1158; 504.1682;
666.2218) and the precursor metabolite UDP-glucose,
whereas a sugar acid (mass 196.0584) accumulated preferen-
tially in DH. Correspondingly, several sugar-related genes
were expressed more strongly in ACE than DH, including
the glucose transporter STPI (noted above) and CELLU-
LOSE SYNTHASE (At5g09870), as well as two glycosyl hy-
drolases  (Atlg02640, At5g49360) and a chitinase
(At2g43590). In addition, there are several sugar-related
genes that were significantly induced in ACE but do not
meet the two-fold criterion of biological significance (see
supplementary data,® Table S8). These include three more
glycosyl hydrolases (At5g26000, At3g07160, At5g11920), a
glucanase (At1g64390), a XYLOGLUCAN:XYLOGLUCO-
SYLTRANSFERASE (At5g57560), a UDP-GALACTOSE//
UDP-GLUCOSE TRANSPORTER (Atl1gl14360), and a HEX-
OKINASE (At2g19860). These changes strongly suggest a
greater level of cell wall metabolism (synthesis and degrada-
tion) in ACE, and that this results in increased sugar move-
ment and metabolism with an associated accumulation of
oligosaccharides.  Finch-Savage and Leubner-Metzger
(Finch-Savage and Leubner-Metzger 2006) proposed that
“germination control by the seed covering layers is achieved
through the combined or successive actions of several cell-
wall modifying proteins™ and there is evidence for the role
of pB-1,3-glucanases in enabling testa and endosperm rupture.
Based on this, it is possible that higher glucan metabolism is
related to ACE testa and cell-wall strength.

Conclusions

Although we find numerous differences between the two
cultivars, we cannot associate specific differences with dor-
mancy, since the cultivars doubtless differ in other ways that
are not phenotypically obvious and there are slight differen-
ces in the PEG treatment of the two cultivars. However,
among the differences that we report, some are likely to be
associated with the potential for secondary dormancy in
ACE. Further correlative and functional studies will be re-
quired to identify specific metabolic or genetic functions
that are causally linked to secondary dormancy.

The differences in responses to PEG between the B. napus
cultivars can be summarized as follows. In the DH seeds,
relatively more genes (119) were down-regulated than up-
regulated (38), and many of the down-regulated genes have
functions in metabolism, transport, and protein synthesis. In
ACE seeds, more genes were up-regulated (186) than down-
regulated (42). Among the up-regulated genes, many were
associated with active physiological and biochemical proc-
esses. Taken together, metabolite and gene expression data
suggest that there are significant differences in aspects of
lipid, phenylpropanoid, and sugar metabolism between ACE
and DH seeds. With respect to lipids, higher levels of PEs
and TAGs were detected in ACE and this was associated
with increased expression of LTPs, oleosins and fatty acid
desaturases. The data on genes and metabolites associated
with sugar and phenylpropanoid metabolism suggests more
cell wall and secondary product formation in ACE.

It is noteworthy that both dormant and nondormant seeds
are transcriptionally, translationally, and metabolically ac-
tive and are in no sense in a resting or inactive phase. A
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similar conclusion was reached by Cadman et al. (2006)
concerning dormant Arabidopsis seeds. Furthermore, analy-
sis of the numbers and functions of differentially expressed
genes suggests the induction of different metabolic processes
in ACE relative to DH, which are manifested in the detected
metabolites. This leads to the counter-intuitive conclusion
that seeds require significant changes in gene expression
and metabolism to achieve the dormant state. However, in
Arabidopsis seeds Cadman et al. (2006) found that more
genes were up-regulated in after-ripened (nondormant, pre-
germination) seeds than in various dormant seeds and that
many genes associated with protein synthesis, reserve mobi-
lization and cell wall modification were expressed at lower
levels in dormant (primary and secondary) seeds relative to
after-ripened seeds. This apparent contrast between Arabi-
dopsis and B. napus may reflect the different experimental
protocols; for example, nondormant seeds in Cadman et al.
(2006) were after-ripened for 120 d before imbibition and
sampling. Nonetheless, Cadman et al. (2006) documented a
role for ABA in maintaining the dormant state and increased
expression of stress and ABA-related genes.

