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Phosphatidylinositol-specific phospholipase C2 (PLC2) is a signaling enzyme with hydrolytic activity against
membrane-bound phosphoinositides. It catalyzes the cleavage of phosphatidylinositol(4,5)bisphosphate (PtdIns(4,5)
P,) into two initial second messengers, myo-inositol-1,4,5-trisphosphate (InsP,) and diacylglycerol (DAG). The former, as
well as its fully phosphorylated derivative, myo-inositol-1,2,3,4,5,6-hexakisphosphate (InsP,), play a major role in calcium
signaling events within the cell, while DAG may be used in the regeneration of phospholipids or as a precursor for
phosphatidic acid (PA) biosynthesis, an important signaling molecule involved in both biotic and abiotic types of stress
tolerance. Overexpression of the gene for Brassica napus phospholipase C2 (BnPLC2) in Brassica napus has been shown
to enhance drought tolerance, modulate multiple genes involved in different processes and favorably affect hormonal
levels in different tissues. We, therefore, undertook the current study with a view to examining, at the metabolome level,
its effect on both abiotic (low temperature) and biotic (stem white rot disease) types of stress in canola. Thus, while
transgenic plants exhibited a significant rise in maltose levels and a concomitant elevation in some unsaturated free fatty
acids (FFAs), glycerol, and glycerol 3-phosphate under subzero temperatures, they accumulated high levels of raffinose,
stachyose and other sugars as well as some flavonoids under acclimatization conditions. Collectively, overexpression of
BnPLC2 appears to have triggered different metabolite patterns consistent with its abiotic and, to a limited extent, biotic

stress tolerance phenotypes.

Introduction

Low temperature stress in the Canadian Prairies is one
of several types of stress conditions that threaten Western
agriculture and determine success or failure of several crops that
are grown in the region, e.g., canola and cereals. Frost conditions
and subzero temperatures can induce cellular damage through
several mechanisms, all of which are caused by what we refer to
as “disruptive water status” (DWS). The latter is a consequence
of impaired water utilization through freezing, excessive
transpiration, severe dehydration, and osmotic imbalance.
DWS occurs when the availability of water, necessary for vital
cellular activities and metabolic processes, becomes halted or
severely limited. Plant cells usually adapt to mild conditions of
DWS through acclimatization or by accumulating osmolytes,
e.g., simple sugars, which provide proper water balance across
membranes and maintain turgor pressure at optimal levels for
membrane integrity.
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Similarly, yield losses due to different pathogens can reach
detrimental proportions if not properly controlled. For example,
white stem rot, caused by the fungus Sclerotinia sclerotiorum,
is listed as a major disease of canola by the Canola Council of
Canada,' causing yield losses approximately equivalent to 0.5 x
percentage infection; yield losses can be nearly 50% when the
pathogen is growing under ideal conditions.!

Although many plants have evolved to adapt to different
stresses through various mechanisms, unpredictable weather
patterns continue to pose serious challenges for agricultural
crop species. Therefore, it becomes crucial that crop failures due
to biotic and abiotic stresses be minimized and crop yields be
maximized. Thus, an important objective of plant biotechnology
is to produce crops that can tolerate sudden changes in weather
patterns and have improved tolerance to pathogens. Since both
types of stress (biotic and abiotic) require the deployment of
adaptive molecular mechanisms involving complex multigenic
signals, the engineering of such traits into crop plants must rely
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on the use of factors that are capable of setting in motion such
complex molecular networks.

Previously, we have shown that transgenic canola plants
overexpressing the gene for BnPLC2 developed faster and
gave higher seed yield and oil % than non-transgenic controls
(NTCs).? Overexpression of BnPLC2 also had a significant
effect on differential gene expression and hormone synthesis
and distribution.? Some of the genes identified are known to
be associated with both biotic and abiotic stress tolerance, and
we showed these plants to be considerably more tolerant of
drought than their corresponding NTCs. Of particular interest
to the current study are genes such as lipoxygenase 2 (LOX2), a
principal enzyme in jasmonic acid (JA) biosynthesis, and several
JA-responsive genes and proteins, including strictosidine synthase
and other disease-associated defense genes (e.g., glucanases
and chitinases), whose change in expression implies an effect
of BnPLC2 enhancement toward priming stress tolerance,’
presumably synergistically with innate defense mechanisms. JA
and its derivatives are ubiquitous lipid-derived signal compounds
that are produced in response to both biotic and abiotic stresses.
They act as systemic signals and can interact with other hormones
and modulate production of transcription factors (TFs), protein
kinases® as well as some phospholipases such as PLC.* The
involvement of phospholipases in plant immunity to different
stresses is due in part to early activation of signaling events.’

Phospholipases have been shown to play important roles
in resistance to various biotic and abiotic stress conditions.
For example, phospholipase A (PLA) produces FFA second
messengers and precursors of JA and derivatives, while
phospholipase D (PLD) hydrolyzes structural phospholipids such
as phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) to produce phosphatidic acid (PA) which is associated
with various stress responses. Further, PLC is a key enzyme in
phospholipid signal transduction processes, located in plasma
membranes where it catalyzes the hydrolysis of the membrane-
bound  phospholipid,  phosphatidylinositol(4,5) bisphosphate
(PtdIns(4,5)P,), to produce two second messengers, 7zyo-inositol-
1,4,5-rrisphosphate  (Ins(1,4,5)P,) and sn-1,2-diacylglycerol
(DAG). Ins(1,4,5)P., being water soluble, migrates to the cytosol
where it regulates Ca?* release from internal stores, directly or
after being converted to Ins(1,2,3,4,5,6)P, (InsP,) by the action
of inositol polyphosphate kinases.® Although DAG is known
to play a role in activating protein kinase C (PKC) in animal
systems, in plants, which lack PKC, it is rapidly converted into
phosphatidic acid (PA) by the action of DAG kinase (DAGK). PA
is known to perform a wide range of second messenger functions
in plant cells, and its level is reported to increase in response to
different types of stresses, including low temperature, osmotic,
oxidative, wounding and pathogen infection.”

