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Abstract

Temperature stress is a major abiotic factor significantly impacting crop growth, development and productivity. In this study,
we investigated the effects of different growth temperatures (10°C, 22°C, and 35°C) on the morphological, physiological and
biochemical responses of five important crop species: green lettuce, hemp, mint, red lettuce and tomato. The results revealed
that plantheightand stem girth of tomato plants were not significantly (p > 0.05) altered under 22°C and 35°C, but were reduced
by ca. 61.9% and 65.7% respectively under 10°C compared to 22°C. Green lettuce plants grown under 22°C had significantly (p
< 0.001) higher total chlorophyll content of ca. 35.9% than those under 10°C. Mint plants exposed to extreme temperatures of
35°C and 10°C showed significant (p < 0.001) reductions of up to 19.7%, 60.2%, and 45.8% in chlorophyll fluorescence indices
Fv/Fm, Fv/Fo, and total chlorophyll content, respectively, compared to those grown under 22°C. Malonaldehyde content
(MDA) in mint and tomato plants increased by ca. 686.7% and 476.4%, respectively, under 10°C compared to 22°C, while
in red lettuce, MDA content was reduced by ca. 136% under 10°C compared to 35°C. Notably, flavonoid accumulation was
significantly higher in hemp plants compared to other species. The results suggest that crop species exhibit diverse responses
to temperature stress, extending beyond morphological, physiological and biochemical adaptations. This diversity shows the
differential adaptive strategies employed by various plant species in response to temperature stress conditions. The findings
of this study can be explored by various crop improvement programs to enhance the tolerance of these crops to temperature

extremes, thereby contributing to food security amidst the threats posed by climate change.
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Abbreviations

MDA: Malondialdehyde; TCA: Trichloroacetic Acid; H,O,:
Hydrogen Peroxide Levels.

Introduction

Plants are integral components of ecosystems and plays
an important role in the face of climate change. Climate
is a fundamental factor that affect all aspects of plant life
including growth, development, reproduction, and survival
[1,2]. Climate change is a major challenge for plant species
worldwide which is characterized by rising temperatures and
unpredictable weather patterns [3-5]. This shows the urgency
of understanding how different plant species respond to
fluctuating environmental factors such as rainfall, humidity,
wind and temperatures [6]. The impact of temperature on
plant species is particularly significant, as it directly influences
all processes vital for growth and development across various
stages of their life cycle from germination to maturity [5,7].

Moreover, there are differences among plant species
in their responses to variations in temperature and their
adaptive capacity to different temperature thresholds may
determine their resilience to the ever-ending changes in
climate [5-9]. Studying how different plant species respond
to different temperature conditions can provide valuable
insights into their adaptive strategies and potential impacts
on ecosystems [10]. In addressing the pressing issue of rising
global temperatures, understanding the thermo-tolerance
mechanisms of essential crops becomes paramount for
ensuring food security and agricultural sustainability [11-
13]. Tomato (Solanum lycopersicum), lettuce (Lactuca sativa),
Mexican mint (Plectranthus amboinicus), and industrial
hemp (Cannabis sativa) are key crops with significant roles
in both nutritional and industry applications.

However, their sensitivity to extreme temperature
regimes poses significant challenges to their cultivation in
the face of climate change [14].

These plants exhibit distinct physiological responses to
elevated temperatures, making them compelling subjects for
research on climate adaptation. For instance, tomato plants
are highly sensitive to heat stress during flowering and fruit
set stages, impacting yield and fruit quality [15,16]. Lettuce,
typically a cool-season crop, is prone to bolting and altered
taste of increased bitterness under high temperatures in
the 32 - 37°C range causing reduction in market value [17-
19]. While little or no comprehensive research exists on
the temperature responses of Mexican mint and industrial
hemp, thermal stress can significantly alter the production of
essential Mexican mint oil as well as the cannabinoid content
and fiber quality of industrial hemp [20,21].
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Despite considerable research demonstrating aspects
of heat stress response in these crops, little is known about
their specific thermos-tolerance mechanisms and the
interactive effects of temperature on growth, development,
and biochemical processes. Furthermore, with climate
change projections indicate a steady increase in global
temperatures, there is an urgent need to identify resilient
crop varieties and management strategies to mitigate
temperature effects on global agricultural productivity [22-
25]. This study aimed to investigate the thermal resilience
of tomato, lettuce, Mexican mint, and industrial hemp
under varying temperature conditions. By subjecting these
crops to controlled environments mimicking future climate
scenarios, we aimed to uncover the physiological and
biochemical mechanisms underpinning their responses to
these conditions.

Materials and Methods

Plant Materials, Experimental Treatments and
Design, and Growth Conditions

The study was performed at the Faculty of Agriculture,
Nova Scotia, Bible Hill between January and March 2024.
Tomato (Solanum lycopersicum) cultivar ‘Scotia, green
lettuce, and red lettuce (Lactuca sativa) cultivars ‘Green
Romaine’ and ‘Red Romaine’ seeds were purchased from
Halifax Seeds (Halifax, Canada).