ABA levels were higher in mature ACE seeds and PEG-
induced ACE dormant seeds than in DH seeds. A subset of
ABA-responsive genes was also expressed at higher levels
in ACE (Fig. 5) and suggests that ABA is involved in induc-
tion of secondary dormancy. ABA may also be a causative
factor in the relatively higher amounts of lipid metabolites
and genes in ACE. Results from induction of secondary dor-
mancy in Arabidopsis WT and ABA mutant seeds further
support the idea of ABA involvement. Taken together,
PEG-induced seed secondary dormancy appears likely to be
realized through an ABA-related mechanism. This process is
an active one, requiring increased gene expression and
changes in primary and secondary metabolism. This study
therefore provides a base for future studies on the mechanis-
tic basis for secondary dormancy.

Acknowledgements

We are grateful to Dr. Robert Gulden for the gift of
B. napus ‘AC Excel’ seeds. We thank Steve Ambrose (Plant
Biotechnology Institute (PBI) Mass Spectrometry Labora-
tory) for analyses of ABA and metabolites; Chushin Koh
(PBI Bioinformatics Unit) for assistance with microarray
data analysis software; and the PBI — DNA Technology
Laboratory for synthesis of oligonucleotides. We thank Dr.
Fawzy Georges and Dr. Jitao Zou for helpful comments on
the manuscript. This project was funded by the Genome
Canada and Genome Prairie project “Enhancing canola
through genomics” and additional support was provided by
the National Research Council of Canada Genome and
Health Initiative. This paper is National Research Council
of Canada publication number 48446.

References

Aharoni, A., Ric De Vos, C.H., Verhoeven, H.A., Maliepaard,
C.A., Kruppa, G., Bino, R., and Goodenowe, D.B. 2002. Nontar-
geted metabolome analysis by use of fourier transform ion cy-
clone mass spectrometry. OMICS, 6: 217-234. doi:10.1089/
15362310260256882.

Arenas-Huertero, F., Arroyo, A., Zhou, L., Sheen, J., and Leon, P.
2000. Analysis of Arabidopsis glucose-insensitive mutants, gin5

Published by NRC Research Press



Botany Downloaded from cdnsciencepub.com by National Research Council of Canada on 07/14/22
For personal use only.

Fei et al.

and gin6, reveals a central role of the plant hormone ABA in the
regulation of plant vegetative development by sugar. Gend. Dev.
14: 2085-2096.

Baumbusch, L.O., Hughes, D.W., Galau, G.A., and Jakobsen, K.S.
2004. LECI, FUS3, ABI3 and Em expression reveals no correla-
tion with dormancy in Arabidopsis. J. Exp. Bot. 55: 1529-1541.
doi:10.1093/jxb/erh165. PMID:15208345.

Cadman, C.S.C., Toorop, P.E., Hilhorst, H-W.M., and Finch-Sa-
vage, W.E. 2006. Gene expression profiles of Arabidopsis Cvi
seeds during dormancy cycling indicate a common underlying
dormancy control mechanism. Plant J. 46: 805-822. doi:10.
1111/5.1365-313X.2006.02738.x. PMID:16709196.

Chiwocha, S.D.S., Abrams, S.R., Ambrose, S.J., Cutler, A.J., Loe-
wen, M., Ross, A.R.S., and Kermode, A.R. 2003. A method for
profiling classes of plant hormones and their metabolites using
liquid chromatography-electrospray ionization tandem mass
spectrometry: an analysis of hormone regulation of thermodor-
mancy of lettuce (Lactuca sativa L.) seeds. Plant J. 35: 405—
417. doi:10.1046/j.1365-313X.2003.01800.x.

Choi, H., Hong, J., Ha, J., Kang, J., and Kim, S.Y. 2000. ABFs, a fa-
mily of ABA-responsive element binding factors. J. Biol. Chem.
275: 1723-1730. doi:10.1074/jbc.275.3.1723. PMID:10636868.

