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Abstract

A large population in Africa, particularly West Africa, depends on leafy vegetables such as
red amaranth (Amaranthus cruentus), Lagos spinach (Celosia argentea), and African eggplant
(Solanum macrocarpon) as affordable and readily available sources of nutrition. These
vegetables are rich sources of phenolics, minerals, vitamins, and bioactive compounds,
contributing significantly to dietary nutrition and providing an important source of revenue
for farmers. However, the temperature rise due to climate change threatens their availability
and nutritional value. This study assessed the effects of temperature regimes (23, 30, and
40 °C) on the growth and quality of these vegetables under greenhouse conditions for 48 (A.
cruentus and C. argentea) and 54 (S. macrocarpon) days after sowing by measuring biomass
(leaf, stem, shoot, root dry weight, root/shoot and leaf area), photosynthetic parameters,
pigments, sugars, mineral content, antioxidant activity, total phenolic compounds, total
flavonoids, and free amino acids. Temperature significantly affected biomass, with A.
cruentus and C. argentea showing declines of 13.5-32.2% and 5.1-27.8%, respectively, at
40 °C compared to 23 °C, indicating sensitivity to heat stress. Photosynthetic rates increased
with a rise from 23 to 30 °C by 2.1-29.2% across all species. Sugar contents remained
generally stable, except for notable decreases in glucose and soluble sugars by 43.3%
and 40.5%, respectively, in C. argentea between 30 and 40 °C, and a 52.6% reduction in
starch in S. macrocarpon from 23 to 40 °C. Mineral nutrient responses varied by species;
however, they exhibited similar increases in nitrogen and phosphorus, as well as decreases
in calcium and manganese, at higher temperatures. Notably, antioxidant capacity and
total phenolic compounds declined significantly in C. argentea (8.1% and 8.0%) and S.
macrocarpon (4.7% and 13.3%). In contrast, free amino acid contents increased by 35.2% and
28.8% in A. cruentus and S. macrocarpon, respectively. It was concluded that A. cruentus and
C. argentea suffer reduced growth and nutrients at 40 °C, while S. macrocarpon maintains
biomass but has some biochemical declines; antioxidant capacity and phenolics drop at
high temperatures, free amino acids rise, and 30 °C is optimal for all three.
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1. Introduction

Climate change has increased the global average temperature in Africa over the past
half-century and is anticipated to exceed the worldwide mean increase during the twenty-
first century [1,2]. Its impacts on agriculture pose a challenge to crop yields, livestock
productivity, and food security [3]. Rising temperatures, altered precipitation patterns, and
increased frequency of extreme weather events disrupt agricultural systems globally [4].
The projected rise in temperature is expected to harm global food security, particularly
vegetable production. This is because vegetables are more susceptible to environmental
extremes, which could reduce global food production [5].

Leafy vegetables are essential components of the diet in many households across
Africa, particularly in Nigeria, serving as a significant source of nutrients. They play impor-
tant roles in remote areas, where they provide essential protein, minerals, fiber, vitamins,
and other nutrients often lacking in daily diets [6]. Amaranthus cruentus L. (A. cruentus) and
Celosia argentea (C. argentea) belong to the Amaranthaceae family. The leaves and seeds of
A. cuentus are nutrient-rich, containing vitamins, proteins, minerals, and dietary fibers [7].
Various parts of the plant, which include stalks and leaves, contain phytochemicals that
contribute to human and animal nutrition [8,9]. The plant is rich in polyphenols, including
flavonoids and hydroxycinnamic acids, which are well known for their antioxidant proper-
ties [10,11]. The plant C. argentea is abundant in calcium, proteins, iron, and vitamins A and
C. It also contains bioactive compounds such as anthocyanins, betalains, and betaxanthins,
which increase its health benefits and dietary significance [12,13]. Traditionally, the plant is
used as a remedy for snake bites, and its flowers, seeds, and roots are used in the treatment
of conditions such as gonorrhea, eczema, dysentery, muscle disorders, and diarrhea [12].
Solanum macrocarpon L. is a member of the family Solanaceae. They contain high amounts
of dietary fiber and various vitamins, as well as minerals such as potassium and calcium.
Antioxidants such as flavonoids, phenolics, and tocopherols are present in S. macrocarpon,
which help combat harmful radicals linked to diseases like cancer and Alzheimer’s [14,15]