Hemp (Cannabis sativa) cultivar ‘Vega’ seeds were
obtained from Fibre Source Processing Inc., Canada. Mexican
Mint (Plectranthus amboinicus) cuttings were obtained from
the greenhouse at Dalhousie University. Seeds and cuttings
of the various plant species were planted in 11-inch pots
filled with Pro-Mix® BX (Premier Tech Horticulture, Québec,
Canada). These plant species were raised in the greenhouse
conditions at 22°C/18°C (day/night) temperatures and
about 70% relative humidity with a 16 h photoperiod.
Supplemental lighting was provided by a 600 W HS2000
high-pressure sodium lamp with NAH600.579 ballast (P.L.
Light Systems, Beamsville, Canada). The plants were later
transferred into the growth chambers with 150 umol m-2
s-1 light intensity at 12 h photoperiod, and 70% relative
humidity. The temperature regimes were 35°C, 22°C, and
10°C. The plants were arranged in a completely randomized
design with four replications. The experimental treatments
35°C, 22°C, and 10°C were not adequately replicated in space
and time. However, there were 4 pots for each plant species
which were randomly placed in each treatment condition.
Thus, pseudo-replication was adopted by re-arranging the
experimental pots on weekly basis to offset any unpredictable
occurrence due to variations in environment a method
described by Schank, et al. [26] and adopted by Abbey, et al.
[27] and Nutsukpo, et al. [28].
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Plant Growth and Photosynthetic Activities

Plant growth parameters were measured at 21 days
after imposing the treatments. A ruler was used to measure
plant height from the collar of the stem to the tip of the
highestleaf and the diameter of the main stem was measured
at the collar with a digital Vernier calliper (Mastercraft, ON,
Canada). The leaves were counted and recorded per plant for
each treatment. Leaf area was measured by LI-3100 leaf area
meter (LI-COR Inc. Lincoln, Nebraska, USA). Leaf greenness
was used to estimate chlorophyll content on four fully
expanded leaves per plant using a SPAD 502-plus chlorophyll
meter (Spectrum Technologies, Inc, USA). Chlorophyll
fluorescence indices i.e., maximum quantum efficiency (Fv/
Fm) and potential photosynthetic capacity (Fv/Fo) were
assessed on the same leaves with a Chlorophyll fluorometer
(Optical Science, USA). Net photosynthetic rate, transpiration
rate, intracellular carbon dioxide concentration, and stomatal
conductance were assessed from the same four leaves using
LCi portable photosynthesis system (ADC BioScientific Ltd,
UK) using the manufacturers protocol.

Phytochemical Analysis

At final harvest (21 days after imposing the treatments),
green and healthy leaves of each plants were sampled and
immediately frozen in liquid nitrogen. The frozen samples
were ground into fine powder and stored in a -80°C freezer
for further biochemical analysis.

Lipid Peroxidation and H,0, Production Determination:
Lipid peroxidationwasdetermined based onmalondialdehyde
(MDA) concentration according to the method described by
Hodges DM, et al. [29] with slight modifications. Briefly, a
0.2 g ground leaf samples were homogenized in 1.7 mL of
0.1% (w/v) trichloroacetic acid (TCA). The homogenate
was centrifuged at 16,000 g for 10 min at 4 - C. A 500 pL
of the supernatant was added to an equal amount of 0.5%
thiobarbituric acid (TBA) in 20% TCA. The mixture was
incubated at 95 - C for 30 min, cooled on ice, and centrifuged
at 12,000 g for 5 min. The absorbance of the supernatant was
read at 532 nm and a non-specific absorption at 600 nm. The
concentration of MDA was calculated from the extinction
coefficient 155 m/M cm using the equation C = [Abs (535 -
600) +155,000] x106. MDA concentration was expressed
as nmol MDA g-1 fresh weight (FW). Hydrogen peroxide
levels (H,0,) were determined according to the method
described by Alexieva V, et al. [30]. A 0.1 g of the ground leaf
samples were homogenized in 1.7 mL 0.1% (w/v) TCA. The
mixture was centrifuged at 16,000 g for 10 min at 4 C. A
200 uL of the supernatant was mixed with 200 uL of 100
mM potassium phosphate buffer (pH 7.0) and 800 pL of 1 M
potassium iodide. The reaction was developed for 1 h in the
dark, and the absorbance was read at 390 nm against a blank
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that consisted of 0.1% TCA in the absence of leaf extract. The
level of H,0, was determined from a pre-determined H,0,
standard curve.

Total Sugar Estimation: Total sugar was determined using
the phenol-sulphuric acid procedure described by Dubois M,
et al. [31]. In brief, a 0.2 g of ground leaf tissue was mixed
with 1.7 mL of 90% ethanol and incubated in a water bath at
60°C for 60 min. The volume of the mixture was re-adjusted
to 10 mL with 90% ethanol and centrifuged at 12000 x g for
3 min. 1 mL of the supernatant was thoroughly mixed with
1 mL of 5% phenol in a thick-walled glass test tube and 5
mL of concentrated sulphuric acid was added. The reaction
mixture was vortexed for 20 s, incubated in the dark for 15
min before cooling to room temperature of about 220C. The
absorbance was read at 490 nm against a blank using UV-vis
spectrophotometer. Total sugar content was estimated using
a sugar standard curve and expressed as pg of glucose g-1
fresh weight.

