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Abstract: Temperature is a key factor influencing plant growth and productivity; however, tem-
perature fluctuations can cause detrimental effects on crop growth. This study aimed to assess
the effect of seed priming on Camelina sativa L. under heat stress. Experimental treatments were
comprised of; seed priming including, no-priming, hydropriming (distilled water priming), and
osmopriming (thiourea applications at 500 ppm), heat stress (control = 20 °C and heat stress = 32 °C),
and camelina varieties (7126 and 8046). Heat stress hammered crop growth as relative water content
and photosynthetic rate were reduced by 35.9% and 49.05% in 7126, respectively, and 25.6% and
41.2% in 8046 as compared with control-no thiourea applied. However, osmopriming with thiourea
improved the root and shoot length, and biomass production compared to control-no application
under heat stress, with more improvement in variety 8046 as compared with 7126. Moreover, the
maximum values of gas exchange and water relations were recorded at thiourea priming and no
stress as compared with no-priming under heat stress that helped to improve seed yield by 12%
in 7126 and 15% in 8046, respectively. Among the varieties, camelina variety 8046 showed better
performance than 7126 by producing higher seed yield especially when subjected to thiourea priming.
In conclusion, thiourea seed priming helped the plants to mitigate the adverse effects of heat stress
by upregulating plant physiological attributes that lead to maintain camelina seed yield.

Keywords: gas exchange; hydropriming; osmoprimimg; water relations; yield

1. Introduction

The world’s population has been projected to cross 10 billion by 2050, which will
significantly increase the demand for food supply [1], while climate change has already
threatened food safety. Abiotic stresses have reduced the productivity of the staple crops,
which has multiplied the existing challenge of food and nutritional security [2,3]. According
to NASA [4,5], the first decade of the 21st century was the hottest in human history, which
had huge impacts on agriculture productivity. Various climatic models predict that there
will be a significant rise in the Earth’s average annual temperature due to the increasing
CO; concentration [6] that will lead to a significant reduction in crop yield and reduced
the farmer’s income drastically [7]. Heat stress could impart numerous phenological,
morphological, and physicochemical changes in crop plants. Considering all the climatic
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challenges, heat stress at seed formation had the primary role in affecting final yield and
quality of oilseed crops.

In the wake of rising temperature, the emphasis should be on crop health [8] because
crops require optimal temperature for proper development, and camelina is no exception.
The effects of high temperature may hamper the performance of the photosynthetic ap-
paratus that could lead to reduce carbon assimilation to reduce crop growth. Chemical
signaling mechanisms in the thylakoids and carbon metabolism are more prone to heat
stress damages [9], as high-temperature damages photosystem II that affects the electron
transport chain and glycolate pathway due to the overproduction of reactive oxygen species
(ROS; such as hydrogen peroxide, H;O,) [10]. High temperature severely influences the
mineral and water transport system of plant tissues, which results in mineral deficiency
and decreased turgidity [11,12]. Crop yield may decrease up to 10-15% due to each degree
(°C) rise in temperature above the optimum [13]. Plants have developed several mecha-
nisms to reduce ROS levels in plant cells [14] by activating enzymatic and non-enzymatic
scavenging systems [15]. Heat stress at any crop stage can cause substantial yield losses
in Brassica crops [16]. Camelina has shown a substantial reduction in photosynthetic effi-
ciency and crop yield when grown under high-temperature stress [17]. Ahmad et al. [16]
have reported a reduction in the performance of camelina under heat-stressed conditions
due to the impairment of plant physiological attributes. Temperature above 32 °C is
critical at the reproductive growth stage and tends to decreased crop yield by the pod
abortion, decreasing the number of seeds per plant, and seed weight [17]. Innovative and
sustainable methods need to be introduced to improve the performance of crops under
heat stress. Recently, thiourea (TU) emerged as one of the effective approaches to enhance
high-temperature stress tolerance in plants by regulating metabolic balance, plant growth,
and development [18].

Seed priming is a controlled hydration technique that accelerates the key metabolites
for osmotic up-regulation [19]. Priming is one of the most feasible and economic tech-
nologies enabling the efficient uptake of nutrients, boosting water use efficiency, breaking
seed dormancy, promoting early maturity, and improving crop physiology that ensures
successful crop production [20,21]. It has been reported that osmopriming enhanced the
antioxidant defense system under stressful conditions [22] to improve the defense system
against heat stress. In addition, TU modulates the activity of numerous biological com-
pounds such as plant growth regulators, polyamines, enzymes, mineral nutrients, and
produces many derivatives, which have the potential to mitigate heat stress damages [23]. It
has a major role in the production of proteins, vitamins, enzymes, and chlorophyll in plant
cells and tissues from vegetative growth to maturity [24]. Interaction of TU-containing
compounds with various biological compounds produces specific derivatives essential
for enhancing thermo-tolerance by modulating the ROS scavenging system [25]. The
applications of TU may upregulate enzymatic activities in different plant parts that help to
remove the ROS, by activating the ascorbate-glutathione cycle to alleviate heat stress [26,27].
Nonetheless, optimal quantity is vital for TU-induced increase in antioxidant activities
that contributed to reverse the high temperature stress [28,29]. The heat stress-induced
damages can be ameliorated by the pre-sowing seed treatments with different chemical
agents, which may be useful for the generation of heat-stress tolerance in plants.

