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Mitigation of drought or a
combination of heat and drought
stress effects on canola by
Thuricin 17, a PGPR-produced
compound

Mahtab Nazari and Donald L. Smith*

Department of Plant Science, McGill University, Montreal, QC, Canada

Plant growth-promoting microorganisms(PGPMs) and the specific compounds
they produce have the capacity to mitigate the adverse effects of stressors
on plants. An example in this regard is Thuricin 17 (Th17), a signal molecule
produced by Bacillus thuringiensis NEB17 (Bt NEB17), a plant growth-promoting
rhizobacterium. In this study, we aimed to determine the efficacy of Thl7 in
mitigating drought and the combination of drought and heat stress in canola
[Brassica napus (L.)]. Two of the best Th17 concentrations, 102 (Th1) M and 10~ 11
(Th2) M, were used either as seed treatment plus root drenching or foliar spray. Leaf
area and biomass accumulation was increased by both application methods of Th1
under moderate and severe drought stress, whereas more promising results were
seen from Th2-treated plants under the combination of stressors. Additionally,
root length, root surface, and root volume were increased by 21%, 22%, and
23%, respectively, for plants grown from Th1 seed treatment plus root drenching
compared to controls under severe drought conditions. Moreover, SOD, POD,
and CAT contents were increased by spraying Thl and Th2 under individual
stresses and the combination of heat and drought, respectively. Accordingly,
increases in physiological variables were observed for sprayed plants, which also
had higher antioxidant contents. These results indicated that plant responses to
the compound varied with concentration of Th17 and plant growth conditions.
Specifically, when plants were grown under an individual stress condition, either
drought or heat, the higher level of Thl7 was more effective, whereas the
lower dose demonstrated higher positive impacts under the combination of
heat and drought. Regarding application method, both seed treatment plus
root drenching and foliar spray had the ability to assist plants in alleviating
stresses through growth stimulatory mechanisms. Therefore, Th17 has potential
to become an environmentally friendly biostimulant, particularly under stressful
environmental conditions.
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Introduction

Crops are often simultaneously exposed to a variety of abiotic stresses in natural
environments, which negatively impacts field crop development and productivity.
Extreme temperatures and water deficit are two of the abiotic stressors posing
the greatest threats to crop growth and vyield, and consequently food security,
under constantly changing climate conditions. Results of a meta-analysis from 120
studies regarding the combination of heat and drought demonstrates considerable
negative influences on yield components and crop production (Cohen et al, 2021).
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The climatic estimates for the year 2100 anticipate a 50% rise in
the number of regions affected by drought, hence, a significant
reduction in agricultural production seems almost certain. Heat
waves and drought periods have both increased in frequency
and severity, with more detrimental effects on agriculture than
other climatic extremes (IPCC et al, 2022). Plants can tolerate,
avoid, or escape abiotic stresses through evolved abiotic stress
adaptation mechanisms or deliberate selection in agricultural
breeding programs. However, the responses to the individual
stresses could not be directly extrapolated to a combinations of
stresses. Heat and drought responses are commonly regulated by
several genes, and the underlying mechanisms are more complex
than other stressors, such as biotic stress, which is largely defined
by monogenic resistance. Moreover, other abiotic and/or biotic
factors frequently have an additive effects on heat and drought
responses, which causes studies in this field to be more complex
(Deutsch et al,, 2018; Lamaoui et al., 2018). Indications of drought
stress, when soil water drops below a specific threshold, as detected
through plants roots, results in ABA hormonal-signal transduction.
Transduction of this hormonal signal within xylem sap causes
stomatal closure, to reduce transpiration. A decrease in the stomatal
conductance and carbon dioxide (CO,) diffusion tremendously
decreases carbohydrate production, leading to less crop production
(Chatterjee and Solankey, 2015; Giordano et al., 2021). Heat waves,
which are typically associated with drought, make this effect worse
by hastening soil drying and worsening water vapor pressure
deficit. Heat stress also hinders photosynthesis in plants, largely
by interfering with metabolic processes including denaturation of
proteins, enzymes, nucleic acids, and cell membranes (Nadeem
et al, 2018; Janni et al, 2020). Additionally, the equilibrium of
reactive oxygen species (ROS) production and scavenging could
be disrupted by abiotic stressors, causing accumulation of these
extremely reactive and toxic materials. Accordingly, plants have
evolved defense mechanisms through activation of antioxidant
enzymes such as superoxide dismutase (SOD), peroxidase (POD),
and catalase (CAT) to scavenge ROS in cells (Zhou et al., 2019;
Zhanassova et al., 2021). Hence, sustainable technologies are
essential to overcome the challenges of increasing agriculture
production under rapidly changing climatic conditions. In the
past three decades, a number of technical innovations have
been proposed to boost crop production. In this regard, the
development of plant biostimulants, including microorganisms
and/or substances they produce, could be a promising approach for
addressing these pressing issues (Yakhin et al., 2017; Chiaiese et al.,
2018; Antar et al., 2021; Shah et al., 2021). Among biostimulants,
microbial-derived compounds could provide plants with necessary
features to develop and grow by enhancing access to nutrients
(Matse et al., 2020; Tang et al., 2020), producing phytohormones
(Cassan et al., 2014; Moon and Ali, 2022), improving antioxidant
defense system functionality (IKhalilzadeh et al, 2018; Neshat
et al,, 2022), and/or inhibiting harmful microorganisms (Suryadi
et al, 2019; Xia et al, 2020; Aioub et al, 2022) under both
non-stressful or stressful conditions. Regarding the extracellular
substances of PGPMs, some of these can be bacteriocins, which can
control the dynamics of the plant-associated microbial population
(phytomicrobiome) by acting against microbial strains closely
related to the producer strain. Numerous bacterial taxa, including
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those found in the rhizosphere microbiome, have been shown to
produce at least one bacteriocin, and Bacillus species were one
of the first groups to be examined for the production of various
bacteriocins. Bt NEB17 was isolated from soybean root nodules
by our laboratory, which was since determined to produce and
excrete a bacteriocin named Thuricin 17 (Th 17); none of the other
discovered bacteriocins have been studied as extensively as Th17
(Gray etal., 2006a). This signal molecule was partially sequenced by
Gray et al. (2006b) and its full sequence was eventually determined
(Lee et al,, 2009). The molecular weight of Th17 is low, 3.162 kDa,
and this compound is highly resistant to heat and pH (range of
1.0-9.25) with anti-microbial activity and plant growth promotion
capacity, particularly under stressful conditions (Jung et al., 2011;
Prudent et al., 2015; Schwinghamer et al., 2016; Subramanian et al.,
2016; Nazari and Smith, 2020; Nazari et al., 2022). We should
add that the most recent characterization of Th17 has revealed
differences from our initial understating; hence we are considering
renaming it Bacillin 20. The use of bacteriocins in the food
industry is of great importance, but little research has been done
on their agronomic potential. Therefore, we are here attempting to
determine the potential role of Th 17 in growth and development
of canola, a valuable crop producing one of the healthiest oils for
human consumption, under drought and the combination of heat
and drought. This study is the perquisite experiment to examine
two concentrations and application methods of Th17 for further
field studies to develop a biostimulant to make crops more resilient
to climate change.