Total Protein Estimation and Peroxidase Enzyme
Activity: Leaf tissue total protein content was determined
by mixing 0.2 g of sample with 1.7 mL ice-cold extraction
buffer (i.e., 50 mM potassium phosphate buffer (pH 7.0), 1%
polyvinylpyrrolidone, and 0.1 mM EDTA) and centrifuged
at 12000 x g for 20 mins at 40C. The supernatant, a crude
enzyme extract, was transferred into a new vial and 1
mL of Bradford’s reagent was added. The absorbance of
the mixture was read at 595 nm after 5 mins using UV-vis
spectrophotometer (Jenway, Staffordshire, UK) and the
protein content was calculated from a bovine serum albumin
standard curve ranging from 200 to 900 pg mL-1 [32].
Peroxidase (POD, EC 1.11.1.7) activity was determined using
Pyrogallol as substrate according to Chance, et al. [33] with
little modification. The reaction mixture consisted of 100
mM potassium-phosphate buffer (pH 6.0), 5% pyrogallol,
0.5 % H202 and 100 pL of crude enzyme extract. Following
reaction mixture incubation at 25°C for 5 min, 1 mL of 2.5 N
H2S04 was added to stop the reaction and the absorbance
was read at 420 nm against a blank (ddH,0). One unit of POD
forms 1 mg of purpurogallin from pyrogallol in 20 s at pH 6.0
at 20°C.

Chlorophyll a, b and Carotenoid Content: Leaf tissue
chlorophylls a and b, and carotenoids were determined as
described by Linchtenthaler [34]. A 0.2 g of ground samples
were transferred into a sterile 2 mL microfuge tube and 5
mL of 80% acetone was added. The mixture was vortexed
for 1 min and centrifuged at 12,000 x g for 15 min. A 200
uL of the supernatant was transferred into a microplate and
the absorbance (A) was measured at 646.8 and 663.2 nm
with a UV-vis spectrophotometer (Jenway, Staffordshire,
UK) against 80% acetone as blank. The chlorophylls were
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expressed as pg g-1 FW. For the carotenoid, the absorbance
was measured at 470 nm and the total carotenoid content
was expressed as ug g-1 FW.

Total Phenolics Estimation: Total phenolics content (TPC)
was determined by the Folin-Ciocalteu assay as described by
Ainsworth & Gillespie [35] with slight modification. A 0.2 g of
the ground sample per treatment was homogenized in 1.7 mL
in ice-cold 95% methanol and incubated in the dark at room
temperature for 48 h. The mixture was centrifuged at 15,000
x g for 15 min and 100 pL of supernatant was transferred
into a new microfuge tube. 200 pL of 10% Folin-Ciocalteau
reagent was added and vortexed for 5 min. 800 pL of 700
mM sodium carbonate was added, vortexed for 1 min and
incubated at room temperature for 2 h. The absorbance of the
resultant mixture was measured at 765 nm. Total phenolic
content was estimated using gallic acid equivalents standard
curve and was expressed as mg gallic acid equivalents per g
fresh weight (i.e., mg GAE/g FW).

Total Flavonoid Estimation: Total flavonoid content was
determined as described by Chang Chia-Chi et al. [36] with
some modifications. A 0.2 g of the ground sample was
homogenized with 1.7 mL of 95% methanol. The mixture
was centrifuged at 15,000 x g for 15 min and 500 pL of the
supernatant was transferred into a new tube. To each tube, 1.5
mL of 95% methanol, 0.1 mL of 10% aluminum chloride, 0.1
mL of 1 M potassium acetate, and 2.8 mL of distilled water were
added. The mixture was vortexed and incubated for 30 mins at
room temperature and the absorbance was measured at 415
nm against a blank. Flavonoids content was estimated using
a quercetin standard curve and expressed as pug quercetin
equivalents per g fresh weight (ug quercetin/g FW).

DPPH Estimation: The 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging capacity was determined using
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the method described by Dudonné S, et al. [37] with slight
modification. A 0.2 g of ground leaf tissue was homogenized
with 1.7 mL of pure methanol and centrifuged at 12000 x g for
10 min. A 100 pL of the supernatant was mixed with 2.9 mL
of 60 uM fresh DPPH methanolic solution and the resultant
mixture was incubated in the dark at room temperature. After
30 min, the absorbance was measured at 515 nm against a
methanol blank using UV-vis spectrophotometer. Radical
scavenging activity was determined as Inhibition (%) = [(AB
- AS)/ AB] x 100%; where AB is blank absorbance and AS is
sample absorbance.