Plant development is said to be influenced by the ambient temperature surrounding
the plant [16]. Exposure to temperatures above the normal threshold level of adaptation will
lead to high-temperature stress, which is expected to cause permanent harm to plants [17].
Impacts of this stress caused by high temperature on crops could vary; these effects could
range from poor plant establishment and germination, reduced photosynthesis, leaf senes-
cence, cellular damage, cell death, impairment of chlorophyll biosynthesis, induced sterility,
protein denaturation, fluidity of membranes, enzyme inactivation, and inhibition of protein
synthesis [18]. Research indicates that elevated temperatures cause significant variations in
plant morphology, physiology, and chemical composition [18]. All these changes happen
owing to a disruption in plant metabolism caused by the increased generation of reactive
oxygen species (ROS), including hydrogen peroxide, superoxide ions, hydroxyl ions, and
singlet oxygen, which are harmful molecules that lead to oxidative damage to different
cellular structures and macromolecules such as RNA and DNA [19]. Plants use a variety
of antioxidant enzymes, including catalase, glutathione reductase, ascorbate peroxidase,
peroxidase, and superoxide dismutase, as well as non-enzymatic antioxidants like ascorbic
acid, alpha-tocopherol, and carotenoids, to combat ROS [20].

The brief life cycle and high moisture content of vegetables make them particularly
prone to elevated temperatures [21]. For instance, exposure of chili peppers to temperatures
above 37 °C leads to a significant decrease in the morphological characteristics of harvested
fruits, including fruit weight, diameter, and the number of seeds per fruit [22]. The
vegetative and reproductive development of grain amaranth plants were adversely affected
by high temperature [23]. During the reproductive stage of chickpeas, temperatures above
35 °C led to a 39% loss due to pollen sterility [24]. Increased temperatures of 30 °C and
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35 °C resulted in a decrease of approximately 31-63% in the shoot crude protein content,
as well as fresh and dry weight of cowpeas [25]. Peas showed a reduction in yield when
exposed to 32 °C [26]. Soybean plants exposed to 35 °C showed reduced growth, resulting
in a 29.5% decrease in seed yield [27]. High temperatures cause a minimum reduction of at
least 18% in photosynthesis, 26.74% in chlorophyll contents, and 30.15% in photochemical
activity in Chinese cabbage [28]. Productivity and tuber yield of potato plants decrease by
at least 24% when grown above their optimum temperature range [29,30].

The cultivation of A. cruentus L., C. argentea L., and S. macrocarpon holds significant nu-
tritional and economic value in Nigeria and West Africa, where they serve as vital sources of
essential micronutrients, vitamins, minerals, and health-promoting phytochemicals. These
species contribute meaningfully to dietary diversity and food security, supporting both
household nutrition and livelihoods. Despite their nutritional and economic importance,
little is known about how these African leafy vegetables respond to high-temperature
stress. Previous studies on A. cruentus are fragmented, crop-specific, and rarely consider
physiological and biochemical responses together, while C. argentea and S. macrocarpon are
particularly underexplored. This study fills that gap by providing one of the first integra-
tive, comparative assessments of biomass, gas exchange, chlorophylls, mineral composition,
sugar-related traits, and biochemical metabolites under controlled high-temperature stress,
highlighting novel species-specific heat tolerance strategies in these leafy vegetables.

This research aims to establish a resilient vegetable production program to ensure
nutritional and financial security for vegetable producers in the event of adverse effects
from high-temperature events. This research will assess the impact of different temperature
regimes, particularly high temperatures, on the growth, yield, and quality of A. cruentus, C.
argentea, and S. macrocarpon, including sugar content, total flavonoids, mineral contents,
total phenolic compounds, free amino acids, and antioxidant capacity.