PA can be generated by two phospholipid signaling systems,
PLD and PLC/DAGK. Simultaneous activation of the two
pathway systems was shown to be among the early events
following exposure to low temperature stress.’” Although the
product from both pathways is PA, the molecular species of PA
produced by each pathway can be different due to the variant
types of the sn-1 and sn-2 acyl substituents in each case.®'® The
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PLC/DAGK route has been shown to be the predominant source
of PA production under low temperature stress conditions in
Arabidopsis cell suspension cultures, seedlings, and leaf discs.”!!
This is of relevance to the present work in view of the fact that
in Brassica napus, expression of PLC2 was found to increase in
response to treatment with different stresses such as drought,
NaCl, and cold.”? Important roles of PLC in plant cell responses
to hyperosmotic stress and drought in different plant systems are

well documented.'>'4

The PLC/DAGK-derived PA also seems to be the prominent
species involved in biotic stress tolerance. Thus, tomato cell
suspensions responded to a number of pathogenic elicitors by
increasing their PA contents within minutes of elicitation, which
arose mostly via DAG phosphorylation and was correlated with
decreased levels of PtdIns(4,5)P,.>'® Furthermore, expression
of the rice gene, OsPLCI, was shown to be induced by diverse
inducers of plant defense pathways as well as during the
incompatible interaction between a resistant genotype of rice
and the fungal pathogen, Magnaporthe grisea, suggesting that
OsPLC1 might be involved in the activation of the signaling
pathway leading to disease resistance response in rice.”

Thus, its potential for biotic stress tolerance, together
with the existing evidence on its involvement in abiotic stress
tolerance, prompted us to investigate the effect of BnPLC2
enhancement on low temperature stress response in transgenic
B. napus plants, while examining prominent changes to the
metabolome configuration in those lines as it relates to cold
tolerance. Metabolomes are modulated by factors that influence
the expression of multiple genes and pathways, such as PLC. As
well, we report an analysis of response of a transgenic line, with
enhanced BnPLC2, to a common fungal pathogen, Sclerotinia
sclerotiorum, the main cause of the white stem rot disease in
canola which results in substantial yield losses.!

Results

Cold stress

To evaluate the performance of transgenic plants overexpressing
BnPLC2under conditions of subzero temperatures, the Phytotron
temperature was lowered gradually to -5 °C at the rate of 2 °C/h.
Plants were maintained at this temperature for 12 h, at which
point the temperature was gradually increased at the same rate
back to the normal growth cycle conditions. To evaluate their
subzero stress tolerance after acclimatization, transgenic plants
were first acclimatized by incubation at +4 °C for 7 d, followed
by a gradual temperature descent (2 °C/h) to -5 °C. Plants were
keptat -5 °C for 24 h, after which time temperature was gradually
raised at the same rate back to the normal growth conditions.
Recovery of plants was evaluated by the appearance of leaves and
their relative turgidity with reference to NTC plants.

After subzero treatments at -5 °C without acclimatization,
recovered transgenic plants showed less leaf wilt than NTCs. They
also had stronger stem turgidity. Transgenic plants subjected to
prior acclimatization showed healthier, turgid leaves and faster
recovery after subzero treatment than NTCs (Fig. 1).
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taken 7 d after recovery.

Figure 1. Plant performance after subzero temperature treatments. (A) NTC and transgenic BnPLC2 line (S18) were maintained at -5 °C for 12 h. Pictures
were taken 2 d after recovery. (B) NTC line and transgenic S18 line were first acclimatized at +4 °C for 7 d and then treated at -5 °C for 24 h. Pictures were

Table 1. Pairwise comparison of significantly different metabolites in line S18 compared with NTC under normal growth conditions. The number in each
cell indicates fold change between S18 and NTC. Welch’s two-sample t-Test was used to estimate significance (red, increased in S18 compared with NTC
at P < 0.05, pink, increased in S18 compared with NTC at P < 0.1; green, decreased in S18 compared with NTC at P < 0.05, light green, decreased in S18

compared with NTC at P < 0.1).

S18-C
NTC-C
Aromatic amino acid metabolism (PEP derived) phenylalanine
tyrosine
Aspartate family (OAA derived) p-alanine
Amines and polyamines spermidine
Amino sugar and nucleotide sugar threitol
Sucrose, glucose, fructose metabolism 1-kestose
Free fatty acid linoleate (18:2n6)
Tocopherol metabolism a-tocopherol

Gamma-glutamyl nucleotide

gamma-glutamylphenylalanine

Dipeptide alanylleucine
aspartylphenylalanine
Flavonoids naringenin

Metabolomic studies of transgenic plants overexpressing
BnPLC2 under control, subzero stress, and acclimatization
conditions

We performed metabolome analyses in transgenic lines
overexpressing BnPLC2 under normal growth conditions, subzero
temperature conditions (-5 °C) and acclimatization at +4 °C
for 7 d. A rtotal of 162 biochemicals were analyzed as a data set
in these studies (Table S1). Our overall observation was that the
metabolome of transgenic lines under normal growth conditions
was similar to that in NTC plants. However, we found consistent
metabolite changes in lines overexpressing BnPLC2 in response
to subzero and acclimatization treatments.