Materials and methods

Production and purification of Th17

Th 17 was extracted and purified according to Gray et al.
(2006a,b). In brief, King’s B medium was used to culture Bt NEB17
as previously mentioned (Gray et al., 2006a). Bacterial cells were
collected from plated material and cultured in 250 ml flasks with
50 ml medium for the initial broth inoculum. The bacterium was
grown for 48h on an orbital shaker revolving at 150 rev min™!
at 28 £ 2°C. Next, 5ml of subculture were added to 2 liters
of broth as an initial culture, and the culture was grown under
the same conditions on the shaker. Bacterial populations were
measured after 96 h with a Pro UV/Visible Spectrophotometer at
600 nm. Bacterial cultures were grown to an O.D.gponm of at least
1.4 or ~5.5 log CFU (colony forming units) cells ml™' (Gray,
2005). Bacterial culture samples were centrifuged at 13,000 g for
10 min, then cell-free supernatants (CFS) were used for analytical-
HPLC identification. For partial purification of Th17, 0.8L of
butanol was added to 2L of the culture for 12h, after which the
upper layer was collected for rotary evaporation. The resulting
viscose extract was diluted with 12 ml of 30% acetonitrile (ACN).
The sample was centrifuged at 13,000 g for 10 minutes, followed
by serial fractionation with ACN and HPLC identification. The
chromatographic conditions were set as follows: column—Vydac
C18 reversed-phase column (0.46 x25 cm; 5), 25°C temperature,
1 ml/min flow rate, 214 nm detector wavelength, and a gradient of
18%—95% throughout the 18-min run. By comparing the retention
time of a standard Th17 sample, the corresponding peak to Th17
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was found (Figure 1). According to chromatographs, the highest
peak of Th17 was observed once the peptide collected in 60% ACN.
This fraction was lyophilized and then stored at —20°C for dilution
to the required levels. Here, Th17 at 107° M (Thul) and 107! M
(Thu2) were used in all experiments.

Plant growth experiments

Untreated canola seeds of cultivar (cv.) InVigor L233P were
used; this hybrid is recommended for short to mid-length growing
season zones. For seed disinfection, 20% bleach (6% sodium
hypochlorite, NaOCl) was used; seeds were then rinsed with
distilled water until odorless. Th17 levels were applied either as
a pre-planting seed treatment followed by root drench or spray
at the time of stress. For the seed treatment experiments, seeds
were soaked in 10ml of two concentrations of Th17, 10~2 and
10711 M, suggested from germination data analysis (Nazari et al.,
2022), and distilled water as a control, which was followed by
weekly root drenching of the compound (three times in total)
until stress induction time (based on the initial experiments), while
Th17 solutions and distilled water were sprayed on leaves with
an atomizer just prior to stress induction for foliar experiments.
For leaf sprays, Tween 20 (0.01%) was added as a surfactant to
treatment solutions, including the control. To prevent dripping
of the treatment solutions onto the soil, vinyl plastic was placed
over the top surfaces of the pots. Canola seeds were placed
in 10cm pots filled with AGRO MIX® G10 media. The plant
growth chamber (Conviron R, Canada) conditions were as follows:
22/18°C day/night, photoperiod of 14/10h light/darkness cycle,
60%—70% relative humidity, and photosynthetic irradiance of 350-
400 wmol m=2 s (Nazari et al., 2022). The plants were trimmed
to one seedling per container after a week. Plants were grown until
the end of the third week and regularly watered using half strength
Hoagland’s solution. Then, 3-week-old plants were exposed to four
levels of the stressors, where one level was the control. To induce
uniform water stress, polyethylene glycol 8000 (PEG) was used;
levels were control —0.25 MPa (half strength Hoagland solution
for control), mild drought —0.5 MPa (197 g L~! PEG), moderate
drought —0.9 MPa (270 g L~! PEG), or severe drought —1.3 MPa
(330g L™! PEG) (Michel, 1983). For foliar experiments, the leaves
were sprayed with Th17 solutions and water as the control, until
the leaves were uniformly wet at the onset of stress induction.
The temperature levels were 22/18°C day/night for drought stress
experiments, whereas for the heat and drought combination, the
same levels of drought stress were applied, but at 30/18°C day/night
(Elferjani and Soolanayakanahally, 2018). In each case, the plants
were allowed to grow for 2 weeks following the onset of stress
treatment, and then sampled for data collection. For determination
of plant physiology responses to the treatments, photosynthetic
rate, transpiration rate, and stomatal conductance inside the leaves
were measured (LI-COR 6400 portable photosynthesis meter at
a constant CO, concentration of 400 ppm and light intensity of
500 pmol m~2 s~!); readings were taken from the upper-most
fully expanded leaf of each plant 1 day before stress onset, 1 day
after, 1 week after, and just prior to harvesting. Harvested plants
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at the end of the experiment were used for leaf area, fresh weight,
dry weight, and root trait data collection. For measuring root
variables, after harvesting, soil was gently shaken off from roots
followed by washing and using WinRHIZO™ in order to scan
and measure total root length, total root surface, root volume, and
root diameter.