Statistical Analysis

All data obtained were subjected to two-way analysis of
variance (ANOVA) using Minitab version 21 (Minitab, Inc,,
State College, Pennsylvania, USA). Tukey’s honestly post-
test was used to separate treatment means when the ANOVA
indicated p < 0.05. A Kruskal-Wallis test was carried out for
photosynthetic rate and H202 content, and Mann-Whitney
test was used to establish significance between the crop
species and the different temperature at p < 0.05. Prism was
used to plot graphs.

Results

Morphological Response

The morphological parameters of the different crop
species were significantly (p < 0.001) affected by their
interaction with the different growth temperatures (Table 1,
Figure 1). The height, stem girth and leaf area of green lettuce
were substantially reduced at 35°C and 10°C. The height was
reduced by ca. 27.5% and 54.6%; stem girth by ca. 49.4% and
60.4%; and leaf area by ca. 45.0%.

Crop Temp (°C) | Plant Height (cm) | Stem Girth (mm) | Leaf Number | Leaf Area (cm?) SPAD
Green Lettuce 35 13.83d 5.50 bed 8.28 cdef 4198 ¢ 4475 abcde
Hemp 35 42.70 a 3.20 ef 15.29b 25.58d 58.46 a
Mint 35 3.82fg 3.21ef 29.59a 1.661 52.62 abc
Red Lettuce 35 15.34 cd 3.80 cde 6.96 ef 25.60d 25.30h
Tomato 35 20.56 b 5.54 bc 8.30 cde 1032 f 41.80 cde
Green Lettuce 22 19.06 bc 10.87 a 7.56 def 76.34 a 44.30 bede
Hemp 22 46.42 a 3.29e 11.92 bc 5491b 45.93 abcd
Mint 22 541f 3.72 cde 11.92 bc 5.16d 44.56 bcde
Red Lettuce 22 19.14 bc 6.47 ab 6.96 ef 82.99a 25.01h
Tomato 22 20.67b 4.36 bcde 6.74 ef 38.59 ¢ 38.21 def
Green Lettuce 10 8.66 ¢ 4.30 bede 431¢g 13.64 e 37.20 defg
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Hemp 10 19.64 b 231fg 7.87 def 17.23 e 34.02 efgh
Mint 10 267¢g 4.23 bede 10.44 bed 2.98h 27.74 gh
Red Lettuce 10 8.60 e 3.52de 5.48 fg 13.59 ef 28.88 fgh
Tomato 10 7.87 e 190¢g 447 ¢g 2.65h 54.39 ab
Sources of variation p-value
Crop <0.001 <0.001 <0.001 <0.001 <0.001
Temp <0.001 <0.001 <0.001 <0.001 <0.001
Crop x Temp <0.001 <0.001 <0.001 <0.001 <0.001

Table 1. Morphological response of different crop species under varying temperatures.

Values are the means of four replicates and different letters indicate significant (p < 0.05) differences according to Tukey’s

post hoc test.

10°C, 22°C and 35°C.

Figure 1: Response of green lettuce, industrial hemp, Mexican mint, red lettuce, and tomato to varying temperature regimes,

The leaf number of green lettuce was not significantly
(p > 0.05) affected when grown under 35°C but was highly
reduced under 10°C. However, the SPAD of green lettuce was
not significantly affected under the different temperatures.
Similarly, the height, stem girth, leaf number and SPAD of
hemp were significantly (p > 0.05) not affected by 35°C and
22°C but were reduced drastically under 10°C. The leaf area
of hemp was significantly reduced by ca. 53.4% and 68.6%
when grown under 35°C and 10°C compared to those under
22°C (Table 1). Also, the height and SPAD of mint were
not significantly (p > 0.05) affected by 35°C and 22°C, but
reduced by ca. 50.6% and 37.7% respectively, compared to
those under 22°C (Table 1).

Although the stem girth of mint was not affected by the
different temperatures, the leaf number was significantly
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(p < 0.001) lower under 22°C and 10°C, while leaf area was
reduced when grown under 35°C and 10°C. Moreover, the
height of red lettuce was significantly (p < 0.001) reduced
by up to ca. 55.1% under 10°C, but was not influenced when
grown under both 22°C and 35°C (Table 1). The stem girth
and leaf area of red lettuce were significantly (p < 0.001)
higher (ca. up to 83.8% and 510.7% respectively) under 22°C
than those under 35°C and 10°C, while both leaf number and
SPAD were not significantly (p > 0.05) influenced by the
different temperatures (Table 1). Furthermore, the height,
stem girth and leaf number of tomato were not significantly
(p < 0.001) altered under both 22°C and 35°C, but were
reduced considerably by ca. up to 61.9%, 65.7%, and 46.1%
respectively under 10°C (Table 1). However, the leaf area
of tomato was reduced substantially under 35°C and 10°C,
while the SPAD was significantly (p < 0.001) increased by
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ca. 42.3% under 10°C compared to those grown under both
22°C and 35°C (Table 1).