2. Materials and Methods
2.1. Experimental Set-Up and Plant Materials

The experiment was carried out at the research greenhouse of the Institut fiir Bio- und
Geowissenschaften (IBG-2: Pflanzenwissenschaften), Forschungszentrum GmbH, Jiilich,
Germany. Seeds of A. cruentus, C. argentea, and S. macrocarpon were all procured from a
professional supplier in Nigeria, Figure 1. Seeds were germinated for 6 days in VM 800 soil
substrate, containing 70% organic material (raised bog peat, decomposition degree H2-H5),
perlite, raw clay, calcic lime, and NPK (Mg) fertilizer with trace nutrients (organic matter
35%, pH 5.8, EC 0.8 g/L KCl). After germination, seedlings were transferred to 35-cell trays
with the same substrate. After 11 days, uniform seedlings were transplanted into individual
11 x 11 cm pots filled with ED 73 soil substrate, composed of 70% organic material, raw
clay, carbonate lime, and NPK (Mg) fertilizer with minor amounts of nitrogen, phosphate,
potassium oxide, and magnesium. The study was set up in digitally controlled growth
chambers with the air and root zone temperatures maintained at day temperatures of room
temperatures (RT) of around 23 °C (RT), 30 °C, and 40 °C, and with night temperatures
of 18 °C,22 °C, and 22 °C (16/8 h) each. Relative humidity was maintained at 60 £ 5%,
and photosynthetically active radiation (PAR) was provided by an automated sodium
fluorescent lamp supplying 160 pmol m 2 s~! of PAR. Watering was performed via sub-
irrigation every two days, or more frequently as needed for high-temperature treatments
to avoid water stress. The soil and leaf temperatures were also measured.
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Figure 1. The three species, A. cruentus, C. argentea, and S. macrocarpon, used for this study.

2.2. Experimental Design

The experiment was arranged in a completely randomized design with three tempera-
ture treatments: day temperatures of room temperatures (RT) of around 23 °C (RT), 30 °C,
and 40 °C and with night temperatures of 18 °C, 22 °C, and 22 °C, (16/8 h) each, with five
replicates for the biochemical analysis and ten replicates for the biomass out of which five
were used after drying, for the mineral element analyses; there were one hundred and thirty
plants in total. The temperature treatments were applied 4 days after transplanting and
continued until harvest, which occurred 48 days after sowing for A. cruentus and C. argentea,
and 54 days for S. macrocarpon. Plants were watered every two days, or more frequently for
those under high-temperature conditions, using deionized water to prevent desiccation.

2.3. Harvest, Plant Biomass, and Leaf Area Measurement

A. cruentus and C. argentea were harvested 48 days after sowing, while S. macrocarpon
was harvested 54 days after sowing. Fresh samples were used for biomass and leaf area
measurements, while dried samples were used for determining biomass and mineral
content. Plant samples were partitioned into leaves, stems, and roots, and fresh and
dried weights were recorded. The plant roots were cleansed by washing and weighed.
The dry weight was obtained by oven-drying the plants at 60 °C for 5 days. The leaf
area measurements were carried out using the Li-3100C area meter (LI-COR Biosciences,
Lincoln, NE, USA). During harvest, leaves were detached from the whole plant and placed
on the meter’s lower transparent belt. The leaf area was read across the scanning bed.
Additionally, some fresh tissues were snap-frozen using liquid nitrogen and maintained in
cold storage for later biochemical analysis.

2.4. Gas Exchange Parameters Measurement

Gas exchange measurements were conducted using a LI-6400 portable photosynthesis
system (LI-COR Biosciences, Lincoln, NE, USA) equipped with a standard leaf chamber.
The most recently matured leaf of each plant was selected for measurement. Measurements
were performed under controlled conditions: light intensity (photosynthetically active
radiation, PAR) was maintained at 600 pumol m~2 s~!, CO, concentration at 400 yumol mol !,
a leaf temperature of 21 °C, and relative humidity ranging from 50% to 60%. Measurements
were taken one week before harvest, with five plants per treatment. The parameters
measured were net photosynthetic rate, stomatal conductance, and transpiration rate,
which were recorded once steady-state conditions were reached.
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2.5. Mineral Nutrient Analyses

Leaf samples were dried, finely ground, and digested using microwave-assisted
extraction with a combination of hydrogen peroxide, hydrofluoric acid, and nitric acid. The
resulting digests were analyzed for elemental concentrations of Fe, C, K, N, P, Ca, Zn, and
Mg using inductively coupled plasma optical emission spectrometry (ICP-OES; Elan 6000,
PerkinElmer Sciex; Agilent 7500ce, Planitz, Germany), following the procedure outlined by
He et al. [31].