Camelina [Camelina sativa L. Crantz] is an emerging oilseed crop with unique charac-
teristics in relation to its high adaptability against abiotic stresses [30]. Its oil constitutes a
vital product for the bio-based industries, as its distinctive composition permits multiple
applications [31]. It is a rediscovered oil crop that belongs to the family Brassicaceae, having
a seed oil content of 26-43% [32,33] with high percentage of unsaturated fatty acids. The
seeds of camelina are unique compared to other members of Brassicaceae due to their high
amount of polyunsaturated fatty acids and low level of erucic acid. Regular ingestion
of camelina oil reduces the level of cholesterol in blood and the presence of tocopherols
prevents the oil from rancidity [34]. According to Zubr [35], Camelina can be adapted to
various environmental conditions including limited water conditions, high and low tem-
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peratures, etc. Camelina is popularly known as false flax, which is typically a cool-season
crop with a temperature that seldomly exceeds 30 °C [36]; however, it can be grown in the
winter and spring seasons [37].

However, the role of TU has been documented under abiotic stress tolerance, while
the role of TU to alleviate heat stress damages in camelina needs further investigation. The
study was hypothesized that TU priming regulates the heat stress tolerance in camelina.
The objective of the study was to evaluate the impact of seed priming techniques on growth
and yield parameters on physiological basis in camelina under heat stress conditions.

2. Materials and Methods
2.1. Crop Husbandry

The pot experiment was laid out under completely randomized design (CRD) with
factorial arrangements and three replications. Camelina seeds (10 seeds) were sown in
plastic pots (36/24 cm) containing 5 kg of sand, while each pot was considered as a bio-
logical replicate. Camelina seeds were obtained from the Stress Physiology Laboratory,
Department of Agronomy, University of Agriculture, Faisalabad. Sand was sieved to
opt-out all the contaminants, and then field capacity was calculated through proper proce-
dure. The experiment was comprised of three factors: (a) seed priming; TUy = control-no
priming, TU; = hydropriming (water priming), and TU; = osmopriming (TU primming
at 500 ppm), (b) heat stress; control—20/18 °C day/night and heat stress—32/22 °C day
and night at 65 days after sowing (DAS), and (c) camelina varieties (7126 and 8046). The
screening experiment was done at stress physiology laboratory, which led us to select the
one resistant (8046) and one susceptible (7126) variety for this study. The Hoagland solution
(NH4H2PO4 1 mM; Ca(N03)2'4H20 4 mM; KN03 6 mM; MDC12'4H20 9.1 U.M,' H3BO3
46.2 uM; CuSO4-5H,0 0.3 uM; ZnSO4-7H;0 0.8 uM; MgSO4-7H,0 2 mM; Fe-Na,-EDTA
0.1 mM.) was applied for the nutritional requirements of camelina. The application of
Hoagland solution was done at the time of sowing and topped up after every fortnight.

Seeds of both varieties were separately soaked for the hydro-priming and osmoprim-
ing (TU solution) for 6 h. For hydro-priming, seeds were soaked in the distilled water for
6 h while TU (500 ppm) solution was used for the osmopriming, and continuous aeration
was provided by using an aquarium pump to avoid anxious conditions. The experiment
was comprised of 36 pots and grouped into two sets containing 18 pots in each, which
were grown under the same conditions until heat stress was applied on one set. Stress was
induced just before the onset of the flowering stage by increasing the temperature of the
growth room from 20 °C (control) to 32 °C (heat stress). The experiment was performed
in a growth room having a mechanized unit of cooling, heating, light (~12,000 lux), and
humidifier/dehumidifier adjustment systems. Relative humidity (70%) was maintained
in the growth rooms and water was provided regularly for achieving the field capacity
to prevent drought stress. Then, the temperature was gradually increased by 2 °C each
day to avoid any heat shock to seedlings till it reached 32/22 °C day/night. The stress
lasts for 10 days as it reached to maximum temperature and came back with the same
way. Gas exchange attributes were measured at 76 DAS after imposition of stress, while
growth parameters were measured at 80 DAS, while seed yield and related parameters
were measured at 108 DAS.