Physiological Response

All the physiological parameters of the different crop
species were significantly (p < 0.001) affected by their
interaction with the different growth temperatures (Table
2), except for the photosynthetic rate (Figure 2). Although
the chlorophyll fluorescence indices (Fv/Fm and Fv/Fo),
sub-stomatal CO2 (Ci), transpiration rate (E) and stomatal
conductance (gs) of green lettuce were not considerably
altered by the different temperatures, the total chlorophyll
content was significantly (p < 0.001) increased by ca. 35.9%
in plants grown under 22°C compared to those under

Open Access Journal of Agricultural Research

10°C (Table 2). Likewise, the Ci, E and gs of hemp plants
were not significantly (p > 0.05) affected by the different
temperatures, while Fv/Fm, Fv/Fo, and total chlorophyll
content were significantly (p < 0.001) reduced by ca. 6.1%,
22.9% and 42.1% respectively, compared to those grown
under 22°C (Table 2). Nevertheless, the Fv/Fm and Fv/Fo
content of hemp plants under 35°C were not significantly (p
> (.05) different from those grown under 22°C.

Moreover, Fv/Fm, Fv/Fo, and total chlorophyll content
of mint were significantly (p < 0.001) reduced by ca. up to
19.7%, 60.2% and 45.8% respectively, under 35°C and 10°C
compared to those grown under 22°C (Table 2).

-

Figure 2: Photosynthetic rate of different crop species under varying temperatures. Values are the median of four replicates
and different letters indicate significant (p < 0.05) differences according to the Mann-Whitney test.

Temp Ci E gs Total Chlorophyll
Crop Fv/Fm Fv/Fo
(°Q) (umol mol?) | (molm=2s1) | (molm?2s1?) (mg/g FW)
Green Lettuce 35 0.810 abcd | 4.28 abced 374.89 bc 5.82 abc 0.29 abcde 389.92 cd
Hemp 35 0.803 abcde | 4.10 abcde 426.27 bc 5.54 abc 0.33 abcd 505.95b
Mint 35 0.776 def 3.49 de 1391.50 ab 1.86 efgh 0.06 fgh 71921
Red Lettuce 35 0.803 abcde | 4.17 abcd 390.56 bc 5.21 abcd 0.22 abcdef 17351g
Tomato 35 0.787 de 3.71 cde 365.85 ¢ 3.46 cdfe 0.15 cdef 361.75 cde
Green Lettuce 22 0.805 abcde | 4.15 abcd 513.41 bc 4.68 abcde 0.25 abcde 425.92 bc
Hemp 22 0.814 abcd 4.39 abc 562.51 abc 8.63 a 0.60 ab 699.06 a
Mint 22 0.824 abc 4.70 ab 27482 ¢ 0.82 gh 0.03 gh 132.70 h
Red Lettuce 22 0.825 ab 4.73 a 507.67 bc 1.79 efgh 0.07 efgh 182.30¢g
Tomato 22 0.795 cde 3.90 cde 379.43 bc 3.48 cdef 0.17 bedef 378.98 cd
Green Lettuce 10 0.809 abcde | 4.25 abced 456.18 bc 4.04 bedef 0.42 abc 313.47 def
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Hemp 10 0.764 ef 3.26e 496.25 bc 7.62 ab 0.83a 405.01 bed
Mint 10 0.662 f 1.87 f 3202.13a 0.23h 0.02h 80.321
Red Lettuce 10 0.826 a 478 a 478.28 bc 1.96 defg 0.16 bede 288.71 ef
Tomato 10 0.798 bcde | 3.97 bede 274.89 ¢ 1.49 fgh 0.10 defg 25746 f
Sources of variation p-value
Crop <0.001 <0.001 0.001 <0.001 <0.001 <0.001
Temp <0.001 <0.001 0.224 <0.001 0.321 <0.001
Crop x Temp <0.001 <0.001 <0.001 0.003 0.005 <0.001

Table 2: Physiological response of different crop species under varying temperatures.
Ci: sub-stomatal CO,; E; transpiration rate; gs; stomatal conductance. Values are the means of four replicates and different letters
indicate significant (p < 0.05) differences according to Tukey’s post hoc test.

Although the Ci of mint was increased under 35 °C and
10°C, the E and gs were not significantly (p > 0.05) altered
by different temperatures. Similarly, Fv/Fm, Fv/Fo, Ci, E, and
gs of red lettuce were not significantly (p > 0.05) affected by
the different temperatures, while total chlorophyll content
was considerably increased by ca. 66.4% and 58.4% under
10°C compared to those grown under 35°C and 22°C
respectively. Additionally, all the physiological parameters
of tomato were not significantly (p > 0.05) altered by the
different temperatures, except for total chlorophyll content
which was substantially reduced by ca. 32.1% under 10°C
compared to those grown under both 22°C and 35°C.
Besides, the photosynthetic rate was significantly (p <
0.001) reduced in mint plants compared to the other crop
species, while the different growth temperatures exhibited
no effect on the photosynthetic rate of the different crop
species (Figure 2).