Determination of antioxidant enzyme levels

Five hundred milligrams of fresh leaf tissue were ground
to a fine powder in liquid nitrogen and then homogenized in
1.2ml of 0.2M sodium phosphate buffer (pH 7.8 with 0.1 mM
EDTA). The samples were centrifuged at 13,000g x for 10 min
at 4°C and the supernatant was then subjected to enzyme
activity assays. All spectrophotometric analyses were conducted
on an Ultrospec (4,300 pr) UV/visible spectrophotometer. SOD
activities were using the method employed by Giannopolitis and
Ries (1977). The reaction mixture contained 50ml of extract,
50 mM Tris-HCI (pH 8.0), 63 mM NBT, 1.3 mM riboflavin, 13 mM
methionine, and 0.1 mM EDTA. One unit of SOD was determined
as the amount of enzyme required to produce 50% inhibition
of the rate of nitro blue tetrazolium photoreduction measured
at 560nm. POD activities were determined using the Britton
and Mehley (1955) method; the reaction mixture contained
0.1ml of extract, 50L of 20mM tetraguaiacol, and 2.8 ml of
50mM Tris-HCI buffer (pH 8.0). By adding 20 pl of 40 mM
H,0, the reaction started, and after recording the change in
absorbance at 470nm for 1min, POD activity was calculated
using the extinction coefficient of tetraguaiacol. One unit of
activity was determined by the required amount of enzyme for
the formation of 1 pmol of tetraguaiacol min~!. The CAT
assay method described by Hugo and Lester (1984) were used
to measure enzyme activities by monitoring oxidation of H,0O,.
The enzyme activity was calculated using extinction coefficient
of HO, (40 M~! cm™! at 240 nm), which is expressed as the
amount of enzyme activity required to decompose 1 pmol of H,O,
per minute.

Data analysis

The experiments were organized following a factorial
randomized design with four replicates. Each experiment was
repeated twice, and the data pooled for analysis using SAS 9.4;
differences between means were considered statistically significant
at p < 0.05, using Tukey’s test. All analyses were conducted
separately for seed treatment plus root drenching and foliar spray
experiments since comparison of application methods is not a
goal for this study. Two-way variance analysis was conducted,
where Th17 treatment was one factor and stressful conditions was
another. When the interaction of the compound and stressors
was absent, one-way ANOVA was performed to indicate the main
effects. For physiological variables, two-way repeated measures
ANOVA was applied at each stress level.
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Results

Morphological trait responses

Leaf area

Leaf area is an important indicator of vegetative growth and
strongly responded to Th17 and stressors. For seed treatment
plus root drenching experiments, leaf area significantly decreased
across all drought levels for controls without Thl7 treatment,
where it dropped by ~50% under severe drought, whereas
significant reductions for Thl7-treated plants occurred only
under severe stress. Under moderate and severe drought stress
alone, Thl-treated plants had 12.5 and 14.5% more leaf area
than controls, respectively (Figure 2A). Similarly, spraying Thl
significantly increased leaf area by 13% compared to non-sprayed
plants under severe drought (Figure 2B). Under non-stressful
conditions, no stimulatory effects of Th17 were reported. For
heat and drought experiments, significant decreases in leaf area
occurred across heat and drought combinations. Seed treatment
plus root drenching of Th2 significantly enhanced leaf area (by
27%) under the combination of moderate drought and heat stress
(Figure 2C). Interestingly, the interaction of spray application
and stressful conditions was significant (p = 0.03) in that foliar
spraying of Th2 could significantly offset decreases in leaf area, by
~19%, when moderate drought and heat occurred simultaneously
(Figure 2D). However, neither seed treatment nor foliar spray could
substantially offset leaf area reduction under severe drought and
heat combination.

Fresh biomass

The interaction of drought stress and Thl7 seed treatment
plus root drenching was significant (p = 0.04) in that Thl7
increased fresh biomass accumulation under either stressful or
normal conditions. The highest fresh biomass resulted from
seed treatment with Th17 plus root drenching, for Th2, at 37 ¢g
under normal conditions; however, severe drought decreased fresh
biomass accumulation by 40% compared to optimal conditions,
while Th1 offset this reduction by 27% (Figure 3A). Similar results
were observed for plants sprayed with Th1; it significantly increased
fresh biomass accumulation by 23 and 21% under moderate
and severe drought conditions, respectively (Figure 3B). A drastic
decline of fresh biomass was observed when a combination of
drought and heat stress was imposed, although application of Th2
had significant stimulatory effects, resulting in 24 and 28% more
biomass accumulation under moderate stresses for seed treatment
plus root drenching (Figure 3C) and foliar spray (Figure 3D)
experiments, respectively. Moreover, those plants grown with Th17
treatments, both application methods, could produce more fresh
biomass under heat stress than controls, but the differences were
not significant (Figures 3C, D).

Dry biomass
For seed treatment plus root drenching experiments, significant
decreases in biomass accumulation were observed under severe

drought stress while application of Thl caused 16 and 14%
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more biomass production under conditions of moderate and
severe drought, respectively, compared to the controls (Figure 4A).
However, the interaction of drought stress and Th17 leaf spraying
was significant (p = 0.02); Thl increased biomass accumulation
with greater increases at more severe drought stress levels
(Figure 4B). When the two stressors were combined, considerable
biomass reductions were reported across all combinations.
However, Th17 applications, either seed treatment plus root
drenching (Figure 4C) or spraying (Figure 4D), could enhance dry
biomass compared to controls, although those increases were not
depicted statistically significant, except for the effect of spraying
of Th2 where dry biomass increased by 19% compared to control
under moderate drought and heat combination.

Root system architecture

The interaction of Th17 seed treatment plus root drenching
and drought stresses was significant for all root variables (Figure 5)
except diameter: root length (p < 0.04), root surface (p < 0.01),
and root volume (p < 0.01) were significantly increased. At
increased drought stress levels, Thl remarkably increased root
length, presumably to help plants gain better access to water;
this variable ranged from 2,882cm for untreated seeds under
well-watered conditions to 5,090cm in response to Thl seed
treatment plus root drenching under severe drought conditions.
Similarly, the greatest root volume (2.9 cm?) and root surface (410
cm?) were reported for plants grown with Thl seed treatment
plus root drenching. However, neither seed treating plus root
drenching nor leaf spraying resulted in significant impacts under
control (unstressed) conditions. Likewise, spraying Th17 did not
significantly stimulate root development under drought conditions;
roots merely responded to drought levels in which the greatest
level of root attributes occurred under severe drought conditions
(Table 1). Root diameter did not respond to growing conditions or
Th17 applications.