2.2. Growth Parameters

For the measurement of growth parameters, two uniform plants were randomly
selected from each biological replicate. Plant height and root length was measured using a
meter rod from the surface of the soil to the tip of the plant. Pots were filled with water
to gently uproot the randomly selected plants and averaged. The length of five roots was
taken by using a meter rod from the uprooted plants and averaged. These samples were
cleaned and washed with distilled water, and root and shoot were separated by a pair of
scissors. After cleaning, the fresh weight of root and shoot was taken by using a digital
balance (Uni Block AUX220, Shimadzu Corporation, Kyoto, Japan). These samples were
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oven-dried (Memmert-110, Schawabach, Germany) at 70 °C for 72 h to take dry weight by
using a digital balance.

2.3. Gas Exchange Parameters

Different physiological traits including photosynthetic rate (A), transpiration rate (E),
stomatal conductance (gs), and internal CO; concentration (Ci) were measured by using
an open system, portable infrared gas analyzer (IRGA) (LCA-4 ADC (USA)). The fully
expanded young leaves of three plants selected randomly from each pot were used to
measure these attributes. Measurements were made between 9:00 a.m. and 10:00 a.m. to
opt-out of the effect of high temperature. The following adjustments were made for these
measurements; leaf surface area 6.25 cm?, ambient CO, concentration (326 umolmol 1),
the temperature of the leaf chamber ranged from 31.5 to 37.8 °C, ambient pressure (P)
98.2 k Pa, chamber gas flow rate (V) 408 mL min~!, the molar flow of air per unit leaf area
(Us) 409.5 molm—2s~1, the water vapor pressure in the chamber (ref.) ranged 21.2-24 mbar,
and PAR at leaf surface was maximum up to 1181 p mol m~2s~ 1.

2.4. Water Relations

To observe leaf water potential, the top third youngest and fully expanded leaf of
camelina plants was harvested from each treatment. Scholander-type pressure cham-
ber (ARIMAD-2, ELE-International, Tokyo, Japan) according to the method defined by
Ahmad et al. [17].

2.5. Yield and Related Attributes

Yield component, i.e., a number of silique per plant and number of seed per silique
were measured from two tagged plants per pot and averaged. A 1000 seed weight was
taken from two representative plants from each biological replicate and seeds were taken
to measure 1000 seed weight by using a digital balance (Uni Block AUX220, Shimadzu
Corporation, Kyoto, Japan). Each pot was manually harvested, seeds were separated, and
the seed yield per pot was obtained using a digital balance.

2.6. Statistical Analysis

Data collected were statistically analyzed through analysis of variance technique using
Statistix 10.1 (Analytical Software, Statistix, Tallahassee, FL, USA). Fisher’s analysis of
variance was used to compare the treatment means at a 5% probability level [38]. Graphical
representation was done by using SigmaPlot 10.0.

3. Results
3.1. Growth Parameters

Analysis of variance showed that TU supplementation significantly affected the
growth parameters in camelina varieties under different environments compared to control-
no TU (Table 1). Heat stress reduced the growth attributes in camelina varieties, while
more reduction was noted in camelina with no TU supplementation under heat stress.
Plant height was reduced by 23.7% and 30.5% in 8046 and 7126, respectively, under heat
stress as compared to control-no stress. Different growth parameters such as plant height,
root length, root-shoot length, and their fresh and dry weight were significantly improved
with TU priming under normal as well as heat stress conditions (Table 1). Nevertheless,
plant height was improved by 27.5% in 8046 and 19.4% in 7126, respectively, which showed
higher improvement in variety 8046 compared with 7126 with TU priming compared to
control-no TU. Results showed that seed priming with TU performed better in all the
mentioned characters and improved these growth characters under normal temperature
(control) as well as under high-temperature stress conditions. In addition, camelina variety
8046 performed better for all growth parameters with osmopriming under normal and
heat stress conditions compared to 7126 (Table 1). Maximum values of growth attributes
including plant height (64.5 cm) and root length (17.2 cm) were observed at TU, (TU
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priming), T1 (22 °C), and V; (8046), while minimum values of growth attributes including
plant height (33.6 cm) and root length (7.38 cm) were observed at TUj (control-no priming),
T, (32 °C), and V1 (7126). Among the seed priming, hydro-priming showed an increase of
8.99% in plant height and TU-seed priming showed an increase of 23.6% in plant height as
compared to control-no priming.

Table 1. Impact of thiourea priming and heat stress on growth parameters of two camelina varieties.