Dekkers, B.J., Schuurmans, J.A., and Smeekens, S.C. 2004. Glucose
delays seed germination in Arabidopsis thaliana. Planta, 218:
579-588. doi:10.1007/s00425-003-1154-9. PMID:14648119.

Dunn, M.A., Hughes, M.A., Zhang, L., Pearce, R.S., Quigley, A.S.,
and Jack, P.L. 1991. Nucleotide sequence and molecular analy-
sis of the low temperature induced cereal gene, BLT4. Mol.
Gen. Genet. 229: 389-394. doi:10.1007/BF00267460. PMID:
1944226.

Fei, H., Tsang, E., and Cutler, A.J. 2007. Gene expression profiling
during seed maturation in Brassica napus in relation to the po-
tential for induction of secondary dormancy. Genomics, 89:
419-428. doi:10.1016/j.ygeno.2006.11.008. PMID:17207603.

Finch-Savage, W.E., and Leubner-Metzger, G. 2006. Seed dor-
mancy and the control of germination. New Phytol. 171: 505—
523.

Garcia-Garrido, J.M., Menossi, M., Puigdoménech, P., Martinez-
Izquierdo, J.A., and Delseny, M. 1998. Characterization of a
gene encoding an abscisic acid-inducible type 2 lipid transfer
proteins from rice. FEBS Lett. 428: 193-199. doi:10.1016/
S0014-5793(98)00529-8. PMID:9654133.

Gilmour, S.J., and Thomashow, M.F. 1991. Cold acclimation and
cold-regulated gene expression in ABA mutants of Arabidopsis
thaliana. Plant Mol. Biol. 17: 1233-1240. doi:10.1007/
BF00028738. PMID:1834244.

Gruber, S., Pekrun, C., and Claupein, W. 2004. Population dy-
namics of volunteer oilseed rape (Brassica napus L.) affected
by tillage. Eur. J. Agron. 20: 351-361. doi:10.1016/S1161-
0301(03)00036-4.

Gulden, R.H., Chiwocha, S., Abrams, S., McGregor, 1., Kermode,
A., and Shirtliffe, S. 2004a. Response to abscisic acid applica-
tion and hormone profiling in spring Brassica napus seed in re-
lation to secondary dormancy. Can. J. Bot. 82: 1618-1624.
doi:10.1139/b04-119.

Gulden, R.H., Thomas, A.G., and Shortliffe, S.J. 2004b. Relative
contribution of genotype, seed size and environment to second-
ary seed dormancy potential in Canadian spring oilseed rape
(Brassica napus). Weed Res. 44: 97-106. doi:10.1111/j.1365-
3180.2003.00377.x.

Helmkamp, G.M., Jr. 1986. Phospholipid transfer proteins: me-
chanism of action. J. Bioenerg. Biomembr. 18: 71-91. doi:10.
1007/BF00743477. PMID:3522562.

Hilhorst, HW.M. 1995. A critical update on seed dormancy.

595

I. Primary dormancy. Seed Sci. Res. 5: 61-73. doi:10.1017/
S0960258500002634.

Hilhorst, H-W.M. 1998. The regulation of secondary dormancy.
The membrane hypothesis revisited. Seed Sci. Res. 8: 77-90.
doi:10.1017/S0960258500003974.

Hoth, S., Morgante, M., Sanchez, J.-P., Hanafey, M.K., Tingey,
S.V., and Chua, N.-H. 2002. Genome-wide gene expression pro-
filing in Arabidopsis thaliana reveals new targets of abscisic
acid and largely impaired gene regulation in the abil/-I mutant.
J. Cell Sci. 115: 4891-4900. doi:10.1242/jcs.00175. PMID:
12432076.

Huang, D., Jaradat, M., Wu, W., Ambrose, S.J., Ross, AR,
Abrams, S.R., and Cutler, A.J. 2007. Structural analogs of ABA
reveal novel features of ABA perception and signaling in Arabi-
dopsis. Plant J. 50: 414-428. doi:10.1111/j.1365-313X.2007.
03056.x. PMID:17376162.