Pairwise comparison analysis contrasting a transgenic
line under normal conditions to subzero temperature and
acclimatization and non-transgenic control (NTC) under
respective conditions, was performed. After performing statistical
comparison by Welch’s two-samples tTest, biochemicals that
were significantly different (< 0.05) or approaching significance
level (P < 0.1) in transgenic plants compared with NTCs
under the same conditions were selected. When contrasting
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S18 grown under normal conditions to NTC grown under the
same conditions (S18-C/NTC-C), changes in 12 metabolites
were found significant (9 increased and 3 decreased). Likewise,
when contrasting S18 grown under acclimatization conditions
to NTC under acclimatization conditions (S18-A/NTC-A),
changes in 23 metabolites (17 increased and 6 decreased) were
found significant. Changes in 14 metabolites (7 increased and
7 decreased) were found significant between S18 after subzero
stress and N'TC after subzero stress (S18-S/NTC-S). Metabolites
that were significantly increased under non-stressed conditions
in transgenic compared with NTC lines were: the amino acids,
phenylalanine, tyrosine and -alanine in addition to the peptide,
gamma-glutamylphenylalanine, the dipeptides alanylleucine and
aspartylphenylalanine, as well as the polyamine, spermidine and
the FFA, linoleate (18:2n6). Also under non-stressed conditions,
significant decrease was found in threitol, a-tocopherol, and the
flavonoid naringenin (Table 1).

Metabolite analyses revealed that transgenic lines mounted
a robust carbohydrate metabolic response to acclimatization
and subzero treatments (Table 2). The carbohydrate metabolic
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Table 2. Pairwise comparison data of changes in carbohydrates metabolism in leaves of transgenic line S18, grown under normal control conditions
(C) and subjected to acclimatization (+4 °C for 7 d) (A) and subzero stress treatments (-5 °C for 12h) (S). The number in each cell indicates fold change
between S18 and NTC lines under equal treatment conditions. Statistical comparisons were estimated according to Welch'’s two-sample t-Test; red, P <
0.05; pink, P < 0.1 (red, increased in S18 compared with NTC at P < 0.05; pink, increased in $S18 compared with NTC at P < 0.1).

S18-C | S18-A | S18-S

NTC-C | NTC-A | NTC-S
Glycolysis 1,3-dihydroxyacetone 1.19 1.16 0.96
fructose-6-phosphate 075 | 188 | 1.57
glucose 1.24 1.10 0.96
| glucose-6-phosphate (G6P) | 0.73 | llB | 2.28
glycerate 0.69 0.96 1.26
pyruvate 0.96 1.11 0.81
Sucrose, glucose, fructose metabolism 1-kestose - 1.00 0.72
3-deoxyoctulosonate 0.77 1.06 1.14
erythrose 1.25 1.07 0.81
fructose 1.22 1.02 0.88
galactinol 1.10 1.29 0.73
galacturonate 0.90 1.35 1.07

maltose 0.67 1.07 -:

raffinose 0.51 1.21 1.22
sorbitol 1.00 1.00 2.10
stachyose 0.90 . 1.00
sucrose 0.07 0.68

response was different for each type of treatment (acclimatization
vs. subzero treatment). Thus, BnPLC?2 transgenic plants showed
2 4.98 times increase in sucrose under acclimatization conditions
but responded to subzero stress with a 4.94 times increase in
maltose compared with NTCs (Table 2). The maltose increase
was also found in other biological replicates of this experiment
(data not shown). This notable increase in the level of maltose
is indicative of starch mobilization, where transgenic leaves may
be exhibiting sink tissue properties, drawing on stored starch in
the acute response to subzero temperatures, while in the longer
term acclimatization, the carbon appeared in the form of sucrose
(Fig. 2). NTC leaves did not accumulate maltose under stress.

The increase in sucrose under acclimatization conditions in
transgenic lines was accompanied by increased levels of stachyose,
glucose-6-phosphate, and fructose-6-phosphate (Table 2).
Levels of raffinose and galactinol appeared to increase in this
experiment without reaching statistical significance. However, in
other biological replicates of this experiment these were found
significantly higher (data not shown). This is consistent with the
accumulation pattern of the raffinose family of oligosaccharides
(RFOs) in plant tissues during acclimatization. RFOs are known
for their osmoprotection and cryopreservation properties as well
as being protective agents against oxidative damage.'®

FFA metabolism was consistently affected in transgenic lines
overexpressing Bn-PLC2 (Table 3; Fig. 3). Thus, elevated levels
of linoleate (18:2n6) were found in transgenic lines growing
under regular growth conditions. It was also significantly
increased following subzero temperature treatment, along with
a-linolenate (18:3n3). On the other hand, the acclimatization
treatment led to a significant increase in the levels of a-linolenate
(18:3n3), 2-hydroxypalmitate, and dihomo-linolenate (20:3).

www.landesbioscience.com

Unesterified fatty acids are known to perform different
functions in cell metabolism. They serve as energy sources and
can interact with a wide range of enzyme systems in specific
and non-specific ways. They influence the activities of protein
kinases, phospholipases, G-proteins, adenylate and guanylate
cyclases, and many other metabolic processes at specific
intracellular locations.” In addition, FFAs can act as second
messengers that mediate cell responses to extracellular signals.?
In animals, polyunsaturated FFAs regulate the expression of genes
involved in lipid and energy metabolism.? They can be produced
rapidly by a variety of lipolytic enzymes, e.g., lipoprotein lipase,
phospholipases A, and hormone-sensitive lipases.

