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Abstract: Canola is an important temperate oil crop that can be severely affected by drought. Under-
standing the physiological and molecular mechanisms involved in canola tolerance to water deficit
is essential to obtain drought-tolerant productive cultivars. To investigate the role of antioxidant
response and the possible involvement of calcium-dependent protein kinases (CDPKs) in canola
tolerance to drought, we analyzed four genotypes with different sensitivity to water stress. Leaf
relative water content, canopy temperature, PSII efficiency, electrolyte leakage index and lipid per-
oxidation were used as indicators to classify the cultivars as drought-tolerant or drought-sensitive.
Antioxidant enzymes superoxide dismutase, guaiacol peroxidase and catalase displayed significantly
higher activities in drought-tolerant than in drought-sensitive cultivars subjected to water deficit,
suggesting that the efficiency of the antioxidant response is essential in canola drought tolerance.
The increased expression of genes BnaCDPK6 and BnaCDPK14 under drought conditions, their
differential expression in drought-tolerant and drought-sensitive genotypes, and the presence of
multiple cis-acting stress-related elements in their promoter regions suggest that CDPKs are part of
the signaling pathways that regulate drought response in canola. We propose the BnaCDPK genes
and their regulator elements as potential molecular targets to obtain drought-tolerant productive
canola cultivars through breeding or genetic transformation.

Keywords: Brassica napus; canola; rapeseed; drought; calcium-dependent protein kinases; CDPK;
antioxidant enzymes

1. Introduction

Canola (Brassica napus L.) is one of the most widely grown oil crops worldwide. Canola
oil has a high amount of polyunsaturated fatty acids, and it is extensively used in the food
industry [1]. Although canola tolerant cultivars have been identified, as a temperate crop,
canola is generally considered sensitive to drought, which has a substantial negative effect
on this crop’s growth and development [2]. In general, abiotic stress adversely affects the
major biological processes, resulting in alterations at the physiological, morphological,
biochemical, molecular and cellular levels. Drought stress or scarcity of water is a critical
environmental factor in agriculture worldwide. It negatively affects crop yield and, in the
context of climate change, drought is expected to have a profound impact on sustainable
crop production in arid and semi-arid soils. In canola, drought stress causes a decrease in
plant biomass and induces changes in physiological and biochemical parameters, including
decreases in relative water content, reduced chlorophyll content due to loss of pigments
and damaged thylakoid membranes, reduced photosynthetic rate, stomatal conductance,
cell expansion, growth, damage to cellular membranes and various genetic responses [3–5].
Photosynthesis is one of the key physiological processes that both drought and heat stress
compromise by reducing photosynthetic efficiency and/or increasing the dissipation of
excitation energy as heat, leading to alterations in fluorescence parameters. Under drought,
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plants reduce water loss by reducing the stomatal opening. However, this also restricts CO2
entry into the leaf, which may lead to the decrease of the photosynthesis rate [6–8]. Elevated
CO2 has been reported to alleviate the negative effects of both heat stress and drought in
wheat [9,10] Water stress induces the production of reactive oxygen species (ROS) in plant
cells, which can act as signaling molecules, mediating many key physiological processes, but
high ROS production is toxic to plants, and ROS can attack lipids, proteins, carbohydrates,
nucleic acids and, ultimately, lead to cell death [11,12]. Plants have some mechanisms,
such as physiological, biochemical and metabolic responses through the activation of many
stress-responsive genes and the synthesis of proteins, to manage environmental stress [13].
Plant response mechanisms include enzymatic and non-enzymatic antioxidative systems,
such as superoxide dismutase (SOD, EC 1.15.1.1), which is the first defense enzyme that
converts superoxide to H2O2, which can be scavenged by catalase (CAT, EC 1.11.1.6) and
different classes of peroxidases, including guaiacol peroxidase (GPOX, EC. 1.11.1.7) [14].
Several antioxidant and carbohydrate-metabolic enzymes have been reported to correlate
with drought effects on wheat grain yield and have been proposed as bio-signatures for the
breeding and selection of drought-tolerant genotypes [15]. The first step in abiotic stress
response is sensing or perceiving stress, which is a complex process involving calcium
signals and phosphorylation cascades that activate antioxidative systems [16]. One of the
most common responses of stress perception is the increased accumulation of free calcium
(Ca2+) in the cytosol leading to the altered expression of stress-responsive genes through
Ca2+ sensors, such as calcium-dependent protein kinases (CDPKs/CPKs), calcineurin B-like
proteins (CBLs), calmodulins (CaMs) and calmodulin-like proteins (CMLs) [17,18]. Among
Ca2+ sensors, CDPKs play a key role in the response to abiotic and biotic stimuli [19]. They
contain a single polypeptide chain, a calmodulin domain with four EF-hand Ca2+ binding
motifs and a kinase domain; they perceive Ca2+ variations and quickly translate them
into a phosphorylation signal [20]. Previous studies on CDPK genes in Arabidopsis have
shown that they play a key role in response to abiotic and biotic stimuli and that they
are specifically involved in drought resistance [21–23]. Canola and Arabidopsis belong
to the same plant family (Brassicaceae) and, therefore, share some genetic similarities. At
least 25 CDPK genes have been identified in the canola genome, some of which have been
further analyzed under various abiotic stresses [24].