Huijser, C., Kortstee, A., Pego, J., Weisbeek, P., Wisman, E., and
Smeekens, S. 2000. The Arabidopsis SUCROSE UNCOUPLED-
6 gene is identical to ABSCISIC ACID INSENSITIVE-4: involve-
ment of abscisic acid in sugar responses. Plant J. 23: 577-585.
doi:10.1046/j.1365-313x.2000.00822.x. PMID:10972884.

Jakoby, M., Weisshaar, B., Droge-Laser, W., Vicente-Carbajosa, J.,
Tiedemann, J., Kroj, T., and Parcy, F. 2002. bZIP transcription
factors in Arabidopsis. Trends Plant Sci. 7: 106-111. doi:10.
1016/S1360-1385(01)02223-3. PMID:11906833.

Kader, J.C. 1996. Lipid-transfer proteins in plants. Annu. Rev.
Plant Physiol. Plant Mol. Biol. 47: 627-654. doi:10.1146/
annurev.arplant.47.1.627. PMID:15012303.

Kang, J.-Y., Choi, H.-I., Im, M.-Y., and Kim, S.Y. 2002. Arabidop-
sis basic leucine zipper proteins that mediate stress-responsive
abscisic acid signaling. Plant Cell, 14: 343-357. doi:10.1105/
tpc.010362. PMID:11884679.

Karssen, C.M., Brinkhorst-van der Swan, D.L.C., Breekland, A.E.,
and Koornneef, M. 1983. Induction of dormancy during seed de-
velopment by endogenous abscisic acid: studies on abscisic acid
deficient genotype of Arabidopsis thaliana (L.) Heynh. Planta,
157: 158-165. doi:10.1007/BF00393650.

Klein, D.J., Moore, P.B., and Steitz, T.A. 2004. The Roles of ribo-
somal proteins in the structure assembly, and evolution of the
large ribosomal subunit. J. Mol. Biol. 340: 141-177. doi:10.
1016/j.jmb.2004.03.076. PMID:15184028.

Koornneef, M., Jorna, M.L., Brinkhorst-van der Swan, D.L.C., and
Karssen, C.M. 1982. The isolation of abscisic acid (ABA) defi-
cient mutants by selection of induced revertants in non-
germinating gibberellin sensitive lines of Arabidopsis thaliana
(L.) Heynh. Theor. Appl. Genet. 61: 385-393.

Laby, R.J., Kincaid, M.S., Kim, D., and Gibson, S.I. 2000. The
Arabidopsis sugar-insensitive mutants sis4 and sis5 are defective
in abscisic acid synthesis and response. Plant J. 23: 587-596.
doi:10.1046/j.1365-313x.2000.00833.x. PMID:10972884.

Li, F., Wu, X., Tsang, E., and Cutler, A.J. 2005. Transcriptional
profiling of imbibed Brassica napus seed. Genomics, 86: 718—
730. doi:10.1016/j.ygeno.2005.07.006. PMID:16125897.

Lutman, P.J.W. 1993. The occurrence and persistence of volunteer
oilseed rape (Brassica napus). Asp. Appl. Biol. 35: 29-35.

Manfre, A.J., Lanni, L.M., and Marcotte, W.R. 2006. The Arabi-
dopsis group | LATE EMBRYOGENESIS ABUNDANT protein
AtEMBS is required for normal seed development. Plant Physiol.
140: 140-149. doi:10.1104/pp.105.072967. PMID:16361514.

Molina, A., Segura, A., and Garcia-Olmedo, F. 1993. Lipid transfer
proteins (nsLTPs) from barley and maize leaves are potent inhi-
bitors of bacterial and fungal plant pathogens. FEBS Lett. 316:
119-122. doi:10.1016/0014-5793(93)81198-9. PMID:8420795.

Momoh, E.J.J., Zhou, W.J., and Kristiansson, B. 2002. Variation in

Published by NRC Research Press



Botany Downloaded from cdnsciencepub.com by National Research Council of Canada on 07/14/22
For personal use only.

596

the development of secondary dormancy in oilseed rape geno-
types under conditions of stress. Weed Res. 42: 446-455.
doi:10.1046/j.1365-3180.2002.00308.x.