Varieties (V) Heat Stress Thiourea (TU) Plant Height Root Length Shoot Fresh Root Fresh Shoot Dry Root Dry
aneties (T) Applications (cm) (cm) Weight (g) Weight (g) Weight (g) Weight (g)
TUp 52.7 +1.254 9.19+0.15f 4.04 +0.06 4 1.41 + 0.004 0.56 +0.02 4 0.08 £ 0.003 f
Control U, 55.5 & 0.56 103 £ 0.51¢ 4614021°¢ 1.47 +0.02 %4 0.60 & 0.01 ¢ 0.09 =+ 0.002 9
TU, 585+ 2.17° 119 £ 0.61°¢ 535+ 020" 1.50 4 0.005 0.72 +0.01° 0.10 £ 0.002*
7126
TU, 33.6 +1.00 8 7.37 £0.178 21340.10h 1.11 +£0.01° 0.21 + 0.002 8 0.04 +0.001 1
Heat stress TU; 376 +1.21f 891+ 1.12f 247 +0.058 1.15+0.01" 0.224£0.018 0.05 £ 0.001
TU, 4524 142¢ 11.6 +0.22 %4 292 +040f 1.21 +0.018 0.29 4+ 0.01f 0.09 £ 0.00 f
TUy 54.5 4 0.15 ¢4 12.09 £ 1.17°¢ 42740029  1.45+0.002 ¢e 0.63 +0.01°¢ 0.09 + 0.002 ©
Control TU, 60.6 =+ 0.62 132+ 1.57° 5134 0.14" 1.55 + 0.02° 0.72 4+ 0.02° 0.10 & 0.002
TU, 64.5 + 0.86 17.2 4+ 0502 6.01+£0.172 1.60 + 0.04 0.82 4 0.004 2 0.13 = 0.005 2
8046
TU 39.2 4 0.66 f 10.7 £ 0.05 9 2.74 4+ 0.03 8 1.15+0.01" 0.29 £0.01f 0.06 +0.00"
Heat stress U 46.6 +1.69° 131+ 053" 2.96 4 0.04f 1.22 +0.018 0.3240.01f 0.07 4 0.00 8
TU, 55.0 & 2.00 € 16.3 +0.74 2 3.56 & 0.03 © 1.29 £0.02f 0.47 £0.03 ¢ 0.09 + 0.004

Values (mean =+ standard deviation, n = 3), TUy = No thiourea priming, TU; = Water priming, TU, = Thiourea priming; LSD = least
significant difference; values sharing same case letter or without lettering for a parameter do not differ significantly (p < 0.05) by the

LSD test.

Among the interactions, TU x T was significant for plant height, root and shoot fresh
weight, and shoot dry weight. The interaction, TU x V was significant for plant height,
root length, root fresh weight, and shoot dry weight in camelina. The interaction, V x T
was significant for plant height, shoot fresh and dry weight.

3.2. Physiological Parameters
3.2.1. Gas Exchange Attributes

Analysis of variance showed that TU priming significantly influenced the physio-
logical parameters under different environmental conditions (Table 2). Among the gas
exchange attributes, photosynthetic rate and stomatal conductance were decreased, while
transpiration and intercellular CO, rates were increased under heat stress conditions as
compared to control-no stress. The photosynthetic rate was decreased by 41.2% in 8046 and
49.2% in 7126, respectively, while stomatal conductance was decreased by 19.4% in 8046
and 34.6% in camelina under heat stress over control-no stress. Maximum photosynthetic
rate (6.94 pumol CO, m~2 s~1) and stomatal conductance (0.079 mol H,O m~2 s~1) were
noted with osmopriming, while a lower value of these attributes (2.04 umol CO; m~2s71,
and 0.04 mol HyO m~2 s~ 1, respectively) was noted with control-no priming. Nevertheless,
photosynthetic rate was improved by 44.3% in 8046 and 42% in 7126 with TU priming
compared to control-no TU. Transpiration rate (0.68 mol H;O m 2 s~!) was increased, and
internal COj rate (344.4 umol CO, mol~!) was decreased with TU seed priming compared
to control-no TU. In relation to camelina varieties, the 8046 variety was more tolerant to
heat stress conditions compared to 7126 variety (Table 2). Among the varieties, higher
values of photosynthetic rate (5.11 umol CO, m~2 s~1) were noted in 8046, while lower
values (3.67 pmol CO, m~2 s~1) were noted in 7126. Maximum values of gas exchange at-
tributes including photosynthetic rate (7.45 pmol CO; m~2 s~!) were observed at TU, (TU
priming), T1 (22 °C), and V3, while minimum values of gas exchange attributes including
photosynthetic rate (2.05 umol CO; m~2 s~ 1) were observed at TUj (control-no priming),
T, (32 °C), and V; (7126). Among the seed priming, hydro-priming showed an increase
of 18.07% in photosynthetic rate and TU-seed priming showed an increase of 43.3% in
photosynthetic rate as compared to control-no priming
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Table 2. Impact of thiourea priming and heat stress on gas exchange attributes of two camelina varieties.