In response to acclimatization we also observed increases
in compounds with antioxidant properties in the transgenic
lines compared with NTCs. Thus, a-tocopherol and a group
of flavonoids, such as cyanidin galactoside, kaempferol 3-O-3-
glucoside, naringenin, and isorhamnetin, were increased as
a result of acclimatization (Table 3; Fig. 4). Transcriptome
profiling studies suggest that enhanced freezing tolerance is
associated with the induction of flavonoid metabolism.*

Inoculation of plant stems with the fungal pathogen

Transgenic line S1-31, overexpressing BnPLC2%, was used to
assess its susceptibility to fungal pathogens. Plants were inoculated
with three strains of Sclerotinia and disease progress was noted,
relative to the corresponding NTC line. The strains tested varied
in virulence, with 243 being the least, 321 the most, and TAN
being intermediately virulent. In the challenge with the 321
strain, the experiment was terminated at 14 d after inoculation
(DATI) as the damage to all plants in the experiment was severe.

As a measure of quantitative disease resistance, the area under
the disease progress curve (AUDPC), which includes lengths of
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font, unchanged metabolites.

Figure 2. Changes in carbohydrates metabolism in transgenic line (518) overexpressing BnPLC2 gene under the conditions of acclimatization (A) and
subzero temperature stress (B). Metabolites in red italics indicate higher level at this treatment conditions compared with control. Pink italics indicate
biochemicals stably increased in other biological replicates of this experiment. Blue font indicates biochemicals not detected in this study and black

stem lesions, was found to be significantly lower in the S1-31
line than in the NTCs for all three strains of Sclerotinia tested
(Fig. 5). However, the percentage of soft and collapsed lesions (%
[S+C]) data suggests less softening and collapsing of the NTC
stems in all cases (data not shown).

The general trend of this series of experiments shows the
transgenic line to outperform NTCs in the rate of disease
spreading, pointing to a relatively stronger drive for disease
management, conferred by the enhanced BnPLC2 expression.
However, although the lesions were smaller in the transgenic line
as reflected in the AUDPC values, which may indicate a stronger
localized defense response to the infection, the impact of the
infection seemed greater as reflected in the %(S+C) data.

Discussion

We performed metabolomics studies in leaves of plants
overexpressing BnPLC2 grown under normal growth conditions
and subjected to subzero and acclimatization temperature
treatmentsin order to assess the effects of BaPLC2 enhancementon
metabolites pertaining to the applied stress. Under normal growth
conditions, transgenic plants show fairly similar metabolomes
to those found in the corresponding NTCs. However, under
low temperature stress conditions (acclimatization and subzero
temperature), the metabolome of transgenic plants showed some
significant changes compared with NTCs. These appeared to be
dependent on the type of treatment, indicating that the nature
of metabolites in the BnPLC2 transgenic plants is influenced
by growth condition-specific physiological programs. Thus,
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unlike the NTCs, under subzero temperatures, transgenic plants
responded by showing increased levels of maltose (Table 2;
Fig. 2). While the reason for the elevated levels of this disaccharide
is not immediately obvious, it is possible that transgenic plants
are capable of accumulating more transient starch than NTCs
and that starch degrading enzymes are sufficiently active in these
plants. Regardless of the mechanism involved in its production,
maltose may function both as an osmoprotectant and as a source
of glucose. Since the latter is a substrate for glycolysis, it can
provide for an additional energy source under conditions of
impaired photosynthesis and respiration in subzero temperatures.

Central carbohydrate metabolism is one of the most important
resources for cellular protection against freezing. Its importance
in freezing tolerance was demonstrated by the identification
of 15 metabolites significantly correlated with acclimatized
freezing tolerance in different Arabidopsis accessions, including
xylose, glucose, fructose, galactose, sucrose, and raffinose.”
Also, in Arabidopsis, under acclimatization conditions (+4 °C)
for four days, accumulation of cold responsive sugars and sugar
phosphates was observed.?

After acclimatization, transgenic plants overexpressing
BnPLC2 showed significantly elevated levels of carbohydrates
associated with cellular protection, such as RFOs and smaller
sugars (e.g., glucose-6-P, fructose-6-P, sucrose). Accumulation of
the RFOs in transgenic lines upon acclimatization may be due to
activation by the transgene of cold responsive TFs and increased
availability of myo-inositol-releasing substrates such as mzyo-
inositol phosphates, in addition to the fact that overexpression
of BnPLC2 has been shown to upregulate the expression of
myo-inositol 1-phosphate synthase? for de novo synthesis of
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Table 3. Pairwise comparison of changes in metabolites between S18 transgenic line overexpressing BnPLC2 gene and non-transgenic control (NTC) line
grown under normal growth conditions (C) and subjected to acclimatization (A) and subzero temperature stress treatment (S). The number in each cell
indicates the fold change between S18 and NTC under equal treatment conditions. Welch's two-samples t-Test was used to estimate significance. Red,
increased in transgenic line compared with control, P < 0.05; pink, increased in transgenic line compared with control, P < 0.1; green, decreased in trans-
genic line compared with non-transgenic control line P < 0.05; light green, decreased in transgenic line compared with non-transgenic control, P < 0.1.