In contrast to individual stresses, root variables considerably
decreased under the combination of both stresses. Table 2 indicates
that increasing the severity of stresses had negative effects on
root growth and development where neither watering with Th 17
supplements nor foliar spray caused significant changes compared
to controls. The greatest amounts, 3,664 cm for root length, 306
cm? for surface, and 2.13 cm® for volume, were for Th2 seed
treatment plus root drenching under the combination of mild
drought and heat. On the contrary, Th17 seed treatment plus
root drenching treatments greatly assisted in developing better
under-ground development under heat conditions; root length,
root surface, and root volume increased by 30%, 27%, and 25%,
respectively, for 107° M Th17 (Thl) seed treatment plus root
drenching. In terms of root diameter, no significant changes were
reported across all treatments and stressful circumstances.

Biochemical responses
Antioxidant enzymes
Plants under PEG-induced drought stress showed significant

increases in the amount of SOD, POD, and CAT. For seed treatment
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Effect of Th17 application on leaf area under drought (A, B) and combination of drought and heat (C, D). (A, C) Seed treatment plus root drenching
and (B, D) foliar spray of distilled water (Control), Th1 (102 M) and Th2 (10~'!M). Combination of lower and capital letters represents one-way
ANOVA results for main effects; capital letters represent differences between different growth conditions at the same level of Th17 whereas lower
letters indicate differences between different levels of Th17 at the same growth conditions. The absence of lower and capital letter combination
indicates significant interaction of Th17 and stressful conditions by two-way ANOVA. Each bar represents mean =+ standard error (n = 8). Means with

the same letters are not significantly different (p < 0.05).
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plus root drenching experiments, antioxidant enzyme contents
were considerably affected by drought stress levels; the greatest
numbers, 181 unit mg*1 fw for SOD (Th2), 119 units mg{1 fw
for POD (Control), and 24 units mg~! fw for CAT (Th2), were
recorded under severe drought stress levels (Table 3). However,
for foliar spray, the interaction of spraying the compound and
drought levels was significant for SOD (p < 0.05), POD contents
(p < 0.02), and CAT (p < 0.04); they were increased by 56%—29%,
31%—18%, and 56%—58% respectively in Th1 foliar sprayed plants
compared to controls, under moderate to severe drought levels.
When drought and heat were combined, antioxidant enzyme
contents enhanced by increasing the severity of drought level,
where the highest number of enzymes were reported under the
combination of severe drought and heat conditions for both Th17
application experiments. Specifically, the antioxidant enzyme levels
in plants grown from treated seeds plus root drenching were quite
similar to untreated plants in a way that stress levels seem to be

Frontiers in Sustainable Food Systems

the stimulant for changes. For foliar experiments, enzymes did not
meaningfully respond to Th17 under heat or the combination of
heat and mild drought but did respond under the moderate and
severe combination with heat (Table 4). Accordingly, the greatest
increases, 33 and 20%, were observed with Th2 foliar sprayed
plants over the controls for SOD, once heat was combined with
moderate and severe drought, respectively. Similarly, spraying
Th2 significantly increased the amount of POD and CAT by
26 and 56% under the combination of heat and severe drought
stress, respectively.

Physiological responses
Photosynthetic rate

Figure 6 indicates that photosynthetic rate was considerably
reduced by all stresses; drought aggravated it to a greater extent
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Effect of Th17 application on fresh biomass under drought (A, B) and combination of drought and heat (C, D). (A, C) Seed treatment plus root
drenching and (B, D) foliar spray of distilled water (Control), Th1 (10~2 M) and Th2 (101! M). Combination of lower and capital letters represents
one-way ANOVA results for main effects; capital letters represent differences between different growth conditions at the same level of Th17 whereas
lower letters indicate differences between different levels of Th17 at the same growth conditions. The absence of lower and capital letter
combination indicates significant interaction of Th17 and stressful conditions by two-way ANOVA. Each bar represents mean =+ standard error (n =
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than heat, and it was greatly inhibited by the heat and drought stress
combination. Under optimal growing conditions, no significant
effect of treatments, either seed treatment plus root drenching
or foliar spraying of Thl7, was observed. Photosynthetic rate
of plants grown from treated seeds and drenched roots did not
show meaningful changes compared to untreated plants under
drought and the combination of drought and heat (Figures 6A,
C). However, spraying Th17 could alleviate reductions related
to stresses compared to unsprayed plants. Assimilation rates
in those plants which were supplementary sprayed with Thl
demonstrated increases during all measurement times across
drought levels; particularly mean photosynthetic rate significantly
increased by 14%, 23%, and 32% compared to controls under mild,
moderate, and severe drought conditions, respectively, 1 day after
spraying, whereas this significant stimulatory effect lasted until 1
week after spraying under severe drought conditions (Figure 6B).

Frontiers in Sustainable Food Systems 07

Likewise, spraying the supplement, in particular Th2 one day
after spraying, caused meaningful responses in carbon assimilation
rate under heat stress alone and the combinations of heat with
drought levels (Figure 6D). Interestingly, the effect of the sprayed
supplements could significantly last until 2 weeks and 1 week under
individual heat and combination of mild drought and heat stresses,
respectively.

Stomatal conductivity

Stomatal conductivity was greatly decreased by drought,
but the
applied simultaneously; instead, heat stress increased stomatal

decreases were smaller when both stresses were
conductance. No statistically significant changes in the stomatal

conductivity resulted from Thl7 applications either when the
supplement was applied to seeds plus root drenching or spraying
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FIGURE 4

Effect of Th17 application on dry biomass under drought (A, B) and combination of drought and heat (C, D). (A, C) Seed treatment plus root
drenching and (B, D) foliar spray of distilled water (Control), Th1 (10~2 M) and Th2 (10~ M). Combination of lower and capital letters represents
one-way ANOVA results for main effects; capital letters represent differences between different growth conditions at the same level of Th17 whereas
lower letters indicate differences between different levels of Th17 at the same growth conditions. The absence of lower and capital letter
combination indicates significant interaction of Th17 and stressful conditions by two-way ANOVA. Each bar represents mean =+ standard error (n =

across all conditions. Specifically, plants developed from Th17
treated seeds plus root drenching had insignificantly greater
stomatal conductivity during almost all measurements for drought,
heat and the combination of heat and drought (Figures 7A, C).
Equally, for foliar experiments, stomatal conductance for sprayed
plants was slightly higher than controls, particularly for Th1 under
drought and Th2 when drought stress was accompanied by heat
stress, but they were not significant (Figures 7B, D).