2.6. Carbohydrate (Soluble Sugars and Starch) Content Determination

Fructose, glucose, and sucrose contents were quantified using enzymatic assays de-
scribed by Viola and Davies [32], with modifications reported by He et al. [31]. For each
sample, approximately 45-60 milligrams of frozen, homogenized plant tissue underwent
sequential extraction with 400 microliters of 80% ethanol, followed by 400 microliters
of 50% ethanol. After each extraction, samples were incubated at 80 °C for 15 min and
centrifuged at 13,200 rpm for 10 min. The clear supernatants were retrieved and placed on
ice. To ensure thorough extraction, the pellet was repeatedly treated with 200 pL of 80%
ethanol until it was visibly lacking coloration. The retrieved supernatants were pooled and
either analyzed immediately or preserved at —80 °C for future use. Sugar concentrations
were measured spectrophotometrically at 340 nm using a microplate reader (Synergy™ 2
Multi-Mode, BioTek, Winooski, VT, USA). Measurements were carried out in two replicates,
with outcomes expressed in mg/g FW. The remaining pellets following sugar extraction
served as material for subsequent starch quantification. For starch analysis, the residual
pellets from the sugar extraction were used. The pellets were first rinsed with distilled
water and then autoclaved for 90 min at 120 °C. Starch was enzymatically broken down
to glucose by incubating the samples at 37 °C in a sodium acetate buffer containing o-
amylase and amyloglucosidase enzymes from Roche Diagnostics (Basel, Switzerland).
Quantification of starch content was carried out using the same enzymatic assay applied for
glucose determination. All samples were analyzed twice, and the values were expressed as
mg/g FW.

2.7. Extraction of Plant Metabolites

The extraction procedure followed the protocol described by Lépez-Hidalgo et al. [33],
with minor adjustments. An amount of 2 mL of 80% ethanol (cold at 4 °C) was added
to 100-120 mg of frozen tissue, 10-20 mg of lyophilized sample, and homogenized in a
bead mill for 30 s (three intervals of 10 s, maintaining low temperatures) and kept on ice.
Samples were centrifuged at 10,000 g for 10 min at 4 °C. The resulting supernatant was
transferred into a 2.0 mL Eppendorf tube for subsequent biochemical compound analysis.

2.8. Chlorophylls and Carotenoid Analysis

Supernatants from the metabolite extract from 2.7 were collected and diluted at
a ratio of 1:1 for chlorophyll determination. The contents of chlorophyll a, chloro-
phyll b, and carotenoids were measured following the procedure described by Licht-
enthaler [34]. For each sample, 150 puL of the diluted extract or a blank solution (80%
[v/v] ethanol) was added to a 96-well microplate. Absorbance was then measured
at 470, 649, and 664 nm using a microplate reader. Pigment concentrations were de-
termined using standard equations: chlorophyll a (ug/mL) = 13.36 x Aggs — 5.19 X Aguo;
chlorophyll b (ug/mL) = 27.43 x Agsg — 8.12 X Ages; and total carotenoids (ng/mL) = (1000 x
A7 — 2.13 x chlorophyll a — 97.63 x chlorophyll b)/209. The absorbance of each sample
value was measured in duplicate for reliability.
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2.9. Total Phenolic Compounds

The Folin—Ciocalteu (F-C) reagent was used to quantify total phenolic content, accord-
ing to the procedure outlined by Ainsworth and Gillespie [35], with slight modifications. A
volume of 200 microliters of 10% F-C reagent was mixed with 100 microliters of the sample
supernatant in a microcentrifuge tube and incubated at room temperature (RT) for 2 min.
Subsequently, 800 microliters of 700 mM sodium carbonate were transferred into the mix-
ture, followed by thorough mixing. The mixture was subjected to dark incubation at room
temperature for 2 h. After incubation, the tubes were centrifuged at 10,000 g for 1 min.
An amount of 150 pL of the supernatant from each sample, standard, or blank (prepared
with 80% ethanol instead of extract) was transferred into a clear 96-well microplate, and
absorbance was read at 720 nm using a microplate reader. Total phenolic compounds were
calculated using a gallic acid calibration curve (0, 2.5, 5.0, 25, 50, 100, 150, 250 mg/L) and
expressed in mM gallic acid equivalents. Each absorbance measurement was performed
in duplicate.