18S-C | 18S-A | 18S-S
NTC-C | NTC-A | NTC-S

Free fatty acid 2-hydroxyglutarate 0.33 0.84 0.59
2-hydroxypalmitate 1.53 . 0.94

o-linolenate (18:3n3) 1.31 1.80 |
azelate (nonanedioate) 0.45 0.97 0.81
dihomo-linolenate (20:3n30rn6) | 1.78 | {68 | 1.42

linoleate (18:2n6) W66 | 139 | W82 |
undecanedioate 1.24 1.21 1.32
15-methylpalmitate 1.03 1.39 1.53
Glycerolipids derived 1,2-propanediol 0.53 2.27 0.83
1-linoleoylglycerol (1-monolinolein) | 1.99 | P82 | 1.48

glycerol 1.25 | 1.10 .:

Phospholipids derived glycerol 3-phosphate (G3P) 0.83 1.07

glycerophosphoryicholine (GPC) 0.92 1.90 1.34
Ascorbate metabolism ascorbate (Vitamin C) 1.29 0.91 1.24
dehydroascorbate 0.66 0.90 0.36

threonate 077 | o078 | 143 |
Tocopherol metabolism a-tocopherol - - 1.55
gamma-tocopherol 0.46 1.13 0.87
Flavonoids cyanidin galactoside 1.10 1.26
kaempferol 3-O-B-glucoside 1.63 0.80
naringenin - 1.02
naringenin-7-O-glucoside 0.82 1.16 0.71
quercetin-3-o-glucoside 1.02 1.62 1.00

isorhamnetin

1.00 | BI3§ [ 1.00

myo-inositol. The first committed step in RFO biosynthesis is
the formation of galactinol from myo-inositol and UDP-galactose
by the enzyme, galactinol synthase (GolS). Under normal and
subzero stress conditions, galactinol levels in B. napus leaves
are very low. These levels are significantly increased following
acclimatization (data not shown), suggesting induction of the
GolS expression as a result of exposure to low, non-freezing
temperatures.”® This gene is known to be regulated by CBF, the
transcription activator of the cold-regulated (COR) genes.**

The significant elevation of hexose phosphates in transgenic
leaves after acclimatization suggests their possible participation
as osmoprotective and cryoprotective osmolytes. In addition,
hexoses can be used as added substrates for glycolysis under
conditions of reduced transpiration and photosynthesis at low
temperatures as well.

Following a similar trend, the levels of unsaturated FFA
contents in lines overexpressing BnPLC2 were also increased
compared with NTCs in all physiological states (Table 3; Fig. 3).
Thus, in transgenic plants growing under normal conditions,
elevated levels of linoleate (18:2n6) were observed. After subzero
temperature treatment, the rise in linoleate (18:2n6) levels was
accompanied by an increase in a-linolenate (18:3n3). Levels of
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the latter fatty acid, as well as those of dihomo-linolenate (20:3n3
or n6) were also increased upon acclimatization.

FFAs are reported to have second messenger functions in
addition to controlling a wide variety of targets in the cells
of all living organisms; hence, their levels have to be tightly
controlled.”?®  Accordingly, various metabolic destinations
of FFAs are determined by the cell’s physiological state. For
example, under normal as well as acclimatization conditions
FFAs can undergo further desaturation and/or elongation and
become incorporated into phospholipids pools. In this way,
further desaturation and elongation of linoleate (18:2n6) will lead
to the production of 18:3 FA, which is relatively elevated after
acclimatization. Generally, under normal growth conditions this
compound is a precursor of JA, which may explain the increase
in the expression of the LOX2 enzyme in BnPLC2 overexpressing
transgenic lines.?

FFAs can also be degraded quickly by B-oxidation pathways
to generate energy for the cell. Also produced through
B-oxidation is acetyl-CoA which may enter the glyoxylate cycle
and, through gluconeogenesis, generates additional glucose
molecules. It is possible that this pathway could be operational
in transgenic plants under normal growth conditions, which
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Figure 3. Box Plots representation of the amounts of linoleate (18:2n6), a-linolenate (18:3n3), dihomo-linolenate (20:3n3 or né), glycerol and glycerol
3-phosphate in line S18 overexpressing BnPLC2 gene relative to NTC, grown under normal control conditions (C) and subjected to acclimatization (A) at
+4 °C for 7 d and subzero stress (S) at -5 °C for 12h. The box represents the middle 50% of the distribution and upper and lower whiskers represent the
entire spread of data. Horizontal line in the box body represents the median value. The y axis is a relative level (median scaled value). The P values for

all comparisons are referenced in Table S2.

may explain their seemingly increased level of transient starch.
Glucose produced in this manner may also be utilized through
glycolysis to supplement the ATP pool in transgenic plants as
part of coping with stress under unfavorable growth conditions,
such as subzero temperatures. Alternatively, it may be utilized
in other biosynthetic needs under suitable conditions such as
acclimatization.