Transpiration rate

The results of measuring transpiration rate at four different
times for both seed treatment plus root drenching and spraying
experiments demonstrated that compared to optimal conditions, it
was slighlty reduced by heat while sharp declines were observed
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when the plants were subjected to drought and a combination
of drought and heat stresses; however, the decreases were greater
under drought alone (Figures 8A, B) where the lowest transpiration
rate resulted from severe drought stress. Both treated plants,
either seed plus root drenching (Figures 8A, C) or sprayed ones
(Figures 8B, D), had marginally higher transpiration rates than
controls across all stressful conditions, although they were not
statistically distingushable.

Discussion

Plants will be encountering higher average temperatures and
more extreme drought episodes due to climate change, which will
potentially cause marked declines in their productivity. Hence,
studies regarding the discovery of potential approaches to assist
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No drought
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FIGURE 5
5-week-old Canola root images of seed treatment plus root drenching with distilled water (A), 10 = M Th17 (B), C: 10~'* M Th17 (C) under control,
mild, moderate, and severe drought stress, respectively.
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TABLE 1 Effect of Th17 application on root variables under drought stress levels.

Stressors Th1l7 treatments  Total root length Total root Root diameter Root volume
(cm) surface (cm?) (mm) (cm?)
Th17 seed treatment plus root drenching experiment
Control Control 2,882 + 2496 240 + 11F 0.26 & 0.24° 1.53 £ 0.08F
Thi 3,051 4 2766 256 + 22F 0.253 £ 0.0342 1.67 £+ 0.13%
Th2 3,170 & 49FF6 263 + 158F 0.259 & 0.034° 1.73 £ 0.09%
Mild drought Control 3,676 % 403FFC 301 £ 16PF 0.25 4 0.142 2.1440.1°
Thi 3,973 4 265CPF 330 + 14°P 0.272 4 0.024° 2.37 4 0.08P
Th2 3,871 4 272CPEF 317 £ 19P 0.264 £ 0.014 2.29 4 0.12¢P
Moderate drought Control 3,820 + 412PFFG 323 4+ 18¢P 0.31 4 0.6 2.37 +£0.1°P
Thi 4,879 + 3274B 393 £ 1748 0.267 £+ 0.014 2.65 4 0.144P
Th2 4,589 + 217ABCD 362 + 135¢ 0.268 + 0.014 2.46 + 0.15¢
Severe drought Control 4,218 £ 405°CPF 337 + 14°P 0.3 £ 0.2 24+01¢
Thl 5,090 £ 2174 410 + 114 0.285 & 0.014 2.940.124
Th2 4,618 + 15478C 381 + 2348 0.267 £ 0.0142 2.72 £ 0.0748
Th17 foliar spray experiment
Control Control 2,873 £ 2315 234 £ 9% 0.251 & 0.014 1.43 £ 0.09%
Thi 2,906 + 1922 244 + 9% 0.257 + 0.014 1.50 £0.11%
Th2 3,085 & 36952 238 +26% 0.254 £ 0.014 1.48 £0.13%*
Mild drought Control 3,128 + 2105 261 & 185¢8 0.250 & 0.014 1.77 £ 0.07%
Thl 3,306 £ 12052 278 £ 1652 0.256 =+ 0.0242 1.92 4 0.142
Th2 3,185 + 2165 266 & 145¢2 0.262 % 0.024° 1.82 £ 0.06%
Moderate drought Control 3,614 £ 18642 302 4 27482 0.262 £ 0.0242 2.11 £0.13%
Thi 3,577 + 345482 292 + 10782 0.265 % 0.014 2.06 & 0.1442
Th2 3,736 & 29442 305 £ 17488 0.252 = 0.0054% 2.01 £ 0.12482
Severe drought Control 3,819 + 2154 316 + 254 0.254 & 0.014 2.17 4 0.044
Thl 3,783 + 1924 308 £ 184 0.257 +0.014 2.03 £ 0.14
Th2 3,885 & 36942 320 £ 154 0.254 £ 0.0142 221 +£0.16%

Control: distilled water, Th1: 107> M of Th17, Th2: 10~!! M of Th17. Each value represents mean =+ standard error (n = 8). Combination of lower and capital letters represents one-way
ANOVA results for main effects; capital letters represent differences between different growth conditions at the same level of Th17 whereas lower letters indicate differences between different
levels of Th17 at the same growth conditions. The absence of lower and capital letter combination indicates significant interaction of Th17 and stressful conditions by two-way ANOVA. Means
with the same letters are not significantly different (p < 0.05).

crops in combating stressful conditions are a primary concern.
Various research findings have proven the stimulatory effect of
PGPMs under stressful conditions (Sarkar et al., 2018; Khan
et al, 2019; Lin et al., 2020; Shah et al.,, 2021; Mellidou and
Karamanoli, 2022); however, studies regarding the efficacy of
microbial-derived materials such as signal molecules or cell-
free supernatants are limited. Signal compounds are secreted
into the producer strains growing medium, which, after being
filtered, will still maintain the metabolites that possess plant
growth stimulatory effects. Here, our experiments regarding the
application of a bacterially produced compound, Thl7, under
stressful conditions highlights that compound concentration, stress
level, and application method play pivotal roles in the effectiveness
of Th17 as a plant growth biostimulant. The responses of plants
to a single stress can be completely different from the conditions
in which several stresses coincide. In this regard, the interaction
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of Th17 application with growing conditions was significant for
several variables, while Th17 treatments caused different reactions
at different stress levels. Plant morphological, physiological, and
biochemical features were considerably affected by the induction of
stresses where signal molecule treatments could partially assist in
mitigating stress-associated damage. Above-ground morphological
traits, including leaf area and fresh and dry biomass, were enhanced
by the application of Th17 under stressed conditions; however,
no distinguishable impacts were observed under optimal growth
conditions. Specifically, the bacterial compound produced better
results under moderate and severe drought stresses alone, but when
the two stressors were combined, their effectiveness was reduced,
particularly under the combination of severe drought and heat,
which could be due to reasons such as high intensity of PEG
induced-drought level or prolongation of stresses. This implies
that increasing the PEG level with heat decreased the efficacy of
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TABLE 2 Effect of Th17 application on root variables under drought and heat combination.