The aims of the present study were to investigate differential responses to water
deficit in drought-sensitive and drought-tolerant canola genotypes. Leaf relative water
content, leaf canopy temperature, PSII efficiency, leaf electrolyte leakage index and lipid
peroxidation were measured to test whether they could constitute valid indicators of
drought tolerance in canola. We hypothesized that the antioxidant response was likely
to have an important role in canola drought tolerance, and we determined superoxide
dismutase, guaiacol peroxidase and catalase enzymatic activities to check whether there
were differences between sensitive and tolerant cultivars. Based on the reported role of
CDPKs in Arabidopsis, we theorized they might be involved in canola response to drought.
To test this hypothesis, we quantified the expression of three BnaCDPK genes in sensitive
and tolerant canola cultivars subjected to water deficit, and we examined the BnaCDPK
promoter regions to identify motifs that could indicate that their expression might be
regulated in response to drought stress.

2. Materials and Methods
2.1. Plant Material, Experimental Design, and Drought Stress Treatments

Four cultivars of canola (Brassica napus L.), namely Zarfam and Slm046 (tolerant
genotypes) and Okapi and Sarigol (sensitive genotypes), were used in this study [25,26].
A completely randomized factorial experiment with three replications was carried out in
a growth chamber under controlled conditions (16 h/8 h day/night photoperiod, 22 ◦C).
Seeds were surface-sterilized and grown in plastic pots filled with 5 kg clay loam soil for
3 weeks. Drought stress treatments were applied after 3 weeks. Irrigation regimes were
based on pot weight and soil water content. Control plants were kept in good irrigation at
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100% field capacity (FC), and two drought treatments, 70% FC and 40% FC, were applied
for 3 more weeks. Leaves were then collected, frozen in liquid nitrogen and stored at −80 ◦C.

2.2. Relative Water Content, Leaf Temperature, Chlorophyll Fluorescence (Fv/Fm) and Electrolyte
Leakage Index

Relative water content (RWC) is a physiological measure of cellular hydration. A com-
pletely developed young leaf from each plant was used. Fresh weight (FW) was measured;
saturated weight (SW) was determined after keeping the leaves in water for 24 h at 4 ◦C in
the dark, and dry weight (DW) was measured after 72 h in an oven at 45 ◦C. Then, RWC was
estimated using the Weatherley formula [27]: RWC (%) = [(FW − DW)/(SW − DW)] × 100.

Leaf temperature (LT) is a determining factor in plant productivity. A portable infrared
thermometer (Model OS1327D, OMEGA, Norwalk, CT, USA) was used to measure LT (◦C).
In order to avoid the effect of soil temperature, data were taken on high leaf coverage areas.
Two to four measurements per pot were taken.

Chlorophyll fluorescence was measured with a portable fluorescence spectrometer
(Handy PEA, Handsatech Instruments Ltd., King’s Lynn, UK) [28]. Leaf clips were applied
for 30 min for dark adaptation, then minimal fluorescence (F0) and maximum fluorescence
(Fm) were measured under a weak red light (<0.1 µmol m−2 s−1) and a 0.8 s saturating
pulse (8000 µmol m−2 s−1). The variable fluorescence (Fv) and the maximum quantum
yield of PSII (Fv/Fm) were calculated using the measured parameters F0 and Fm.