It was shown in many plant systems that subzero temperatures
activated phospholipid hydrolyzing enzymes such as phospholipase
D (PLD) and phospholipase A, which leads to phospholipid
degradation and possibly reutilization of available substrates.
The significant accumulation of glycerol and glycerol-3-P in
the transgenics compared with NTCs after subzero temperature
treatment indicates that this process is more active as a result
of increased BnPLC2 presence (Fig. 3). Increased glycerol can
perform a number of protective functions such as osmoprotection
through dihydroxyacetone and
glycolysis, may serve as additional energy source.

and cryopreservation or,
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The increase in transgenic plants in a-linolenate (18:3(n-
3)) and the 11-fold increase in dihomo-linolenate (20:3n3
or 6) after acclimatization is noteworthy. This may be a
consequence of maintaining active biosynthesis of plasma
membrane phospholipids during acclimatization, leading to
increased activity of phospholipid metabolic enzymes that are
responsible for desaturation and elongation of fatty acids. Thus,
the significant accumulation of 20:3 FA in transgenic lines
during acclimatization could be a result of increased activity
of desaturases and elongases that utilize the 18:2 FA, which is
present in significantly elevated levels in transgenic plants under
normal growth conditions.

Previous evidence of the upregulation of the shikimate
kinase-like gene in transgenic plants overexpressing BnPLC2*
supports the possibility of an induced shikimate pathway, which
ultimately leads to increased production of phenylalanine and
tyrosine through chorismate. This is further supported by the
current metabolite analysis results, which show that under normal
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are referenced in Table S2.

Figure 4. Elevation of flavonoids and a-tocopherol biosynthesisin transgenicline S18, overexpressing BnPLC2 gene after acclimatization. The metabolites
in pink and red italics indicate higher level in transgenic line under acclimatization conditions (A), except for aromatic amino acids, phenylalanine
and tyrosine, which are elevated under normal growth conditions (C). Red, significantly elevated (P < 0.05); pink, approaches significance (P < 0.1) by
Welch's two-sample t-Test. The relative levels of the significantly altered metabolites were displayed using Box Plots. The P values for all comparisons

growth conditions transgenic BnPLC2 plants accumulated higher
levels of these aromatic amino acids. This is of significance
since aromatic amino acids are important precursors in the
biosynthesis of protection and repair compounds.” For example,
phenylalanine is a precursor in flavonoid biosynthesis and
tyrosine is a precursor in tocopherol biosynthesis. Indeed, our
metabolomics analysis revealed that acclimatization has induced
significant accumulation of flavonoids and a-tocopherol in the
transgenics overexpressing BnPLC2 as compared with the NTCs.
Accordingly, higher levels of cyanidin galactoside, kaempferol
3-O-B-glucoside, naringenin and isorhamnetin were obtained in
transgenic plants after acclimatization (Fig. 4).

www.landesbioscience.com

Flavonoids and tocopherols have been shown to be important
antioxidants and scavengers of lipid radicals and reactive oxygen

species in plants.?®%

The reactive oxygen species scavenging
properties of flavonoids are most prominent in structures with
dihydroxy B-ring substituted glycosides. The biosynthesis of
flavonoids is induced by stresses of different nature, ranging from
nitrogen/phosphate starvation to cold, salinity and drought.”®
Therefore, it is tempting to speculate that BnPLC2 transgenics
may be predisposed to cold stress tolerance by accumulating the
corresponding aromatic amino acid precursors under normal
conditions. In order to trigger their utilization in the biosynthesis
of flavonoids and a-tocopherol under acclimatization conditions,
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additional factors may have to be activated due to the decrease
in temperature. In this context, while we observe a significant
decrease in a-tocopherol and naringenin under normal growth
conditions (Table 1), upon acclimatization their biosynthesis is
activated as compared with NTCs (Fig. 4).

Pathogen-related (PR) gene expression and the synthesis of
defense compounds associated with local and systemic acquired
resistance (LAR and SAR) in plants require salicylic acid (SA).”
In Arabidopsis, SA is synthesized by two different mechanisms:
first, from chorismate by the action of isochorismate synthase
(ICS); and second, from phenylalanine and conversion by
phenylalanine ammonia lyase (PAL) and benzoic acid 2-hydrolase
(BA2H) %3 It has been suggested that SA synthesized through
each pathway has a different role in plant defense mechanisms
against pathogens.*” If so, ICS would have an important role in
LAR and SAR defense responses and specifically is required for
PR1 gene expression.

Overexpression of BnPLC2 in B. napus was shown to
induce transcription of a number of defense-related factors
such as glucanases, chitinases, and lipoxygenase 2 (LOX2),
an important enzyme in JA biosynthesis, as well as several
jasmonate-responsive genes and proteins, including strictosidine
synthase and other disease-related defense enzymes.? This,
in addition to our findings in the current study that BnPLC2
enhancement induced, at the metabolomic level under normal
growth conditions, the accumulation of higher levels of linoleate
(18:2n6) and a-linolenate (18:3n3), and the fact that the latter is
the precursor in the biosynthesis of JA, as well as the prominent
standing of PLC/DAGK-derived PA in biotic stress tolerance,"'¢
prompted us to investigate the extent of disease resistance of
transgenic plants against fungal pathogens. Sclerotinia was the
pathogen of choice due to its economic importance in the canola
industry.