2.10. Total Flavonoids Determination

The aluminum chloride colorimetric assay was employed to estimate total flavonoid
content, following the modified procedure of Huang et al. [36]. A 100 uL aliquot of the
supernatant was transferred into a 1.5 mL microcentrifuge tube and mixed with 300 pL of
methanol by vortexing. To this mixture, 20 microliters of 10% aluminum chloride solution
and 20 microliters of 1 M potassium acetate were added, followed by thorough mixing.
Seven hundred microliters of methanol were added to reach the final volume, and the
reaction mixture was incubated for 30 min at room temperature. To prepare the blank,
100 microliters of supernatant were diluted in 1 milliliter of methanol, without reagents.
After incubation, 150 microliters of the mixture, standard, or blank were transferred into a
96-well clear microplate. The measurement of absorbance at 415 nm was performed using
a plate reader. The flavonoid concentration was determined using a quercetin standard
curve (0, 10, 20, 40, 60, 80, 100, 150, 200 mg/mL) and expressed as mg quercetin equivalents
per ml. All measurements were performed in duplicate for accuracy.

2.11. Free Amino Acid Determination

Free amino acid content was measured using a modified protocol from Lépez-Hidalgo
et al. [33]. For each sample, 150 pL of diluted supernatant (1:1, 80% ethanol) was combined
with 75 pL of ninhydrin reagent in a 1.5 mL microcentrifuge tube and thoroughly mixed.
The mixture was then heated in a heat block at 100 °C for 10 min. A blank was prepared
using 150 puL of 80% ethanol instead of the sample extract. After heating, the tubes were
immediately cooled on ice. After cooling, 375 uL of 95% ethanol was added to each tube.
From each reaction mixture (sample, standard, or blank), 150 uL was pipetted into a clear
96-well microplate, and the absorbance was recorded at 440, 520, and 570 nm [37]. The
concentration of free amino acids was determined using a calibration curve developed with
L-proline and L-glycine standards at concentrations of 0, 0.03125, 0.0625, 0.125, 0.25, 0.5,
and 1 mg/mL. The results were presented as mg/mL of an equal mixture of L-proline and
L-glycine equivalents. Each sample was analyzed in duplicate for accuracy. The ninhydrin
reagent used in this analysis can be prepared following the formulation described by Moore
and Stein [38].
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2.12. Antioxidant Capacity

Antioxidant capacity was assessed using the cupric ion reducing antioxidant capacity
(CUPRAC) method, with modifications from the procedure outlined by Apak et al. [39]. The
reaction mixture was formulated by combining 300 uL of 10 mM Cu(II) solution, 300 pL of
7.5 mM neocuproine, 300 pL of 1 M ammonium acetate buffer (NH4Ac), 60 pL of the sample
supernatant, and 270 pL of distilled water to reach a volume of 1230 pL. The solution was
gently mixed and left to react for 1 h at room temperature. After incubation, 150 pL of the
reaction mixture was transferred to a well in a clear 96-well microplate, and absorbance
was recorded at 450 nm. A blank was prepared using the same reagents but replacing
the sample with distilled water (totaling 330 pL). Antioxidant capacity was quantified as
millimolar gallic acid equivalents (mM GAE), calculated from a standard curve generated
using gallic acid concentrations of 0, 2.5, 5.0, 25, 50, 100, 150, and 250 mg/L. Each assay
was performed in duplicate to ensure the consistency of the results.

2.13. Statistical Analysis

Five biological replicates were measured for each parameter at each temperature level.
The Shapiro-Wilk test was applied to verify the normality of the data and confirm suitability
for analysis of variance (ANOVA). Statistical analyses were performed in R. Differences
among temperature treatments were evaluated using ANOVA, and mean separations were
conducted with Tukey’s HSD test at p < 0.05. The Bonferroni correction was applied to
adjust for multiple comparisons.