Leaf electrolyte leakage index (ELI) was used as a function of cellular injury from
osmotic stress that was determined to be ELI (%) = (EC1/EC2) × 100 [29]. Plant material
(0.8 g leaf) was immersed in sterile water in 20 mL tubes and incubated at 25 ◦C for 24 h;
after incubation, the electrical conductivity of the solution (EC1) was measured; then,
samples were autoclaved at 120 ◦C for 20 min, and the final electrical conductivity (EC2)
was measured after cooling to 25 ◦C.

2.3. Lipid Peroxidation

The amount of malondialdehyde (MDA) is indicative of the level of damage to mem-
brane lipid or lipid peroxidation. Leaf samples (0.05 g) were pulverized in liquid nitrogen,
homogenized with 0.1% trichloroacetic acid (TCA) and centrifuged at 10,000× g for 15 min
at 4 ◦C, then the supernatant (0.6 mL) was mixed with 0.6 mL of 20% (w/v) trichloroacetic
acid (TCA) containing 0.5% (w/v) TBA; the mixture was heated at 95 ◦C for 30 min and
then quickly cooled down in an ice bath. After centrifugation at 10,000× g for 10 min, the
absorbance and nonspecific absorption of the supernatant was measured at 532 and 600 nm.
The extinction coefficient (155 mM−1 cm−1) was used for calculating the amount of MDA
as µmol MDA mg−1 fresh weight [30].

2.4. Enzyme Extraction, Protein Determination and Antioxidant Enzyme Activity

Leaf samples were ground by liquid nitrogen and extraction buffer containing 0.1 M
Tris-HCl; 5% (w/v) sucrose and 0.1% 2-mercaptoethanol, at pH 7.5, was added (3:1 buffer
volume:leaf FW). Then the homogenate was centrifuged (10,000× g) for 20 min at 4 ◦C,
and the supernatant was used for enzymatic activities and protein determinations. The
Bradford method [31] was used to determine the protein concentration.

Superoxide dismutase activity (SOD) was determined as the ability to inhibit the
photochemical reduction of nitro blue tetrazolium [32]. The reaction mixture, 50 mM
potassium phosphate buffer (pH 7.8), 13 mM methionine, 75 µM NBT, 0.1 µM EDTA, 4 µM
riboflavin and the required amount of enzyme extract (total volume 1 mL) was illuminated
with two 15 W fluorescent lamps for 15 min. A control sample contained the reaction
mixture without the enzyme. One SOD unit represents enough enzyme to cause 50%
inhibition in the reduction of NBT as observed at 560 nm. Guaiacol peroxidase (GPOX)
activity is based on the ability to convert guaiacol to tetra guaiacol (ε = 26.6 mM−1 cm−1)
as monitored at 436 nm [33]. The reaction mixture contained 100 mM potassium phosphate
buffer (pH 7.0), 20 mM guaiacol, 10 mM H2O2 and enzyme extract (total volume 1 mL).
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Absorbance was measured at 436 nm for 5 min. One GPOX unit is defined as 1 µM oxidized
guaiacol per min per mg protein (unit mg−1 protein). Catalase (CAT) activity assay is
based on the disappearance of H2O2 at 240 nm (ε = 40 mM−1 cm−1) [34]. The reaction
mixture contained 50 mM potassium phosphate buffer (pH 7.0), 33 mM H2O2 and enzyme
extract (total volume 1 mL). Absorbance was measured at 240 nm for 180 s. CAT activity is
expressed as units (µM H2O2 per min) per mg of protein.

2.5. RNA Isolation and Gene Expression

Total RNA was isolated and purified from canola leaves using the RNeasy plant mini
kit (Qiagen, Valencia, CA, USA). The quality of the RNA samples was assessed in an
agarose gel 2%, and its concentration was determined with a NanoDrop ND-1000 (Thermo
Fisher Scientific, Waltham, MA, USA). cDNA was synthesized from RNA (1 µg) using the
QuantiTect Reverse Transcription Synthesis kit (Qiagen. Valencia, CA, USA). Real-time
PCR (RT-PCR) was performed using the fluorescent intercalating dye SYBRGreen with
the Step One Plus Real-Time PCR System (Applied Biosystems, Waltham, MA, USA),
according to the manufacturer’s instructions. Gene-specific primers were designed using
the Primer3 Software (http://primer3.ut.ee/, accessed on 20 June 2019) (Table 1). The cycle
threshold (Ct) was measured for three biological samples with three technical replicates
per sample. For normalizing the level of target gene expression, BnaActin7 was used as a
control constitutive gene. Analysis of the relative gene expression was carried out using
the 2−∆∆Ct formula [35].