Stressors Th1l7 treatments  Total root length Total root Root diameter Root volume
(cm) surface (cm?) (mm) (cm?)
Th17 seed treatment plus root drenching experiment
Heat Control 3,432 + 25240 280 + 264° 0.253 + 0.024 1.92 4 0.154°
Thi 4,481 £ 23470 355 £ 484 0.259 £ 0.0342 2.4 402/
Th2 4,220 £ 1704° 322 + 304 0.257 4 0.034 2.3 40,144
Heat + mild drought Control 3,247 £213% 254 £ 23482 0.257 +0.014 1.82 £ 0.2548
Thl 3,595 4 43948 304 + 33782 0.272 £ 0.0242 2.1 4+ 0.14482
Th2 3,664 + 42152 306 4 344 0.264 £ 0.014 2.13 £ 0.1748
Heat 4 moderate drought Control 2,607 + 37282 221 4238 0.31 £ 0.06 A2 1.54 4 0.2482
Thi 3,104 + 1975 255 + 2382 0.267 % 0.004 1.76 £ 0.238C2
Th2 3,302 + 478BCa 265 + 1782 0.268 - 0.014 1.93 4 0.175¢
Heat + severe drought Control 2,359 = 39982 229 £ 295 0.3 +£0.024 1.4+0.18%
Thl 2,654 % 349 243 4 335 0.267 & 0.014 1.57 £0.2¢
Th2 2,817 + 5942 253 + 2482 0.285 £ 0.0142 1.66 £ 0.1
Th17 foliar spray experiment
Heat Control 3,532 + 4194 295 4 174 0.25 4 0.14° 2.10 £ 0.14
Thi 3,374 £ 23342 276 £ 254 0.252 £ 0.0142 1.93 £ 0.242
Th2 3,516 & 3074 291 4 224 0.251 & 0.014 2.06 & 0.154
Heat + mild drought Control 2,718 £ 2145 230 £ 2252 0.25 4 0.14° 1.36 £0.1%
Thl 2,884 4 341482 241 + 33782 0.250 £ 0.0342 1.42 4 0.16%
Th2 2,738 £ 2505 234 4 338 0.262 % 0.024° 1.51 +£0.31%
Heat + moderate drought Control 2,457 + 2558 210 4 3952 0.26 £ 0.142 1.35 4 0.19%
Thi 2,429 4 2005 215 + 278 0.256 & 0.014 1.3 +0.16%
Th2 2,576 & 2655 219 £ 208 0.266 =+ 0.0242 1.43 £ 0.18¢
Heat + severe drought Control 2,176 =+ 26452 200 =+ 2652 0.253 £ 0.14 1.26 £0.1%
Thl 2,217 & 1655 208 £ 1852 0.25 & 0.014 1.22 £0.14%
Th2 2,204 42015 210 + 2382 0.267 £ 0.0242 1.28 +0.21%

Control: distilled water, Th1: 102 M of Th17, Th2: 107! M of Th17. Each value represents the mean =+ standard error (n = 8). Combination of lower and capital letters represents one-way
ANOVA results for main effects; capital letters represent differences between different growth conditions at the same level of Th17 whereas lower letters indicate differences between different
levels of Th17 at the same growth conditions. The absence of lower and capital letter combination letters indicates significant interaction of Th17 and stressful conditions by two-way ANOVA.
Means with the same letters are not significantly different (p < 0.05).

Th17 compared to its effectiveness under less stressful conditions.
Interestingly, plants respond to the higher concentration of the
compound, Thl, for induvial stresses, either drought or heat;
however, a lesser concentration (Th2) is required to alleviate
the effect of stress combinations. A similar conclusion, distinct
responses to different concentrations of bacterial compounds,
was reached by other studies (Schwinghamer et al., 2015, 2016;
Naamala et al, 2022). A clear example of this was observed
in our previous study when three different concentrations of
Th17, 1077, 107, and 10~!' M, were applied, and nanomolar
of Th17 was the most effective in enhancing seed germination,
seedling growth, and vegetative growth under stressfully high
temperatures (Nazari et al., 2022). Our findings are consistent with
the work of Schwinghamer et al. (2016) regarding the application of
different levels of two microbial compounds, LCO and Th17, which
indicated concentration-dependent behavioral responses under
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various growth conditions and development stages. Similarly,
previous work showed that specific concentrations of Th17 can
enhance soybean [Glycine max (L.) Merr.] and corn (Zea mays L.)
growth (Lee et al,, 2009).

Changes in the root system

Drought stress broadly inhibits above-ground growth and
increases dry matter allocation to the root portion of the plant,
which results in a lowering of the shoot-to-root ratio. Additionally,
PEG-induced osmotic stress mediates premature differentiation
of the root apical meristem outgrowth of lateral roots. Through
a highly complex process comprising an integrated network
of antioxidants, metabolisms, redox, and hormonal regulation,
plants can increase the water absorption area by encouraging
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TABLE 3 Effect of Th17 application on antioxidant enzymes under drought stress levels.

Stressors Th17 SOD (unit/mg fw) POD (unit/mg fw) CAT (unit/mg fw)

treatments
Seed Foliar Seed Foliar Seed Foliar
treatment spray treatment treatment

Control Control 56 + 10< 66 + 8PF 56 + 105 54 + 10° 8.5+ 3% 8.9+ 3P
Thul 60 & 70 67 & 7PF 57 & 9B 60 + 8* 8.6 & 28 12420
Thu2 55+ gbe 64 =+ 6° 60 & 842 54 + 6F 7.7 & 2B 10 43P

Mild drought Control 68 4 9% 79 & 7PE 75 £ gABa 79 £ 7PF 10.7 + 38¢ 1142P
Thul 82+ 10%° 101 + 11¢PF 89 £ 10782 96 & 115¢P 135428 16 + 5P
Thu2 76 4+ 115 92 4 7PF 73 4+ 1140 90 + 13°P 12 + 382 12 +3P

Moderate drought Control 124 + 185 129 £ 1985¢P 87 & 12482 91 4 10°P 16.5 + 5482 16 + 4¢P
Thul 136 & 155 202 £ 29% 95 4+ 13A% 120 & 1748 18 £ 3/e 25 £ 58¢
Thu2 133 £ 264 187 £ 2248 82 & 942 115 + 1348C 18 4+ gABa 22 4 58CP

Severe drought Control 168 + 2942 165 + 2048¢ 114 + 2042 117 + 1248C¢ 22 447 24 4 78€
Thul 173 4 2242 213 £214 110 4 2342 138 4294 22 4 742 38+ 64
Thu2 181 4+ 2442 200 + 18* 114 £ 1942 128 + 204 24 447 33+ 748

Control: distilled water, Th1: 107 M of Th17, Th2: 107! M of Th17. Each value represents mean = standard error (n = 8). Combination of lower and capital letters represents one-way
ANOVA results for main effects; capital letters represent differences between different growth conditions at the same level of Th17 whereas lower letters indicate differences between different
levels of Th17 at the same growth conditions. The absence of capital and lower letter combination indicates significant interaction of Th17 and stressful conditions by two-way ANOVA. Means
with the same letters are not significantly different (p < 0.05).