. . .. Stomatal Intercellular CO,
Varieties (V) Heat Stress (T) "l;:lloilil;eaa;i(;l;lsl) (P hrgz'blsglngli:lle{sitle) T:ﬁl;]:)llri:gns{{f)te Conductance Concentration
PP u 2 (mmol m~—2s-1) (umol m—2s-1)
TU, 4.0540.02f 0.41+£0.00" 0.05 + 0.00 © 278.1 +1.43¢
Control U, 4.75 £ 0.06 0.47 +£0.008 0.05 + 0.00 4 2678 +£1.72f
TU, 5.78 + 0.06 0.50 +0.02 f 0.06 + 0.00 2543 +2.158
7126
TU, 2.05 +0.03 0.43 4+ 0.00 " 0.04 +0.00" 3443 £3.722
Heat stress U, 2.51 4 0.02 0.48 +0.018 0.04 +0.008 331.0+£2.75°
TU, 2.87 +£0.00 " 0.49 +£0.00 ¢ 0.04+0.00f 311.0£2.75¢
TUp 542 +0.374 0.56 + 0.00 © 0.06 + 0.00 248.4 +5.378
Control TU; 6.42 + 037" 0.63 +0.01¢ 0.07 4+ 0.00® 237.1+3.19h
TU, 7.45 4+ 0.012 0.67 +0.01 20 0.07 £0.002 2242 +6.101
8046
TU, 3.07 £ 0.06" 0.60 +0.00 4 0.04 +0.008 3292 +£351°P
Heat stress TU; 353 +0.118 0.64 + 0.03 b< 0.04 +0.00f 3114 £2.76°¢
TU, 4.76 + 0.08 ¢ 0.68 + 0.00 2 0.05+0.00 4 296.4 +7.28 4

Values (mean =+ standard error, n = 3), TUj = No thiourea priming, TU; = Water priming, TU, = Thiourea priming; LSD = least significant
difference; values sharing same case letter or without lettering for a parameter do not differ significantly (p < 0.05) by the LSD test.

Among the interactions, all interactions were significant for the photosynthetic rate.
TU x T was significant for photosynthetic rate and intercellular CO, rates. The T x V
interaction remained significant for intercellular CO; rates. The higher-order interaction
TU x T x V was significant for stomatal conductance.

3.2.2. Water Relations

Seed priming significantly affected the plant water relations under heat stress
(Figures 1 and 2). Heat stress reduced the plant water relations including water potential,
osmotic potential, pressure potential, and relative water content as compared to control-no
stress. Water potential decreased by 30% in 8046 and 33.7% in 7126, respectively, and leaf
relative water content was decreased by 25.6% in 8046 and 35.9% in 7126, respectively,
under heat stress over control-no stress. High values of water potential (—0.80 MPa),
osmotic potential, (—1.33 MPa), pressure potential (0.48 MPa), and relative water content
(86.5%), respectively, were noted with osmo-priming (TU priming) compared to control-no
TU applied (Figures 1 and 2). Nevertheless, the relative water content was improved
by 13.6% and pressure potential was increased by 29.5% with TU priming compared to
control-no TU. In relation to camelina varieties, the 8046 variety was more tolerant to
heat stress conditions compared to 7126 variety (Figures 1 and 2). In addition, higher
values of water potential (—1.00 MPa) were noted in 8046, while lower values (—1.09 MPa)
were noted in 7126. Maximum values of gas exchange attributes including water potential
(—0.79 MPa) were observed at TU, (TU priming), T; (22 °C) and V;, while minimum values
of water relations including water potential (—1.32 MPa) were observed at TUj (control-no
priming), T, (32 °C), and V; (7126). Among the seed priming, hydro-priming showed an
increase of 15.05% in relative water content and TU-seed priming showed an increase of
60.9% in relative water content as compared to control-no priming.

Among the interactions, TU x T was significant for osmotic potential. The T x V was
significant for water potential and relative water content. The higher-order interaction
TU x T x V was significant for water potential.

3.3. Yield and Related Attributes

Analysis of variance showed that TU seed priming significantly affected the yield
attributes in camelina varieties under high temperature stress (Table 1). Heat stress de-
creased the growth attributes in camelina varieties, while more reduction was noted with
no-TU applications (Table 3).