Table 1. Primers used in this study.

Gene Accession No. Gene Locus Primer Sequence

BnaCDPK6 XM_013788076.2 LOC106348352 For 5′ TCAAGGACAAAGTCTACGAGGGTAA 3′

Rev 5′ TCTTTTACAGGAACGGGATTGTTG 3′

BnaCDPK10 XM_013860191.2 LOC106419410 For 5′ AGTCAGATCGAGATTGAAGCAGTT 3′

Rev 5′ TTGAGTTCCGGGCAAGTTATTCTA 3′

BnaCDPK14 XM_013896624 LOC106454505 For 5′ CGGATTGCGTAAACTAGGAATTGTTG 3′

Rev 5′ CTGCCCATCTTTCTGATGTGTACC 3′

BnaActin7 XM_013858992 LOC106418315 For 5′ TGGGTTTGCTGGTGACGAT 3′

Rev 5′TGCCTAGGACGACCAACAATACT 3′

2.6. Statistical Analyses

Data were analyzed using SAS (v. 9.4) by two-way ANOVA, considering drought and
genotype as fixed factors, and the significance of the fixed factors and their interaction
was evaluated for all data (Supplementary Table S1). Post-hoc comparisons of means were
performed using the Duncan’s multiple range test (DMRT), p = 0.05.

3. Results
3.1. Effect of Drought Stress on Physiological Traits

The leaf relative leaf water content (RWC), leaf temperature (LT) and maximum quan-
tum yield of PSII (Fv/Fm) were measured in the leaves of canola drought-tolerant cultivars
(Zarfam and Slm046) and drought-sensitive cultivars (Okapi and Serigold) under control
and drought-stress conditions. There were no significant differences among cultivars under
well-watered conditions for any of the measured parameters.

The relative leaf water content decreased significantly as a result of the drought
treatments. Both moderate (70% FC) and severe drought (40% FC) significantly reduced
RWC in comparison to well-watered (100% FC) conditions. Moreover, interaction between
stress and genotypes was significant, and drought-sensitive genotypes were significantly
more affected than tolerant genotypes under both drought regimes (Figure 1).

http://primer3.ut.ee/
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Figure 1. Interaction effect of drought stress and genotype on the relative water content (RWC) of
canola leaves. Data are means (n = 3) ± SE. Different letters indicate differences (p < 0.05) among
treatments according to the Duncan test.

Leaf temperature increased with increasing drought. Interaction between stress and
genotypes was significant, and the increase in LT was significantly lower in drought-
tolerant genotypes than in drought-sensitive genotypes under the severe drought treatment
(Figure 2).
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The maximum quantum yield of PSII (Fv/Fm) decreased under drought conditions,
and differential responses between drought-tolerant and drought-sensitive genotypes
were measured in both stress treatments. Interaction between stress and genotypes was
significant. As compared to other genotypes, under severe drought, Zarfam maintained a
significantly higher Fv/Fm value. (Figure 3).

Analysis of electrolyte leakage index (ELI) showed increases for all genotypes under
both drought treatments, and there were significant differences between tolerant and sensi-
tive genotypes under both drought regimes. Interaction between factors was significant.
Under severe drought, between the two sensitive cultivars, Sarigol was more affected than
Okapi (Figure 4).
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3.2. Lipid Peroxidation

The malondialdehyde (MDA) content is indicative of lipid peroxidation. MDA content
increased with drought for all genotypes. There were significant differences between
tolerant and sensitive genotypes under severe drought. (Figure 5). Interaction between
stress and genotypes was significant. As compared to other genotypes, under severe
drought, Zarfam maintained a significantly lower MDA content, and this cultivar was less
affected than Slm046, which is also drought-tolerant (Figure 5).
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3.3. Antioxidant Enzyme Activities

There were no significant differences in superoxide dismutase (SOD) activity between
drought-tolerant and drought-sensitive genotypes under control conditions. SOD activity
significantly increased in all cultivars when moderate drought (70% FC) was applied, but
still no significant differences among cultivars were detected (Figure 6A). Under more
severe drought conditions (40% FC), SOD activity increased in the tolerant cultivars and
decreased in the sensitive ones with significant differences between tolerant and sensitive
genotypes. The same behavior was observed for guaiacol peroxidase (GPOX) (Figure 6B).
There were no significant differences in catalase (CAT) activity among cultivars under
control conditions. CAT activity increased significantly with drought severity in the tolerant
cultivars, while it decreased in the sensitive ones (Figure 6C). Differences between tolerant
and sensitive cultivars were significant under both drought regimes. Interaction between
factors genotype and stress was significant for all three enzymatic activities.
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Figure 6. Interaction effect of drought stress and genotype on SOD (A), GPOX (B) and CAT (C)
enzymatic activities in canola leaves. Data are means (n = 3)± SE. Different letters indicate differences
(p < 0.05) among treatments according to the Duncan test.