When challenged with the pathogen, transgenic plants
appeared to accumulate less infection over a given period of
time than do the NTC group (Fig. 5). This suggests a relatively
stronger effort for disease resistance by the transgenic plants with
enhanced BnPLC2 production. However, although the lesions
were smaller in the transgenic line as reflected in the AUDPC
values, which may indicate a stronger localized defense response
that limits the spread of the invasive fungus, the impact of the
infection seemed greater as reflected in the %(S+C) data (not
shown). Thus, it would appear that while overexpression of
BnPLC2 does not confer full resistance, it does confer a certain
degree of tolerance, and a slower rate of infection spread,
suggesting that there may be a pre-existent disease resistance,
albeit weak, in these plants.

While the reasons for the partial disease resistance in
the transgenic line are not clear at this time, there may be
opposing factors behind the fine balance that separates
resistance from susceptibility, which may be imposed by the
very same mechanism that seemed likely to confer resistance,
i.e., PLC enhancement. In this context, it should be noted
that PLC-mediated calcium regulation is important for fungal
pathogenesis.®* Thus, the solution to the seeming wobble
between resistance and susceptibility in the PLC-Sclerotinia
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Figure 5. AUDPC per day values for transgenic line S1-31, overexpressing
BnPLC2 gene relative to Westar NTC line, challenged with three strains
of S. sclerotiorum (243, TAN, and 321). Evaluation with strain 321 was
stopped at 14 DAI, while evaluation with strains TAN and 243 were
concluded at the usual 21DAl.*Values significantly different from NTC
line at P < 0.05 as determined by Student’s t test.

scenario may simply rest within the achievement of a “median
balance” between calcium regulation and the enhancement of
defense components. Therefore, future studies could focus on
elucidating this possibility and work toward establishing such
balance. It remains important, however, to evaluate the biotic
stress-tolerance attributes of the BaPLC2 transgenic line against
other pathogens.

Conclusions

During the preparation of this manuscript, a comprehensive
review was published,” describing different features of plant
PI-PLCs including expression patterns of different isoforms in
conjunction with biotic and abiotic challenges in different plant
species. Of the various isoforms known, the PLC2 isoform, used
in this study, although constitutively expressed in Arabidopsis,
is not significantly induced by low temperature or biotic stress
conditions. Interestingly, while the same isoform is shown to be
upregulated by cold and downregulated by biotic stress in wheat,
its expression follows an opposite trend in rice.”” What is more, in
B. napus, unlike Arabidopsis, this isoform is significantly induced
by cold," implying the possibility of species-specific expression
regulation.

Thus, by expression enhancement of this isoform in
B. napus, we were able to show its influence on trait modification
both at the gene expression level® and, for the first time in a
transgenic model, at the metabolome level under normal and
low temperature stress conditions. Moreover, we were able to
reveal its possible potential in biotic stress resistance as well as its
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effectiveness, through metabolome reconfiguration, in priming
protection mechanisms against different applied stresses.

Materials and Methods

Plant material

Two transgenic lines were used in this study, S18 and S1-31.
The first was genetically transformed into DH12075 background
and the second into Westar background. Plants were genetically
transformed with an ORF gene for phosphatidylinositol-specific
phospholipase C2 (BnPLC2)"? (Gene bank accession number
AF108123) in sense orientation under the control of CaMV-35S
promoter.’

Whole plant freezing test and acclimatization treatments

Cold treatments were performed in the Phytotron facilities of
the Plant Biotechnology Institute, National Research Council
of Canada. Plants were grown in 6 inch pots on Sunshine #3
soil at a 16 h photoperiod (22 °C day/16 °C night), watered and
fertilized regularly with 20-20-20 NPK fertilizer. At the age of
5 wk, 5-6 true leaves, plants were divided into three groups.
The first group served as a control and was maintained under
normal growth conditions for the duration of the experiment.
The second group was subjected to sub-zero temperature
treatment. These plants were transferred into a growth cabinet in
which night temperature was gradually decreased from +16 °C to
-5 °Cat a rate of 2 °C/h and then maintained at this temperature
for 12 h. At the end of the treatment, temperature was increased
at a rate of 2 °C/h up to +16 °C and then returned to normal
conditions. The third group was subjected to cold acclimatization
by transferring plants into a growth chamber in which night
temperature was gradually decreased from +16 °C to +4 °C at
a rate of 2 °C/h and then maintained at this temperature for
7 d (+4 °C day and +4 °C night). At the end of acclimatization,
temperature was gradually decreased to -5 °C and plants were
maintained at this low temperature for 24 h. The experiment was
repeated 3 times in a randomized design with 6-10 plants per
treatment. For metabolomics studies leaf samples from plants
subjected to sub-zero temperature stress were collected after stress
treatment when temperature was gradually increased and reached
+1 to +4 °C, acclimatized samples were collected at the end of
treatment, at +4 °C. Samples in three to four replicates were
collected for metabolomic studies from individual plants under
each treatment.

Metabolomic profiling platform and sample preparation

Metabolomics profiling was done at Metabolon, Inc (www.
metabolon.com). The global unbiased metabolic profiling
platform was based on a combination of three independent
platforms: UHLC/MS/MS2 optimized for basic species, UHLC/
MS/MS2 optimized for acidic species, and GC/MS. This
platform was described in detail in previous publications.*

The sample preparation process was performed using the
automated MicroLab STAR® system from Hamilton Company.
Extraction was conducted using series of organic (methanol) and
aqueous extractions to remove the protein fraction while allowing
maximum recovery of small molecules. Recovery standards were
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added prior to the first step in the extraction process for QC
purposes. The resulting extract was divided into two fractions;
one for analysis by LC and one for analysis by GC. Each sample
was then frozen and dried under vacuum. Samples were then
prepared for the appropriate instrument, either LC/MS or GC/
MS.