3. Results
3.1. Biomass and Leaf Area

Temperature had a highly significant effect (p < 0.001) on the biomass accumulation
and leaf area of the three species (Table 1). After applying the Bonferroni correction for
multiple comparisons, the adjusted significance threshold was 0.008. In A. cruentus, both
room temperature (23 °C) and 30 °C enhanced biomass production, resulting in higher leaf,
stem, shoot, and root dry weights, along with an improved root-to-shoot ratio. Although
the leaf area at 30 °C exceeded that at RT by 7%, root-to-shoot ratio and root dry weight
were 11.8% and 13.3% lower, respectively, compared to 23 °C. Exposure to 40 °C, however,
resulted in a substantial decline in biomass production in A. cruentus, with reductions
ranging from 13% in leaf area to 32.2% in root dry weight. In C. argentea, a moderate
increase in temperature to 30 °C significantly improved all measured growth parameters,
including stem, shoot, and root dry weights, root-to-shoot ratio, and leaf area, with increases
ranging from 0.1% to 11.4% relative to 23 °C. Conversely, at 40 °C, there was a marked
decline in plant biomass, with reductions of up to 27.8% when compared with 23 °C. For
S. macrocarpon, an increase in temperature up to 30 °C positively influenced growth. This
led to improvements in leaf, stem, and shoot growth, as well as in root development,
root-to-shoot ratio, and leaf area. Relative to 23 °C, these increases reached up to 20.5%. At
40 °C, S. macrocarpon exhibited an increase in stem dry weight (11.75%) and leaf area (6.9%)
compared to 23 °C, while leaf and shoot dry weights remained the same between 23 °C and
40 °C (Supplementary Figure S1). After applying the Bonferroni correction for multiple
comparisons (adjusted significance threshold p = 0.008), the significance of all biomass and
leaf area parameters remained unchanged. These results reveal species-specific differences
in heat tolerance, with moderately high temperature (30 °C) enhancing growth across all
species, while extreme temperatures predominantly reduced biomass.
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Table 1. Leaf dry weight, stem dry weight, shoot dry weight, root dry weight, root/shoot ratio, and
leaf area per plant of A. cruentus, C. argentea, and S. macrocarpon under different temperature regimes
(mean = standard deviation).

Treatments RT (23) 30 40 p-Value SL

Leaf dry weight (g/plant) 3.23 +£0.50 a 329+ 0.82a 1.83 £0.55b 1.87 x 107° HEx

Stem dry weight (g/plant) 196 £024a 1.77 £ 049 a 0.61 +£0.19b 152 x 107° xEx

A. cruentus Shoot dry weight (g/plant) 519+0.70a 506+ 124a 2444+072b 246 x 1077 o
Root dry weight (g/plant) 0.80 +0.18 a 058 £0.19b 0.27 £0.10c 3.14 x 1077 xrx

Root/shoot 0.204+0.04a 0.14+0.02b 0.13 £0.03b 1.21 x 1074 ot

Leaf area (cm?) 751.00 £ 56.50 b 903.00 = 14.00 a 474.00 £ 167.00 ¢ 291 x 1077 o

C. argentea Leaf dry weight (g/plant) 4.64+040a 459 +035a 277+ 0.26b 3.88 x 10713
Stem dry weight (g/plant) 0.99 +£0.20b 1.82+0.28a 0.64 +0.15¢ 519 x 10712

Shoot dry weight (g/plant) 5.63 +0.51b 6.42 +0.60 a 341+039¢ 6.16 x 10713

Root dry weight (g/plant) 1.36 £0.15b 1.64£036a 0411 +£0.12¢ 9.88 x 1012 o

Root/shoot 0.29+£0.04 a 0.29+0.07 a 0.21 £0.03b 9.66 x 1078 o

Leaf area (cm?) 990.00 £ 83.50 b 1352.00 & 122.00 a 829.00 £ 87.00 ¢ 1.22 x 10711 ot

S. macrocarpon Leaf dry weight (g/plant) 298 £0.52b 4.66 +0.71a 3.00£041b 1.73 x 1077 *xx
Stem dry weight (g/plant) 0.22 4+ 0.07 ¢ 0.70 £ 0.15a 0.37 £ 0.071b 2.31 x 10710

Shoot dry weight(g/plant) 3.19+0.58 b 535+0.77 a 3.37+0.42b 1.06 x 108 b

Root dry weight (g/plant) 0.60 £0.13 a 076 2023 a 041+0.12b 325 x 1074 o

Root/shoot 0.26 4 0.06 a 0.165+0.04b 0.126 £+ 0.03 b 1.58 x 1074 o

Leaf area (cm?) 600.00 £ 110.00 ¢ 1108.00 £ 165.00 a 772.00 £ 110.00 b 1.13 x 1078 o

SL—Ilevel of significance, *** p < 0.001. Bonferroni correction applied at 0.008. Means marked with the same letter
in a row indicate no statistically significant difference.