3.4. Calcium-Dependent Protein Kinases (CDPK) Gene Expression in Canola Leaves and
Promoter Analysis

There were significant differences in relative gene expression due to genotype and
drought regime for the genes BnaCDPK6 and BnaCDPK14. Significant differences in
BnaCDPK10 expression were a result of the drought treatment only (Supplementary Table S1).
BnaCDPK6 and BnaCDPK14 expression increased with drought severity in all cultivars
(Figure 7A,B). BnaCDPK10 expression increased when mild drought was applied and
slightly decreased under the more severe conditions (Figure 7C).

A detailed analysis using the PLACE database [36] of BnaCDPK6, BnaCDPK10 and
BnaCDPK14 promoter sequences, lying 2000 bp upstream of their coding sequences, iden-
tified several stress-responsive regulatory elements that are known to contribute to the
expression of stress-related genes at a transcriptional level (Table 2).
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Table 2. Stress-responsive cis elements in the 2000 bp upstream region of BnaCDPK6, BnaCDPK10
and BnaCDPK14 coding sequences.

Element Name Sequence Number of Elements

BnaCDPK6 BnaCDPK10 BnaCDPK14

ABRERATCAL MACGYGB 1 1 -
ABRELATERD1 ACGTG 1 1 1
CGCGBOXAT VCGCGB 8 2 -

WBOXNTCHN48 CTGACY 1 2 2
WBOXNTERF3 TGACY 3 5 3
WBOXHVISO1 TGACT 2 3 2
WBOXATNPR1 TTGAC 3 5 -

WBBOXPCWRKY1 TTTGACY 1 - -
RAV1AAT CAACA 3 5 2

MYBGAHV TAACAAA 2 2 -
MYBCORE CNGTTR 5 2 7
MYB1AT WAACCA 6 2 -
MYBST1 GGATA 5 2 3

MYBPLANT MACCWAMC 2 - 2
MYBCOREATCYCB1 AACGG 1 - 6

MYBPZM CCWACC 1 1 1
MYB1LEPR GTTAGTT - 1 -

4. Discussion

This research was carried out to gain deeper insights into the physiological, biochemi-
cal and molecular response mechanisms induced by different levels of drought in canola
plants. Several physiological and biochemical traits were scored under control and drought
conditions to compare the drought response between tolerant and sensitive canola geno-
types. The decrease in RWC is considered the main factor causing decreased growth in
response to osmotic stress in plants [37] and particularly in canola [38]. RWC decreased
and significant differences between the canola genotypes under different levels of drought
stresses. Drought-sensitive genotypes were more affected by the decline in RWC than toler-
ant genotypes. Leaf temperature (LT) is an integrative trait and is affected by the following
processes, such as the capacity of a vascular system to extract water from the soil in reaction
to evaporative demand, photosynthetic potential via feedback on stomatal opening and the
balance between sources and sinks. Thus, LT can be used to select for fitness in a range of
environmental stresses and in favorable environments [39]. Temperature is also a determin-
ing factor in plant productivity, which acts as a double-edged sword, extreme fluctuations
on either end resulting in stress conditions. High temperatures have been reported to
impose constraints on plant reproduction and yield in canola [40], and low LT was reported
a desirable trait under drought conditions [41]. In the current study, LT increased with
drought, and significant differences between drought-tolerant and drought-sensitive canola
genotypes were recorded. Chlorophyll fluorescence, as an efficient and non-destructive
method, is a good way to measure the photochemical efficiency of PSII and detect the effect
of stress in PSII [42]. Variation in the maximum quantum efficiency of PSII (Fv/Fm) is
often confirmed by the concentration changes of specific photosynthetic pigments and cell
structure modulations that are primarily affected by water stress and an estimate of this pa-
rameter provides information on photosynthetic electron transport [43,44]. Drought stress
affects the reaction center and obstructs the electron transport system, which ultimately
leads to a reduction in Fv/Fm and ROS generation [45,46]. Fv/Fm was significantly affected
by the drought stress treatments in the four canola cultivars we analyzed, more so in the
sensitive ones, suggesting that it might represent a valid indicator of the damage induced
by water stress and be a tool for screening canola genotypes. Water stress increased the
electrolyte leakage index (ELI) for all genotypes, and it was substantially higher in drought-
sensitive genotypes, suggesting that ELI might also be considered a good indicator of
drought tolerance in canola. Our results confirm Zarfam and Slm046 as tolerant and Okapi
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and Sarigol as sensitive genotypes [25,26]. ROS production leads to lipid peroxidation,
the degradation of antioxidants and changes in gene expression [47,48]. Malondialdehyde
(MDA) content is used as a sign of lipid peroxidation, which has often been used as a tool
to evaluate oxidative damage in sensitive plants [49]. MDA contents significantly increased
under drought conditions, and drought-sensitive canola genotypes showed a significantly
higher increase in MDA in comparison with drought-tolerant genotypes. Together, high