ROS Accumulation and Lipid Peroxidation

H,0, content was determined to assess the oxidative
stress in the crop species under different growth
temperatures (Table S1). The results showed that H,0,
content was significantly (p < 0.001) reduced in green
lettuce and mint compared to the other crop species, while
the different growth temperatures had no substantial effect
on the H202 content of the different crop species (Table
S1). The extent of membrane lipid peroxidation damage via
malonaldehyde (MDA) accumulation revealed a significant
interaction between the crop species and the different
temperatures (Figure 3). The MDA content of green lettuce
was significantly (p < 0.001) increased by ca. 93.0% and
112.6% in under 10°C and 35°C respectively, compared to
those under 22°C. Contrarily, the MDA content of hemp was
considerably higher under 22°C compared to those under
10°C and 35°C.

Figure 3: Malonaldehyde content of different crop species under varying temperatures. Values are the means of four replicates
and different letters indicate significant (p < 0.05) differences according to Tukey’s post hoc test.
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In mint plants, the MDA content was significantly (p <
0.001) increased by ca. 686.7% in those exposed to 10°C
compared to plants under both 22°C and 35°C whose MDA
contents were not different from each other. Moreover, the
MDA content of red lettuce was significantly (p < 0.001)
lower under 10°C, but increased drastically by ca. 30.7%
and 89.3% upon exposure to 22°C and 35°C, respectively.
Similarly, the MDA content of tomato plants was significantly
(p <0.001) increased by ca. 476.4% under 10°C, but reduced
considerably when grown under 35°C (Figure 3).

Osmolyte Accumulation

Total protein and sugar contents of the different crop
species were significantly (p < 0.001) affected by their
interaction with the various growth temperatures (Figure 4).

Figure 4: Osmolyte content of different crop species
under varying temperatures. (A) Total protein (B) Total
sugar content. Values are the means of four replicates and
different letters indicate significant (p < 0.05) differences
according to Tukey’s post hoc test.

The results revealed that the total protein content of
both green lettuce and hemp was not significantly (p > 0.05)
altered under the different temperatures, although the total
protein content was higher under 10°C for green lettuce
and 22°C for hemp (Figure 4A). Similarly, the total protein
content of mint tissues was significantly (p < 0.001) increased
by up to ca. 76.4% under 10°C compared to those grown
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under 22°C and 35°C (Figure 4A). Also, red lettuce tissues
accumulated considerably high levels of total protein under
10°C and 35°C compared to those under 22°C (Figure 4A). In
tomato tissues, total protein content was significantly (p <
0.001) increased by ca. up to 79.3% under 10°C compared to
those grown under 22°C and 35°C. Moreover, the total sugar
content of green lettuce tissues was significantly increased by
ca. 68.3% and 21.3% under both 10°C and 35°C respectively,
compared to those grown under 22°C (Figure 4B). The total
sugar content of hemp tissues was increased under 22°C
and 35°C while that of mint was significantly reduced at
the same temperatures (Figure 4B). However, total sugar
content increased by ca. 301.0% in mint plants under 10°C
(Figure 4B). The total sugar content was not significantly (p
> 0.05) altered in red lettuce tissues under both 10°C and
22°C but was increased substantially by ca. 93.1% under
35°C. Similarly, the total sugar content of tomato tissues was
significantly (p < 0.001) increased by ca. 130.5% and 57.0%
under 10°C and 35°C respectively, compared to those grown
under 22°C (Figure 4B).

Antioxidants Compound Accumulation

Carotenoid, flavonoid and phenolic contents were
significantly (p < 0.001) affected by the interaction between
the crop species and the various growth temperatures
(Figure 5). The carotenoid content of green lettuce and
tomato was not significantly (p > 0.05) altered under the
different temperatures (Figure 5A).

The carotenoid content of hemp tissue was increased by
ca. 63.3% under 22°C compared to those grown under 10°C
and 35°C (Figure 5A). Similarly, the carotenoid content of
mint increased under both 10°C and 22°C, while that of red
lettuce only increased by ca. 48.6% when grown under 10°C
(Figure 5A).

Also, the flavonoid content of green lettuce was increased
under 35°C while that of tomato remained unaltered under
the different temperatures (Figure 5B). The flavonoid content
of hemp was significantly (p < 0.001) increased by ca.

34.4% and 15.2% under 22°C and 35°C respectively,
compared to those grown under 10°C, while that of mint and
red lettuce was increased under both 10°C and 35°C (Figure
5B). Furthermore, the phenolic content of green lettuce and
mint was significantly (p < 0.001) increased by ca. 23.8% and
118.9% respectively, when grown under 10°C compared to
those under 22°C (Figure 5C).

However, the phenolic content of mint under 35°C was
higher than those under 22°C, while that of green lettuce
remained unaltered under 35°C compared to those under
22°C (Figure 5C).
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to Tukey’s post hoc test.

Figure 5: Antioxidant compound contents of different crop species under varying temperatures. (A) Carotenoid (B) Flavonoid
(C) Phenolic. Values are the means of four replicates and different letters indicate significant (p < 0.05) differences according

Likewise, the phenolic content of hemp was increased by
ca. 26.5% and 14.5% under both 22°C and 35°C respectively,
while that of red lettuce and tomato were increased at both
10°C and 35°C (Figure 5C).