Liquid chromatography/mass spectrometry (LC/MS, LC/
MS2)

The LC/MS portion of the platform was based on a
Waters ACQUITY UPLC and a Thermo-Finnigan LTQ mass
spectrometer, which consisted of an electrospray ionization (ESI)
sourceand linear ion-trap (LIT) massanalyzer. The sample extract
was split into two aliquots, dried, then reconstituted in acidic
or basic LC-compatible solvents, each of which contained 11 or
more injection standards at fixed concentrations. One aliquot
was analyzed using acidic positive ion optimized conditions
and the other using basic negative ion optimized conditions in
two independent injections using separate dedicated columns.
Extracts reconstituted in acidic conditions were gradient eluted
using water and methanol, both containing 0.1% formic acid,
while the basic extracts, which also used water and/or methanol,
contained 6.5 mM ammonium bicarbonate. The MS analysis
alternated between MS and data-dependent MS2 scans using
dynamic exclusion.

Gas chromatography/mass spectrometry (GC/MS)

Samples for GC/MS analysis were re-dried under vacuum
desiccation for a minimum of 24 h prior to being derivatized
under dried nitrogen using bistrimethyl-silyl-triflouroacetamide
(BSTFA). The GC column was 5% phenyl-methyl polysiloxane
and the temperature ramp was from 40° to 300 °C in a 16 min
period. Samples were analyzed on a Thermo-Finnigan Trace
DSQ fast-scanning single-quadrupole mass spectrometer using
electron impact ionization.

Chromatographic separation, followed by full-scan mass
spectra, was performed to record retention time, molecular
weight (expressed as mass-to-charge ratio or m/z), and MS/
MS?2 of all detectable ions present in the samples. Metabolites
were identified by automated comparison of the ion features
in the experimental samples to a reference library of chemical
standard entries that included retention time, molecular weight
(m/z), preferred adducts, and in-source fragments, as well as
their associated MS/MS2 spectra. This library allowed the rapid
identification of metabolites in the experimental samples with
high confidence. Comparison of experimental samples to process
blanks (water only) and solvent blanks allowed the removal of
artifactual peaks.

A list of metabolites detected in this study with their
Metabolon compound ID, MS platform of detection, retention
index (RI), detected quantum mass and CAS number are
presented in Supplemental data set 1 of the Supplemental Table.

Data imputation and statistical analysis

Data were corrected for minor variations resulting from
instrument day to day tuning differences,” the missing values
for a given metabolite were assigned the observed minimum
detection value, based on the assumption that the missing values
were below the limits of detection. The integrated peak areas
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of the quantitation ion for each biochemical were rescaled by
dividing each sample value by the median value for the specific
biochemical in each run day block, and then the null values were
imputed with the minimum observed values across all samples
for that compound. Statistical analysis of the data was performed
using JMP (SAS, http://www.jmp.com) and R (http://cran.r-
project.org/). To visualize the entire data set, a heat map was
generated to show fold change for each compound identified
from GC-MS and LC-MS analyses of the tissue samples (see
Table S2). Fold change was calculated as the means ratios of
each treatment compared with non-transgenic control line for
each treatment. Welch’s two-sample t-Tests were then used to
determine whether each metabolite was significantly increased or
decreased in abundance.

Inoculation of plant stems with the fungal pathogen

Westar was used as the NTC line relative to the sense BnPLC2
transformant S1-31.2 Seeds were sown in Sunshine Mix 3
(SunGro Horticulture Canada Ltd) amended with 7 g Nutricote
Controlled Release Fertilizer 14-14-14 (Chisso-Asahi Fertilizer
Co Ltd). The plants were maintained in a growth chamber under
200-300 pmol/m?/s light with a 16 h photoperiod (Philips,
Silhouette High Output, TL5 fluorescent, F39T5/841 HO
(4000 K, Cool white), at 20 °C in the light and 16 °C in the
dark. Two seeds per pot were sown and thinned to one plant per
pot after the presence of the BnPLC2 gene was confirmed in the
plants by PCR. Plants were placed in a randomized design with
two biological replicates and two treatments for each cultivar.
Each replicate consisted of six plants. Replicates were spaced at a
10 d interval.

Three strains of S. sclerotiorum of increasing virulence were
tested. Strain 321, the most virulent, is representative of a clone

common in canola fields in western Canada,* while Tan and 243
were somewhat less virulent. They were grown as plate cultures
on minimal salts-glucose agar.*® At the full flowering stage,
plants were inoculated with 4 mm plugs cut from the fungal
growth front and affixed to the stem with Parafilm™ at two sites.
Each main stem was inoculated at two internodes separated by
an uninoculated internode. In susceptible plant lines, lesions may
appear as early as 24 h after inoculation. Lesion length and depth
penetration were recorded at 7, 14, and 21 d after inoculation.
The length of the brown, necrotic tissue, sometimes surrounded
by a dark margin, was measured. From these data, the area
under the disease progress curve (AUDPC) was calculated. The
depth of fungal penetration was described as firm (f), soft (s), or
collapsed (c). For each line, the % (S+C) was calculated using all
lesions at the three rating dates.
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