3.2. Gas Exchange Parameters Measurements

Temperature treatments had a significant effect on gas exchange parameters in the
three species (Supplementary Table S1). In A. cruentus, exposure to 40 °C led to an increase
of 2.1% in net photosynthetic rate compared to plants at room temperature (23 °C), while
a notable decrease of 10% was observed at 30 °C (Figure 2). Stomatal conductance and
transpiration rate in A. cruentus also increased at 40 °C by 23.2% and 29.2%, respectively,
relative to 23 °C. Conversely, at 30 °C, reductions of 2.6% in stomatal conductance and 3.4%
in transpiration rate were recorded. In C. argentea, net photosynthesis remained statistically
unchanged across all temperature treatments. However, both stomatal conductance and
transpiration rate increased by at least 16% at 30 °C and 40 °C compared to 23 °C. The
S. macrocarpon plants showed consistently positive responses to rising temperatures. At
40 °C, net photosynthesis, stomatal conductance, and transpiration rate increased by
3%, 9.7%, and 20%, respectively, compared to 23 °C, indicating a greater tolerance to
elevated temperatures (Figure 2). However, after applying the Bonferroni correction
(p = 0.017), the significance of net photosynthesis in A. cruentus and C. argentea, and stomatal
conductance in S. macrocarpon, was no longer statistically significant. An enhanced gas
exchange performance was observed for A. cruentus and S. macrocarpon at high temperature,
while C. argentea maintained stable photosynthesis but increased stomatal conductance and
transpiration rate at high temperatures.

3.3. Chlorophylls and Carotenoids

Temperature treatments had differential effects on chlorophyll and carotenoid contents
among the three species (Supplementary Table S2). In A. cruentus, temperature treatments
did not significantly affect the chlorophyll a, chlorophyll b, total chlorophyll, or carotenoid
contents (p > 0.05). However, chlorophyll b content at 30 °C was slightly higher than
at other temperatures, exceeding the value at 40 °C by 6.9%. In C. argentea, temperature
had a significant effect on chlorophyll b (p < 0.001) and total chlorophyll (p < 0.01), but
not on chlorophyll a or carotenoids. The highest pigment concentrations in C. argentea
were observed at 30 °C, and the lowest were recorded at room temperature (23 °C), with
chlorophyll a, chlorophyll b, and total chlorophyll contents increasing by 4.9%, 8.2%, and
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SC (molH20 m-2s-1) NP (umol COz2m-2s-")

TR (mmolH20 m-2s-")

5.8%, respectively. For S. macrocarpon, temperature significantly influenced all chlorophyll
parameters (chlorophyll a, b, and total chlorophyll; p < 0.05), but did not affect carotenoid
content. Similar to C. argentea, the chlorophyll contents in S. macrocarpon peaked at 30 °C
and were lowest at room temperature, with differences of 8.2%, 7.3%, and 7.9% for chloro-
phyll a, chlorophyll b, and total chlorophyll, respectively (Figure 3). After Bonferroni
correction (p = 0.0125), the chlorophyll b effect in S. macrocarpon was no longer significant.
These results indicate that moderately high temperature (30 °C) enhances chlorophyll
accumulation in C. argentea and S. macrocarpon, while A. cruentus chlorophyll levels remain
largely stable across all temperatures.
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Figure 2. Effect of different temperatures on the NP (net photosynthesis), SC (stomatal conductance),
and TR (transpiration rate) of A. cruentus, C. argentea, and S. macrocarpon. Means marked with the
same letter in a row indicate no statistically significant difference.
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Figure 3. Effect of different temperatures on the chlorophyll a, chlorophyll b, total chlorophyll, and
carotenoid content of A. cruentus, C. argentea, and S. macrocarpon. Means marked with the same letter
in a row indicate no statistically significant difference.