TABLE 4 Effect of Th17 application on antioxidant enzymes under drought and heat combination.

Stressors Th1l7 SOD (unit/mg fw) POD (unit/mg fw) CAT (unit/mg fw)
treatments
Seed Foliar Seed Foliar Seed Foliar
treatment spray treatment treatment spray
Heat Control 664 13% 76 4 13% 63 £ 10% 74 + 8B 17 £ 38 18 4 382
Thi 72 £ 23% 85+ 165 70 £ 125 854 970 154+2% 22 4 48
Th2 63 £ 9% 81 4+ 1282 68 + 135 89 + 65 18 + 4B 22 4 2BCa
Heat + mild drought Control 91 £ 7% 91 +£11% 74 £ 10AAB 79 & 6AB2 18 4 3ABa 19 4+ 48
Thi 934+ 1% 102 + 185 79 & 13BABR 87 £ 14M 19 4 4BC 24 4 58
Th2 85 £ 280 108 + 145 82 £ 8BABR 97 & 1248 17 £ 38 20 £ 5%
Heat + moderate drought Control 137 & 255 144 £ 25 80 £ 13482 83 & gABa 29 £ 7AB 29 4 67B2
Th1 140 4 1282 177 £ 214% 82 4 gAB2 93 4 12M 27 4+ 67B2 35+ 8B
Th2 149 + 145 192 + 1442 84 - 9AB2 103 £ 1348 25 4 542 32458
Heat + severe drought Control 193 4 1142 182 + 174 85 + 144 92 + 94 3174 37 £ 7%
Thi 196 + 2442 207 4 194 92 4 134 106 + 1042 33 £ 9 51 4+ 9Ab
Th2 206 + 174 218 4 124 95 £ 154 116 £ 104° 324 6™ 58 & 107°

Control: distilled water, Th1: 107 M of Th17, Th2: 107! M of Th17. Each value represents mean =+ standard error (n = 8). Combination of lower and capital letters represents one-way
ANOVA results for main effects; capital letters represent differences between different growth conditions at the same level of Th17 whereas lower letters indicate differences between different
levels of Th17 at the same growth conditions. The absence of capital and lower letter combination indicates significant interaction of Th17 and stressful conditions by two-way ANOVA. Means
with the same letters are not significantly different (p < 0.05).

the development of long, extensive root hairs and lateral roots  observed in the presence of heat and drought simultaneously.

under drought stresses (Ober and Sharp, 2003; Duan et al,  The interaction of seed treatment plus root drenching with

20105 Ji et al, 2014; Zia et al, 2021). Consistent findings are
seen in our experiments; root variables, including total root
length, total surface area, and volume, were increased with
increasing PEG levels, whereas declines in root development were
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Th17 and drought levels was significant and resulted in a
more developed root system than that of controls, particularly
at moderate and severe drought levels as well as under heat
stress alone.
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FIGURE 6

significantly different at each measurement time and stress level (p < 0.05).

Effect of Th17 application on photosynthetic rate under drought (A, B) and combination of heat and drought (C, D) at 1 day before stress induction
(T1), 1 day (T2), 1 week (T3), and two weeks (T4) after stress induction. (A, C) Seed treatment plus root drenching and (B, D) foliar spray of distilled
water (Control), Th1 (102 M) and Th2 (10~ M). A black line within the box marks the mean (n = 8), respectively. Boxes with an asterisk are

Heat H+Mild H+Moderate H+Severe

In contrast, no significant effects of the seed treatment plus root
drenching were seen when drought and heat were combined, which
could be due to the extreme stress levels leading to morphological,
biochemical, and physiological damage, and consequently lower
carbohydrate assimilation into roots. Additionally, for foliar
experiments, across all conditions, no meaningful changes were
observed due to the application of the compound. Our previous
studies have indicated positive effects of treating canola seeds
and root drenching with 107 and 107! M Th17, which
caused germination increases, germination time reduction, and
longer radicals under moderately high temperature and optimal
conditions (Nazari et al., 2022). Similar root development effects
on soybean have been reported for this plant growth regulator
under salt stress and this was associated with changes in the level
of ABA (Prudent et al., 2015). This might be one of the possible
underlying mechanisms of root stimulation by Th17. As such,
ABA is produced in the roots and transported to above-ground
parts through xylem; it assists in stomatal closure, suppression of
shoot growth, and maintenance of root elongation by crosstalk
communication with phytohormones (Turan et al., 2021; Parwez
et al, 2022). In another work, levels of auxin, which actively
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functions in cell division and lateral root development, and salicylic
acid were increased in Arabldopsis thaliana rosettes in response
to 107 M Th17 (Subramanian, 2014). All these findings are
suggestive of a shift in the balance of plant hormones related
to roots due to seed treatment and root drenching, which could
be a possible explanation of the root system modification by
Th17 application.

Biochemical responses to stressors and
Thl7

Plants are equipped with a compelling array of defenses,
comprised of enzymatic and nonenzymatic systems, to reduce
the accumulation of reactive oxygen species (ROS), which cause
oxidative damage to lipids, proteins, and DNA, under stressful
growing conditions. Responses of enzymatic activities to various
stressors, either alone or in combination, differ. In this regard,
PGPMs and their active compounds have been shown to aid
plants in scavenging excessive ROS species (Zhou et al., 2016,
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Effect of Th17 application on stomatal conductivity under drought (A, B) and combination of heat and drought (C, D) at 1 day before stress induction
(T1), 1 day (T2), 1 week (T3), and two weeks (T4) after stress induction. (A, C) Seed treatment plus root drenching and (B, D) foliar spray of distilled
water (Control), Th1 (1072 M) and Th2 (10~'*M). A black line within the box marks the mean (n = 8), respectively. Boxes without an asterisk are not
significantly different at each measurement time and stress level (p < 0.05).