Agronomy 2021, 11, 1875

7 of 14

-1.6 -16
7126 I TUO 8046 I TUO
1.4 4 h EEE TUL 214 EE TUL
f N TU2
-12 A € e
d
-10 4 b

Water potential (MPa)

‘Water potential (MPa)

Control Heat Stress Control Heat Stress
-1.8 -1.8
I TUO 8046 I TUO
-1.6 A 7126 e g € f [+ B TU1 -1.6 4 e B TUL
= b T | R b ed a d ¢ . TU2
% 1.4 % 14
= 1.2 - =12 1
B B
= -1.0 - = -1.0 1
@ £
= =
g 08 g 08
£ 06 - = 06
E -0. é 06 4
wn -0.4 A wn -04 -
=) =)
0.2 -0.2
0.0 - 00 -
Control Heat Stress Control Heat Stress

Figure 1. Impact of thiourea priming (TUj = control-no application, TU; = Water priming, TU, = Thiourea priming
(500 ppm) and heat stress (32 °C) on water potential (—MPa) and osmotic potential (—MPa) on camelina genotypes 7126 and
8046. Error bars above means indicate the S.E. Means sharing the same letter in both varieties do not differ significantly at

p < 0.05.

Thousand seed weight was reduced by 28% in 8046 and 33.5% in 7126, respectively,
under heat stress conditions as compared to control-no stress. Yield traits such as the
number of silicle per plant, number of seeds per silicle, thousand seed weight, and yield
per pot were significantly higher under TU treatment as compared to control-no TU under
heat stress conditions (Table 3). However, seed weight was improved by 41.2%, and seed
yield was improved by 65.6% with TU priming compared to control-no TU. Among the
varieties, seed yield was improved by 63% in 8046 and 58.7% in 7126 which showed that
seed yield was improved 11.7% more in 8046 as compared 7126 (Table 3). Maximum values
of yield attributes including seed yield per pot (3.91 g) was observed at TU; (TU priming),
Ty (22 °C), and V3, while minimum values of yield attributes including photosynthetic rate
(0.59 g) was observed at TUj (control-no priming), T, (32 °C), and V; (7126). Among the
seed priming, hydro-priming showed an increase of 15.05% in seed yield and TU-seed
priming showed an increase of 60.9% in seed yield as compared to control-no priming.

Among the interactions, TU x T was significant for the number of silicle/plant,
number of seeds/silicle, and seed yield. The interaction, TU X V was significant for number
of seeds/silicle and T x V was significant for seed yield. The interaction, TU x T x V was
significant for seed yield.
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Figure 2. Impact of thiourea priming (TUy = control-no application, TU; = Water priming, TU, = Thiourea priming

(500 ppm) and heat stress (32 °C) on pressure potential (MPa) and relative water content (MPa) on camelina genotypes

7126 and 8046. Error bars above means indicate the £S.E. Means sharing the same letter in both varieties do not differ

significantly at p < 0.05.

Table 3. Impact of thiourea priming and heat stress on growth and yield parameters of two camelina varieties.

Varieties (V) Heat Stress (T) Fl;;hl;;;lirczatigg) Noi,;)afnstilll cle N(é'iﬁilseejds 1000-Seed Weight (g) Seed Yield Pot-1 (g)
TU 333+ 1.52¢ 9.73 +0.64°¢ 0.76 + 0.04 °f 245+ 0.06 4
Control TU; 40.6 +0.57°¢ 11.7 £ 0.68 ¢ 0.87 + 0.05 292 +0.17 <
126 TU, 456+ 1.15° 13.6 + 057" 1.00 £ 0.03° 3.81 40242
TU, 23.0 4+ 1.00 8 7.42 + 0461 0.48 +£0.01 M 0.57 £0.021
Heat stress TU; 27.04+1.00 f 8.30 +0.26 8 0.53 +0.018 0.62+0.01h
TU, 32.6 +0.58°¢ 9.66 + 0.58 ¢ 0.73 +£0.01f 1314024 f
TU, 38.0 +£1.034 10.5 4 0.254 0.81 +0.01 d¢ 2.66 + 0.04 <4
Control TU; 44.04+1.00° 13.3 £ 0.57° 0.89 4 0.02 2.96 4+ 0.15°
TU, 50.6 = 1.522 153 +£0.352 1.08 + 0.05 2 3.89 +0.282
8046
TUp 28.14+1.25f 7.97 +0.16 &h 0.53+0.01h 0.72 & 0.03 &h
Heat stress U, 33.0+2.64¢ 9.00 £ 0.05 of 0.60 & 0.028 0.96 = 0.09 8
TU, 36.3 +0.57 4 123 +0.57°¢ 0.84 +0.02 «d 1.61 +0.18°¢

Values (mean = standard error, n = 3), LSD = least significant difference; values sharing same case letter or without lettering for a parameter
do not differ significantly (p < 0.05) by the LSD test.