electrolyte leakage and high lipid peroxidation are indicative of the low stability of the
cell membrane. It is assumed that the structural stability of cell membranes could be a
main factor in protecting plant tissues against osmotic stress [50]. Redox homeostasis is
the balance between the production and scavenging of ROS. When ROS production is
higher than the cellular scavenging capacity, oxidative stress happens [51]. Plants possess
antioxidant mechanisms to cope with oxidative damage and prevent damages to cells, and
maximum antioxidant activity is displayed when plants need to overcome the oxidative
stress [52]. The first enzyme in the antioxidant pathway is SOD, which converts highly
reactive hydroxyl and superoxide radicals to less toxic H2O2, thus reducing damage to
DNA, proteins and membranes [53]. H2O2 is still toxic to cells, and the scavenging of H2O2
is essential. It can be achieved through antioxidative defense systems, including GPOX and
CAT [54]. SOD activity was higher in drought-tolerant canola genotypes under drought
stress, indicating that they had better performance in reducing the stress damage caused by
superoxide ions, involved in lipid peroxidation and membrane damage. Previous studies
have reported that SOD activity increases in relation to drought stress [55–57]. GPOX ac-
tivity was also enhanced under drought stress, and drought-tolerant genotypes displayed
the highest activity, reinforcing the notion that they are more fit to tolerate drought stress.
Previous studies also report increased GPOX activity in Brassica species under drought
stress conditions [58]. The significant decrease in GPOX activity in drought-sensitive
genotypes under severe drought stress suggests an increased damage that affects their
ROS scavenging capacity. A similar conclusion can be drawn for the water-stress-induced
decrease in CAT activity observed in the drought-sensitive genotypes. Previous works have
shown that a reduction in CAT activity might happen under stressful conditions [54,59],
which might be due to changes in the assembly of enzyme subunits or the inhibition of
enzyme synthesis and degradation by peroxisomal proteases or photo-inactivation. Overall,
the observed noticeable increased efficiency of the antioxidant enzyme complex of canola
drought-tolerant genotypes might be correlated with tolerance mechanisms based on the
fine-tuned regulation of its redox status in response to water deficit.

One of the most important responses to abiotic stress in plants is the change in cy-
tosolic calcium concentration, as Ca2+ is an essential element in stress signaling. Calcium-
dependent protein kinases (CDPKs) are activated by Ca2+ and mediate many signaling
processes in plants, playing a synergistic role in the stress response of the plant [60,61]. In
the present study, the transcription of CDPK genes BnaCDPK6, BnaCDPK10 and BnaCDPK14
was analyzed in response to water stress. The BnaCDPK6 and BnaCDPK14 relative expres-
sion increased with drought, with significant differences between tolerant and sensitive
cultivars. BnaCDPK10 relative transcript accumulation increased under moderate drought
and slightly decreased when more severe drought was applied. Canola and Arabidopsis
belong to the Brassicaceae, and thus, both plants share genetic similarities. Our findings
correspond to previous studies in Arabidopsis that have proven the involvement of several
CDPKs in the plant’s response to drought [21–23]. Multiple canola CDPK genes have been
checked for expression under various stresses [24], and our results are coincident with those
previously reported for drought. The novelty of our results resides in the fact that BnaCDPK
expression in response to water deficit is common to tolerant and sensitive genotypes, but
importantly, expression is higher in tolerant than in sensitive cultivars, suggesting that
BnaCDPKs are not only involved in drought-response mechanisms but also contribute to
canola tolerance and open the possibility to canola engineering to overexpress the selected
BnaCDPK genes and increase drought tolerance.
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Gene ontology (GO) analyses provide an approach to associate transcriptome se-
quence data with biological understanding by linking differentially expressed genes
to putative molecular functions [62]. The biological process, molecular function and
cellular components related to the BnaCDPK genes were obtained from the Uniprot
(https://www.uniprot.org/, accessed on 29 December 2021) summary output (Supplemen-
tary Table S2). Analysis of gene expression after stress application and GO might help
improve our understanding of the mechanisms underlying the regulation of drought stress
susceptibility and tolerance in this species. Furthermore, BnaCDPK genes were upregulated
in the drought-tolerant genotypes, and this multifaceted stress response might be providing
a considerable protection under water deficit conditions.