2019; Gowtham et al., 2022; Neshat et al., 2022; Sati et al., 2022).
Likewise, we found that exposure to stressful conditions increased
levels of antioxidant enzymes compared to optimal growth
conditions. Rather than the single effect of stress stimuli, very
interestingly, foliar spray of the microbial compound demonstrated
significant positive interactions with drought stress levels; the
greatest numbers of SOD, POD, and CAT were recorded in Thl
sprayed plants under severe drought stress whereas spraying a
lesser concentration of the compound (Th2) produced better
results when drought and heat were combined. Nevertheless,
treating seeds plus root drenching with the supplement could not
meaningfully assist plants in the production of more antioxidant
enzymes compared to untreated plants. In another study, the
effect of two types of PGPR-produced bacteriocins, BF4 and
Th17, on the plant defense system illustrated that antioxidant
enzyme levels considerably increased in treated soybean leaves
compared to untreated ones (Jung et al., 2011). Similarly, results
of omics studies highlighted the role of two microbial signal
molecules, LCO and Thl7, in stress tolerance of A. thaliana, in
which energy and antioxidant pathway proteins were increased in
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treated plants, causing salt stress mitigation as opposed to controls
(Subramanian, 2014). At this stage of understanding, we propose
that boosting the antioxidant enzyme system could be one of
the possible underlying mechanisms of stress alleviation, however,
it seems certain that there are still many things to learn about
this compound.

Physiological responses to stressors and
Thl7

Under unfavorable conditions, considerable changes in plant
physiological mechanisms occur, beginning with perception of
stress signals, which trigger a series of molecular events, resulting
in various levels of responses. We found that cooccurrence
of heat and drought stresses led to a higher reduction in
photosynthetic rate than either drought or heat stress alone, and
drought stress caused declines to a larger extent than heat stress.
Additionally, the negative effects of drought stress on carbon
assimilation may contribute to stomatal closure, which resulted
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FIGURE 8

Effect of Th17 application on transpiration rate under drought (A, B) and combination of heat and drought (C, D) at 1 day before stress induction (T1),
1 day (T2), 1 week (T3), and two weeks (T4) after stress induction. (A, C) Seed treatment plus root drenching and (B, D) foliar spray of distilled water
(Control), Th1 (1072 M) and Th2 (10~1*M). A black line within the box marks the mean (n = 8), respectively. Boxes without an asterisk are not
significantly different at each measurement time and stress level (p < 0.05).

in decreased intercellular CO,; however, heat stress increased
the conductivity of stomata and CO, diffusion into leaves. They
have implied the existence of different underlying mechanisms
in photosynthesis reduction by drought and heat stress. Our
observations suggest that the stomatal factors under drought stress
and non-stomatal factors, including, but not limited to, damage
to the photosynthetic apparatus, inactivation of some enzymes
under heat stress, and the combination of stressors, caused declines
in photosynthesis (Wang et al, 2010, 2018; Carmo-Silva et al,
2012; Distéfano et al., 2017; Fatma et al., 2021; Lal et al., 2021).
Heat stress also increases transpiration, to cool leaves, reducing
leaf water potential and exacerbating plant conditions under heat
and drought combinations. Likewise, lower leaf temperatures
were observed in lipo-chitooligosaccharides (LCO) treated plants,
related to enhanced transpiration and to stomatal conductance or
membrane permeability (Schwinghamer et al., 2016). Our findings
link well with previous studies wherein similar physiological
behaviors in response to stressors were depicted (Elferjani and
Soolanayakanahally, 2018; Wang et al., 2018; dos Santos et al,
2022). However, treating plants with Th17 could compensate
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for photosynthesis reduction compared to controls. We found
that spraying Thl onto leaves could enhance carbon assimilation
across all drought levels and heat stress alone in such a way
that the greatest effect of the compound was detected, at a
statistically significant level, 1 day after treatment. Under the
combination of heat and drought, the positive impact of the
lesser concentration, Th2, was noticeable one day after spraying
across all stressors and combinations. In contrast, plants grown
from Th17 treated seed plus root drenching showed inconsistent
results. No significant effects were observed from these treatments,
except for the notable impact of Thl under heat stress alone 1
day after stress induction. Accordingly, plants with higher carbon
assimilation rates showed slightly higher stomatal conductance
and transpiration, but their effects were not significantly different
from the controls. From this point, it could be suggested that
non-stomatal factors more actively contributed to resulting higher
efficiency of the photosynthesis than stomatal effects. In this regard,
higher levels of antioxidant enzymes, as described earlier for those
plants, could be one of the possible explanations for reduced levels
of ROS, and consequently, cause less damage to photosystems and
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enzymes. Others have shown that leaf spray or root drenching
of Th17 increased photosynthetic leaf rates and leaf greenness of
soybean (Lee et al,, 2009). In line with previous studies, Th17-
treated plants had greater photosynthetic rates due to having more
developed root systems and improved functions related to carbon
and nitrogen acquisition (Prudent et al., 2015). The efficacy of Th17
in stimulating the photosynthetic rate was consistent with what
has been found in our previous studies; the carbon assimilation
enhanced in response to Th17, both Thl and Th2, at moderately
high temperatures (Nazari et al., 2022). Regardless of all positive
responses, further agricultural field studies would be our next
step to see if statistically different results are biologically different
or not.

Conclusions

We found clear responses to Thl7 concentrations related
to growth conditions where plants reacted differently to the
simultaneous prevalence of heat and drought as compared with
individual stresses. Precisely, regardless of application method,
107" M treated plants could better tolerate the combination
of heat and drought stress than the other concentrations and
control; conversely, more promising results were caused by 10~°
M under individual stresses. Our results demonstrated that both
application methods could assist plants in combating stressful
conditions by varying mechanisms; however, no significant effects
were seen for optimal growth conditions. Stimulation of the
root system to uptake more water and nutrients might be
one of the possible modes of action for seed treatment plus
root drenching. Additionally, we speculate that spraying the
compound increased the most important antioxidant enzymes
contents, which scavenged excessive ROS and reduced associated
damage to cells, consequently redcuing cell damage and increasing
the efficiency of the photosystems. Collectively, Th17 has the
potential to be a plant growth regulator, plus these results should
be translated into real agricultural field setting. Further studies
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