ROS Scavenging and Antioxidant Enzyme
Activity

The ROS scavenging (DPPH) and POD enzyme activities
of leaf tissue extracts of the different crop species showed
a significant (p<0.001) interaction with the various
growth temperatures (Figure 6). The DPPH scavenging
activity of green lettuce tissue was significantly higher (ca.
67.8%) under 35°C, while that of hemp was significantly
higher (ca. 6.9% and 5.6%) under both 10°C and 35°C
respectively when compared to those under 22°C (Figure
6A). Similarly, the DPPH scavenging activity of mint tissues
was slightly higher under both 10°C and 22°C, whereas that
of red lettuce remained unaltered under the different growth
temperatures. In tomato tissues, the DPPH scavenging
activity was significantly higher (ca. 139.7%) in plants
grown under 10°C followed by those under 22°C (ca. 34.7%)
compared to those under 35°C (Figure 6A). POD activity was
significantly (p < 0.001) higher in the tissues of green lettuce
(ca. 250.1% and 204.2%) and tomato (ca. 289.8% and
155.6%) under both 10°C and 35°C respectively compared
to those under 22°C (Figure 6B). However, the POD activity
was higher in hemp tissues under 22°C and 10°C compared
to those under 35°C (Figure 6B). The POD activity of mint
tissues was slightly higher under 10°C and 22°C but reduced
significantly (p<0.001) by ca. 74.9% in tissues of plants
grown under 35°C. Besides, POD activity was significantly
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higher in red lettuce tissues grown under 35°C, but that of
those under 10°C and 22°C were not significantly (p > 0.05)
different from each other (Figure 6B).

Figure 6: Antioxidant activities of different crop species
under varying temperatures. (A) DPPH scavenging
activities. (B) Peroxidase (POD) activities. Values are the
means of four replicates and different letters indicate
significant (p < 0.05) differences according to Tukey’s post
hoc test.
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Discussion

The present study investigated the effects of different
growth temperatures (10°C, 22°C, and 35°C) on the
morphological, physiological, biochemical and antioxidant
responses of five important crop species: green lettuce,
hemp, mint, red lettuce and tomato. The results demonstrate
that these crop species exhibit diverse responses to
temperature variations among these species, which haves
significant implications on their growth, development and
stress adaptation.

Temperature plays a significant rolely influences plant
growth and development morphology [38]. For tomatoes,
the ideal temperature range is 21-27°C during the day and
16-18°C at night [39-41].

Temperatures of 10°C and 35°C fall outside this range,
with 10°C being 5°C below their lower tolerance limit and
35°C exceeding their upper limit by 3°C. Such deviations
disrupt physiological processes and metabolic activities,
negatively impacting growth. Lettuce thrives in cooler
conditions with the maximum optimal temperature of 22°C,
making it more vulnerable to higher temperatures like 35°C
[17]. Industrial hemp exhibits optimal germination between
19-30°C but lacks detailed reports on its specific growth
temperature preferences [42]. Mexican mint originates
from tropical environments; while no scientific studies are
available on its ideal temperature range, it likely tolerates
warmer conditions better than cooler ones.

The study revealed that with notable effects observed
at extreme temperatures of (10°C and 35°C) significantly
compared to the moderate temperature of 22°C. For instance,
all the crop species exhibited substantial reductions in plant
height, stem girth, and leaf area across all crop species, under
10°C temperature. Specifically, similarly, the leaf area in of
hemp and mint was significantly reduced at 35°C.

These findings indicates that the extreme temperatures
negatively impact the growth and development [43,44] of
these crop species. This is likely due to the disruption of
physiological processes and metabolic activities [45,46].
On the other hand, under moderate temperatures, the crop
species showed increased stem girth and leaf area suggesting
a favourable response to the conditions.

The physiological parameters such as chlorophyll
fluorescence indices (Fv/Fm and Fv/Fo), sub-stomatal CO,
(Ci), transpiration rate (E), and stomatal conductance (gs),
were also affected by the different growth temperatures. The
total chlorophyll content was significantly increased in green
lettuce and red lettuce under 22°C, while it was reduced
in hemp, mint, and tomato at the extreme temperatures.
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These changes in chlorophyll content may be attributed to
the altered photosynthetic efficiency and the plants’ ability
to adapt to the stress conditions [47,48]. However, the
photosynthetic rate was not significantly affected by the
different growth temperatures in any of the crop species
suggesting that temperature acclimation is a homeostatic
response to maintain photosynthesis under these growth
conditions [49].

The accumulation of reactive oxygen species (ROS) and
lipid peroxidation, as indicated by H,0, and malonaldehyde
(MDA) content, respectively, were also influenced by the
growth temperatures. The H,0, content was significantly
reduced in green lettuce and mint compared to the other
crop species, suggesting a better ability to scavenge ROS
[50,51] in order to maintain cellular homeostasis and protect
themselves from oxidative damage [52,53]. The MDA content,
a marker of membrane lipid peroxidation, was significantly
increased in green lettuce, mint, red lettuce, and tomato
under 10°C and 35°C.