Naczk, M., Aramowicz, A., Sullivan, A., and Shahidi, F. 1998.
Current research developments on polyphenolics of rapeseed/ca-
nola: a review. Food Chem. 62: 489-502. doi:10.1016/S0308-
8146(97)00198-2.

Ouvrard, O., Cellier, F., Ferrare, K., Tousch, D., Lamaze, T., Du-
puis, J.M., and Casse-Delbart, F. 1996. Identification and ex-
pression of water stress- and abscisic acid-regulated genes in a
drought-tolerant sunflower genotype. Plant Mol. Biol. 31: 819—
829. doi:10.1007/BF00019469. PMID:8806412.

Parkin, [.LA.P., Gulden, S.M., Sharpe, A.G., Lukens, L., Trick, M.,
Osborn, T.C., and Lydiate, D.J. 2005. Segmental structure of the
Brassica napus genome based on comparative analysis with
Arabidopsis thaliana. Genetics, 171: 765-781. doi:10.1534/
genetics.105.042093. PMID:16020789.

Pekrun, C., Lutman, P.J.W., and Baeumer, K. 1997a. Germination
behaviour of dormant oilseed rape seeds in relation to tempera-
ture. Weed Res. 37: 419-431. doi:10.1046/j.1365-3180.1997.
d01-68.x.

Pekrun, C., Lutman, P.J.W., and Baeumer, K. 1997b. Induction of
secondary dormancy in rape seeds (Brassica napus L.) by pro-
longed imbibition under conditions of water stress or oxygen de-
ficiency in darkness. Eur. J. Agron. 6: 245-255. doi:10.1016/
S1161-0301(96)02051-5.

Pekrun, C., Potter, T.C., and Lutman, P.J.JW. 1997c. Genotypic var-
iation in the development of secondary dormancy in oilseed rape
and its impact on the persistence of volunteer rape. /n Proceed-
ings of the 1997 Brighton Crop Protection Conference — Weeds,
Brighton, UK (British Crop Protection Council). pp. 243-248.

Pekrun, C., Hewitt, J.D., and Lutman, P.JJW. 19984. Cultural con-
trol of volunteer oilseed rape (Brassica napus). J. Agric. Sci.
130: 155-163. doi:10.1017/S00218596970051609.

Pekrun, C., Lutman, P.J.W., and Baeumer, K. 1998b. Research on
volunteer rape: A review. Pflanzenbauwissenschaften, 2: 84-90.

Price, J.S., Hobson, R.N., Neale, M.A., and Bruce, D.M. 1996.
Seed losses in commercial harvesting of oilseed rape. J. Agric.
Eng. Res. 65: 183-191. doi:10.1006/jaer.1996.0091.

Pritchard, S.L., Charlton, W.L., Baker, A., and Graham, I.A. 2002.
Germination and storage reserve mobilization are regulated in-
dependently in Arabidopsis. Plant J. 31: 639-647. doi:10.1046/j.
1365-313X.2002.01376.x. PMID:12207653.

Pyee, J., Yu, H., and Kolattukudy, P.E. 1994. Identification of a li-
pid transfer protein as the major protein in the surface wax of
broccoli (Brassica oleracea) leaves. Arch. Biochem. Biophys.
311: 460-468. doi:10.1006/abbi.1994.1263. PMID:8203911.

Roller, A., Beismann, H., and Albrecht, H. 2002. Persistence of ge-
netically modified, herbicide-tolerant oilseed rape — first obser-
vations under practically relevant conditions in South Germany.
J. Plant Dis. Prot. XVIII(Special Issue): 255-260.

Rook, F., Corke, F., Card, R., Munz, G., Smith, C., and Bevan,
M.W. 2001. Impaired sucrose-induction mutants reveal the mod-
ulation of sugar-induced starch biosynthetic gene expression by
abscisic acid signaling. Plant J. 26: 421-433. doi:10.1046/].
1365-313X.2001.2641043.x. PMID:11439129.