According to the results of the principal component analysis (PCA) (Supplementary
Figure S1) and the simple correlations coefficients (Supplementary Table S3) between traits
for canola genotypes under drought stress, significant positive and negative correlations
were observed. The five indicators (leaf relative water content, leaf canopy temperature,
PSII efficiency, leaf electrolyte leakage index and lipid peroxidation) used to classify the
genotypes as drought-tolerant or drought-sensitive showed showed highly significant
correlation values among them (Supplementary Table S3). The antioxidant enzymes also
showed good correlation among them; however, their correlation with the drought indi-
cators was not significant, probably due to the decreases in enzymatic activities observed
for the sensitive cultivars when subjected to severe drought. BnaCDPK6 and BnaCDPK14
expression showed significant correlations with both the drought indicators and the antiox-
idant enzyme activities, which suggested that those CDPKs might be acting as regulatory
proteins deciphering calcium signals triggered by water deficit stress.

Transcription factors (TFs) can regulate the expression of stress-responsive genes
by binding to cis-acting elements located in the promoter sequence. The organization
of promoter networks might provide insight into the prediction of how and when the
expression of specific genes will be induced. A detailed analysis of the promoter region 2000
bp upstream of the coding sequence of BnaCDPK6, BnaCDPK10 and BnaCDPK14 revealed
the presence of multiple cis elements. ABRE, GBox, WBox and ACGT motifs are preferred
binding sites for the bZIP transcription factor, resulting in a specific response to tolerance
to biotic and abiotic stresses [63]. ABRE (ABA-responsive-element) transcription factor
regulates the gene response to osmotic stress and abscisic acid signaling [64,65]. WRKY
and RAV transcription factors also play a key role in abscisic acid signaling [66,67]. MYB
transcription factors constitute a large family and are involved in many plant processes,
including drought stress responses [68]. The presence of these regulatory elements in the
promoter region implies that BnaCDPKs might have critical functions in drought tolerance
and represent positive regulators of the response to water stresses in canola.

Overall, our results suggest that ROS detoxification mechanisms, which contribute
to drought tolerance in canola, might be triggered by BnaCDPKs gene expression, which
appears to be regulated by cis elements in their promoter region. All analyzed physiological
parameters (leaf relative water content, leaf canopy temperature, photosynthetic efficiency,
electrolyte leakage, lipid peroxidation and antioxidant enzyme activities) appear to be valid
indicators of drought tolerance in canola. Additionally, our results point to BnaCDPKs genes
and their regulator elements as a potential molecular targets to obtain drought-tolerant
productive canola cultivars through breeding or genetic transfor-mation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12010125/s1, Figure S1. Principal component analysis
(PCA) of physiological and biochemical parameters and BnaCDPK genes expression in canola geno-
types; Table S1. Analysis of variance of leaf relative water content (RWC), electrolyte leakage index
(ELI), malondialdehyde (MDA), leaf temperature (LT), maximum quantum yield of PSII (Fv/Fm),
antioxidant enzymes SOD, GPOX and CAT and Brassica napus calcium-dependent protein kinases
BnaCDPK6, BnaCDPK10 and BnaCDPK14 relative gene expression in canola cultivars under drought
stress; Table S2. Gene Ontology of BnaCDPK genes; Table S3. Simple correlation coefficients.

https://www.uniprot.org/
https://www.mdpi.com/article/10.3390/agronomy12010125/s1
https://www.mdpi.com/article/10.3390/agronomy12010125/s1
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