4. Discussion

Crop productivity is mainly dependent upon environmental growth factors, which
suggested that the ever rising CO, concentration in the atmosphere is the major reason
for climate change that causes temperature fluctuations at an alarming rate, leading to
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the imposition of heat stress. The suboptimal temperature at any crop growth stage
imparts deleterious impacts on crops productivity including camelina. In this study,
heat stress showed negative effects on crop growth and yield attributes as it reduced the
photosynthetic efficiency and stomatal conductance due to reduction in leaf water status
in camelina, while TU supplementation remained effective in ameliorating the negative
impacts of heat stress in camelina varieties (Tables 1-3; Figures 1 and 2).

The hypothesis of the study has been accepted as results indicated that the TU supple-
mentation has played important role to ameliorate the negative impacts of heat stress by
seed priming (TUj = No thiourea priming, TU; = Water priming, TU, = Thiourea priming),
which lead to improving the seed yield. High temperature hampered plant growth by
causing a reduction in morpho-physiological attributes in camelina varieties. Among the
seed priming techniques tested in this study, TU-osmopriming (TU priming at 500 ppm)
remained an effective technique to improve the performance of camelina varieties under
heat stress, as TU application boosted stomatal conductance that might be attributed to an
increase in photosynthetic rate, which conferred the resistance against heat stress through
physiological regulations (Tables 1-3 and Figures 1 and 2). Indeed, TU priming ameliorated
the negative impacts of heat stress, regulated plant growth, improved the water status to
facilitate the stomatal conductance, and also acted as a compatible osmolyte, which assisted
plants to cope with heat stress. The present study confirmed a significant reduction in plant
height, roots, and shoot lengths along with their fresh and dry weights under heat stress,
while more reduction was observed in the control treatment (no TU-priming).

Temperature above threshold level increased the physiological activities, which
consequently fastened the crop growth rate that further reduced the growth period of
crops [39,40]. This reduction in the growth period led to the premature completion of
phenological plant parts that could damage the final yield. Results showed that heat stress
reduced the physiological attributes including photosynthetic rate, stomatal conductance,
transpiration rate, and intercellular CO; concentration under control-no priming as com-
pared to TU osmopriming. Results have shown that the transpiration rate was increased
due to high temperature stress, which leads to disturb plant water status; however, it mod-
ulated higher water loss, which was primarily caused by heat stress. Heat stress reduced
the photosynthetic rate, which is more prone to heat damages that lead to reduce crop
growth and grain yield [41,42]. Heat stress negatively affected the reproductive growth
that disturbed the seed formation process which may reduce the number of seed pod ~! and
seed weight [43,44], because high-temperature stress affects the source-sink relationship
and explain the differences in seed yield [45]. Among the gas exchange attributes, results
exhibited that heat stress restricted the rate of CO, assimilation as indicated by lower
photosynthetic efficiency, transpiration rate, and stomatal conductance, while intercellular
CO; concentration was increased, which showed the negative effect of heat stress on the
stomatal component of photosynthesis; nevertheless, it also hampered the assimilation
of absorbed CO,. The reduction in the photosynthetic efficiency resulted in reducing the
assimilation formation and translocation towards the sink, which led to reduce the seed
yield and related attributes [18]. Heat stress at the reproductive stage could damage the
seed formation processes including flowering and seed set that hampered the rate of grain
filling and grain yield [46]. High temperature directly affected the crop water relations
as water potential, osmotic potential, pressure potential, and relative water content were
decreased by 31.9, 6.72, 46.9, and 30.6% as compared to control-no stress with more re-
duction in no-TU treatment (Figures 1 and 2). Reduction in plant water status effects the
turgidity of the cell that directly effects the elongation of the cell, which leads to reduce the
crop growth.

Pre-sowing seed treatment was the foundation for the early activation of seed metabolism
that in combination with other elements might be helpful to the proper vegetative growth
and higher seed yield. The survival of plants under stress conditions could be possible
by the supplementation of stress alleviating chemical compounds [47,48], like TU, that
can potentially upregulate the plant defense to improve plant tolerance under stressed
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conditions [49]. The applications of TU manifolds growth regulatory roles in plant species
including camelina varieties. Our results depicted that exogenous application of TU as
a seed priming treatment improved the seed yield of both camelina varieties under heat
stress conditions compared to control (Table 3). The TU priming significantly improved the
yield attributes including plant height, root and shoot lengths along with their fresh and
dry weights indicating higher biomass accumulation triggered by TU which is in line with
the findings of Asthir et al. [40]. The sulthydryl TU not only increased the root length but
also increased branching in roots under heat stress that tends to increase the root fresh and
dry weight. The ascribed TU-induced increase in growth could be due to the mediation of
a number of important metabolic functions.