Botany Vol. 87, 2009

Sauer, N., Friedldnder, K., and Griaml-Wicke, U. 1990. Primary
structure, genomic organization and heterologous expression of
a glucose transporter from Arabidopsis thaliana. EMBO (Eur.
Mol. Biol. Organ.) J. 9: 3045-3052.

Segura, A., Moreno, M., and Garcia-Olmedo, F. 1993. Purification
and antipathogenic activity of lipid transfer proteins (LTPs)
from the leaves of Arabidopsis and spinach. FEBS Lett. 332:
243-246. doi:10.1016/0014-5793(93)80641-7. PMID:8405465.

Smagula, C.S., and Douglas, M.G. 1988. ADP-ATP carrier of Sac-
charomyces cerevisiae contains a mitochondrial import signal
between amino acids 72 and 111. J. Cell. Biochem. 36: 323—
327. doi:10.1002/jcb.240360402. PMID:2837495.

Sterk, P., Booij, H., Schellekens, G.A., Van Kammen, A., and De
Vries, S.C. 1991. Cell-specific expression of the carrot EP2 lipid
transfer protein gene. Plant Cell, 3: 907-921. doi:10.1105/tpc.3.
9.907. PMID:1822991.

Sullivan, M.L., Carpenter, T.B., and Vierstra, R.D. 1994. Homolo-
gues of wheat ubiquitin-conjugating enzymes — TaUBC1 and
TaUBC4 are encoded by small multigene families in Arabidop-
sis thaliana. Plant Mol. Biol. 24: 651-661. doi:10.1007/
BF00023561. PMID:8155884.

Toorop, P.E., Barroco, R.M., Engler, G., Groot, S.P., and Hilhorst,
H.W. 2005. Differentially expressed genes associated with dor-
mancy or germination of Arabidopsis thaliana seeds. Planta, 221:
637-647. doi:10.1007/s00425-004-1477-1. PMID:15678336.

Torres-Schumann, S., Godoy, J.A., and Pintor-Toro, J.A. 1992. A
probable lipid transfer protein gene is induced by NaCl in stems
of tomato plants. Plant Mol. Biol. 18: 749-757. doi:10.1007/
BF00020016. PMID:1558948.

Tusher, V.G., Tibshirani, R., and Chu, G. 2001. Significance analy-
sis of microarray applied to the ionizing radiation response.
Proc. Natl. Acad. Sci. U.S.A. 98: 5116-5121. doi:10.1073/pnas.
091062498. PMID:11309499.

Ullah, H., Chen, J., Wang, S., and Jones, A.M. 2002. Role of a het-
erotrimeric G protein in regulation of Arabidopsis seed germina-
tion. Plant Physiol. 129: 897-907. doi:10.1104/pp.005017.
PMID:12068128.

Vicient, C.M., Hull, G., Guilleminot, J., Devic, M., and Delseny,
M. 2000. Differential expression of the Arabidopsis genes cod-
ing for Em-like proteins. J. Exp. Bot. 51: 1211-1220. doi:10.
1093/jexbot/51.348.1211. PMID:10937696.

Wirtz, K.W.A. 1991. Phospholipid transfer proteins. Annu. Rev.
Biochem. 60: 73-99. doi:10.1146/annurev.bi.60.070191.000445.
PMID:1883207.

Zou, J., Abrams, G.D., Barton, D.L., Taylor, D.C., Pomeroy, M.K.,
and Abrams, S.R. 1995. Induction of lipid and oleosin biosynth-
esis by (+)-abscisic acid and its metabolites in microspore-
derived embryos of Brassica napus L. cv Reston. Plant Physiol.
108: 563-571. PMID:12228493.

Zulak, K.G., Cornish, A., Daskalchuk, T.E., Deyholos, M.K.,
Goodenowe, D.B., Gordon, P.M., Klassen, D., Pelcher, L.E.,
Sensen, C.W., and Facchini, P.J. 2007. Gene transcript and me-
tabolite profiling of elicitor-induced opium poppy cell cultures
reveals the coordinate regulation of primary and secondary me-
tabolism. Planta, 225: 1085-1106. doi:10.1007/s00425-006-
0419-5. PMID:17077972.

Published by NRC Research Press




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