Conversely, hemp exhibited notably higher MDA
content at 22°C compared to temperatures of 10°C and 35°C
indicating the occurrence of oxidative stress and membrane
damage [54]. These findings are consistent with previous
studies that have reported increased lipid peroxidation in
plants exposed to temperature stress [55-57].

The accumulation of osmolytes, such as total proteins
and sugars was also affected by the growth temperatures. The
total protein content was significantly increased in mint, red
lettuce, and tomato under 10°C, while the total sugar content
was increased in green lettuce, red lettuce, and tomato under
10°C and 35°C. The accumulation of these osmolytes is a
common adaptive response to environmental stresses, as
they help maintain cellular homeostasis and protect cellular
structures [58,59]. This adaptive mechanism is in consistent
with several studies including [60-62].

The antioxidant compounds, including carotenoids,
flavonoids, and phenolics, were also influenced by the
growth temperatures. The carotenoid content was increased
in hemp, mint, and red lettuce under 22°C, while the
flavonoid content was increased in hemp, mint, and red
lettuce under 10°C and 35°C. The increase in flavonoids
under high temperature corroborates in sweet basil [63].
The phenolic content was significantly increased in green
lettuce, mint, hemp, red lettuce, and tomato under 10°C and
35°C. This aligns with findings from studies by Pistelli L, et
al. [64], which demonstrated that exposure to heat stress at
38°C notably augmented the antioxidant capacity in Melissa
officinalis L. Furthermore, the observed elevation in phenolic
and flavonoid contents in mint, hemp, and red lettuce
under 10°C parallels findings reported by Alhaithloul HAS,
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et al. [65] in tomato plants subjected to cold stress. These
antioxidant compounds play a crucial role in scavenging ROS
and protecting plants from oxidative damage under stress
conditions [66,67].

The ROS scavenging activity, as measured by DPPH
assay, and the activity of the antioxidant enzyme peroxidase
(POD) were also affected by the growth temperatures. The
DPPH scavenging activity was significantly higher in green
lettuce, hemp, and tomato under 35°C and 10°C, while the
POD activity was increased in green lettuce, tomato, and red
lettuce under 10°C and 35°C. Such increasing DPPH radical
scavenging capacity in response to heat stress has been
reported in peppermint [68], sweetpotato [69] and wheat
[70]. These findings suggest that the crop species employ
various antioxidant mechanisms to mitigate the effects
of temperature stress [71]. On the contrary, in Premna
serratifolia L. increase in temperature caused a reduction
DPPH scavenging capacity [72]. This is evident that
various plant species exhibit varying responses to different
temperature regimes.

The study reveals critical insights into the impact
of extreme temperatures on crop species, highlighting
significant challenges to food security and industrial
raw material production. At 10°C, all plant species
experienced severe disruptions in growth and development,
demonstrating their vulnerability to low temperatures.
Conversely, at 35°C, the crops exhibited pronounced stress
responses. Lettuce showed significant yield and quality
reduction, with higher temperatures which may cause a
bitter taste [17]. For tomatoes, poor vegetative growth was
observed at 35°C which may consequently impose severe
negative impacts on flower and fruit set, leading to high
rates of flower and fruit abortion [40,41,73]. Additionally,
industrial hemp and Mexican mint experienced reduced
stem girth and compromised growth potential, threatening
the availability of raw materials for industrial use.

The emerging challenge of climate change demands a
transformative approach in plant breeding where breeding
should focus not only maximizing yield but also improving
specific quality traits, including phytochemical content.
However, there is now a critical need to prioritize climate
resilience while minimizing both quantity and quality
losses. This involves developing temperature-tolerant
crop varieties that can withstand extreme conditions. Key
breeding considerations should include developing crops
resistant to temperature extremes, preserving bioactive
compounds under temperature stress conditions [74]. This
study emphasizes the importance of reorienting breeding
strategies towards climate adaptability to ensure food
security and sustainable agricultural production in an
increasingly unpredictable environmental landscape.
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Conclusion

The present study shows the diverse responses
of important crop species to temperature variations,
demonstrating that growth temperatures significantly
affected the morphological, physiological, biochemical and
antioxidant responses of green lettuce, hemp, mint, red
lettuce, and tomato. The extreme temperatures of 10°C and
35°C induced oxidative stress, as evidenced by increased
lipid peroxidation and altered antioxidant responses.

The extreme temperatures negatively impact the growth
and development of these crops, emphasizing the need
for strategies to mitigate the effects of climate change on
agriculture. The crop species employed various adaptive
strategies, such as the accumulation of osmolytes and
antioxidant compounds, to cope with the temperature stress.
These findings provide valuable insights into the temperature
stress responses of these important crop species and can
contribute to the development of strategies for improving
their tolerance to temperature extremes.
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