Thus, seed priming with TU offered a promising and economical solution for improv-
ing crop resistance against heat stress [17]. Plants treated with TU exhibited maximum
biomass accumulation as compared to control-no TU applied, indicating the positive role
of TU in boosting plant growth by alleviating the adverse effects of heat stress (Table 1).
In addition, osmoprimed crops could timely complete all the phenological events, and
this phenological plasticity can be helpful when integrated with high-temperature stress to
avoid their negative effects on crop growth and development during early and later repro-
ductive stages without yield penalty. TU supplementation reduced heat stress-induced
oxidative stress by upregulating the important phenomenon of photosynthesis, and as-
similate translocation which was also reported by Patade et al. [27] to enhance the defense
system in camelina plants to impart heat stress. The TU-supplementation improved the
seed weight and consequently gave higher seed yield per pot in both varieties under heat
stress conditions as compared to control-no TU priming at the same conditions. This can
be attributed to the improvement in plant metabolism, which enabled the plant defense
against heat stress [50]. In the current study, TU priming (500 ppm) helped to increase
photosynthetic rate and stomatal conductance [48]; however, the net CO; assimilation rate
was more with TU priming than control-no TU applied.

The possible reason for this variation in photosynthetic rate may be that TU application
increased the leaf growth which in turn up-folded the photosynthetic rate by increasing the
harvesting of photosynthetically active light (Table 2). Thiourea supplementation at any
growth stage and through any methods of applications may improve the photosynthetic
apparatus in plants that helped the plants to maintain photosynthetic rate [51,52]. In the
present study, exogenous use of TU as pre-sowing seed treatment was found effective in
decreasing the damages caused by heat stress. Additionally, the TU-applied reduction in
intercellular CO, concentration rate might be due to the effective role of TU metabolites in
the regulation of activities of antioxidative enzymes (Table 2). Available reports support
the present findings where seed priming with different compounds was found effective in
improving the plant physiological attributes [53-55]. Our results are in line with Orman
and Kaplan [56], who reported that TU application increased the biomass of tomato plants
by 6-8% grown in sandy loam soil. TU at either stage performed well to alleviate heat
induced damages, while, TU supplementation at vegetative stage improved plant height,
root length, and dry weight compared to TU applied at the vegetative growth stage [48,57].
In addition, TU supplementation upregulated the plant water relations which played
significant role to improve the stomatal conductance as compared to no-TU application in
line with the findings of Ahmad et al. [18].

The results have shown variability among two varieties of camelina under heat-
stressed conditions, as 8046 has shown more resistance to the deleterious effects of heat
stress as compared to variety 7126. Variety 8046 has shown better performance in relation
to plant growth attributes as compared to 7126, as plant height and root length were
maximum in 8046 and minimum in 7126 (Table 1). The impact of heat stress-induced
damages is cultivar-specific depending on the extent of tolerance based on various tolerance
mechanisms including the cellular oxidative defenses in terms of the enzymatic and non-
enzymatic antioxidant compounds [58-60]. The endogenous content of photosynthetic
pigments with CO, assimilation rate was also affected in heat susceptible variety (7126)
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as compared to heat resistant variety (8046), which is in line with the findings of [61].
Almeselmani et al. [62] and Balla et al. [63] have also noted that the activities of plant
defense system upregulated the plant physiological attributes including photosynthetic
rate and stomatal conductance while decreasing intercellular CO, concentration intolerant
variety (8046), but downregulated insensitive variety (7126) under high-temperature stress.
However, variety 8046 was not so affected and sustained its biomass, photosynthetic rate,
plant water status, and seed yield as compared to 7126 (Figures 1 and 2).

5. Conclusions

Heat stress imparted deleterious effects on photosynthesis and plant water status that
led to reduce the plant growth and yield in camelina varieties. Nevertheless, osmoriming
with thiourea (500 ppm) improved the growth and yield of both varieties of camelina
under normal and heat-stressed conditions. Thiourea priming upregulated the plant water
relations to regulate stomatal conductance and photosynthetic efficiency, which added
to improve crop yield. It was also inferred that camelina variety 8046 performed better
against heat stress as compared to 7126 grown under high-temperature stress. Overall, this
study provides a good understanding for scientists to find out the actual physiological
mechanisms behind the thiourea induced heat stress tolerance mechanism in camelina that
will be a roadmap for the further investigation at cellular level.
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