3.4. Soluble Sugars and Starch (Carbohydrate)

Temperature treatments had no significant effect on the glucose, fructose, total soluble
sugar, or starch contents in A. cruentus (p > 0.05), though sucrose content was significantly
affected (p < 0.05; Table 2). However, sucrose levels in A. cruentus at 40 °C were 43.5%
lower than those at room temperature (23 °C). In C. argentea, glucose and total soluble sugar
contents were significantly influenced by temperature (p < 0.05), whereas fructose, sucrose,
and starch levels remained unaffected. The lowest glucose and sucrose concentrations
in C. argentea were observed at 40 °C, with reductions of 34.4% and 20.5%, respectively,
compared to room temperature. For S. macrocarpon, temperature had no significant impact
on glucose, fructose, sucrose, or total soluble sugar levels. However, starch content was
significantly reduced at 40 °C (p < 0.05), with a 55% decrease compared to room tem-
perature (Supplementary Figure S2). After applying the Bonferroni correction (adjusted
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o = 0.001), the effects of temperature on glucose and soluble sugar contents in C. argentea
were no longer statistically significant. These findings suggest a species-specific sensitivity
of carbohydrate metabolism to high temperature, with sucrose in A. cruentus and starch in
S. macrocarpon being particularly affected.

Table 2. Glucose, fructose, sucrose, soluble sugar, and starch content of A. cruentus, C. argentea, and S.

macrocarpon under different temperatures (mean + standard deviation).

p-

Treatments RT (23) 30 40 SL
Value
Glucose (mg/g FW) 471 £1.00 a 382+£277a 522+419a 0.757 ns
Fructose (mg/g FW) 209+040a 215+ 144a 396+311a 0.28 ns
A. cruentus Sucrose (mg/g FW) 509+149a 348+1.70a 0.80 £0.88b  0.00139 o
Soluble sugar (mg/g FW) 119 £258a 9.45+5.80a 997 +691a 0.76 ns
Starch (mg/g FW) 3120 +£20.30a 185+1990a 6.69 =451a  0.105 ns
Glucose (mg/g FW) 20.70 £12.60ab  25.00£15.00a 3.63+£335b 0.0283 *
Fructose (mg/g FW) 723+479a 8.88 £5.64a 1.82+164a 0.061 ns
C. argenten Sucrose (mg/g FW) 505+352a 6.63 £3.73a 220+248a 0.14 ns
Soluble sugar (mg/g FW) 33.0 £20.00ab  40.50 £23.50a 7.65+7.14b 0.0361 *
Starch (mg/g FW) 13.30 £10.80a  18.70+159a 3.07+321a 0.124 ns
Glucose (mg/g FW) 224 +152a 1.83+1.80a 11.34+2220a 045 ns
Fructose (mg/g FW) 1.60 &+ 0.88 a 216 =148 a 334+404a 0.559 ns
S. macrocarpon Sucrose (mg/g FW) 16.60 + 6.65 a 1490 £9.73a 1130+ 6.16a 0.552 ns
Soluble sugar (mg/g FW) 2040 £885a 1890+ 1210a 2590+219a 0.757 ns
Starch (mg/g FW) 16.20 £ 10.70 a 333 £238Db 3.88+£247b 0.0137 *

SL—level of significance, ns—not significant, ** p < 0.01, * p < 0.05. Bonferroni correction applied at 0.01. Means
marked with the same letter in a row indicate no statistically significant difference.

3.5. Mineral Elements

Temperature treatment had a significant influence on the mineral composition of
the three species. In A. cruentus, the contents of nitrogen, magnesium, iron, manganese,
phosphorus, zinc, sodium, calcium, and potassium differed significantly (p < 0.05, p < 0.01,
p <0.001). Carbon and sulfur contents did not show significant variation (p > 0.05)
(Table 3). For C. argentea, temperature had a significant effect on carbon, nitrogen, iron,
sodium, calcium, and potassium (p < 0.05, p < 0.01, p < 0.001). Sulfur, magnesium, man-
ganese, phosphorus, and zinc contents were unaffected by temperature changes (Table 3).
In S. macrocarpon, carbon, nitrogen, manganese, phosphorus, calcium, and potassium con-
tents were significantly affected by temperature (p < 0.05, p < 0.01, p < 0.001), whereas
sulfur, magnesium, zinc, and sodium contents did not differ significantly (p > 0.05) (Table 3).
Specifically, in A. cruentus, increasing the temperature to 40 °C resulted in higher nitrogen
(6.7%), phosphorus (8%), zinc (14.5%), sodium (20%), and potassium (15.9%) contents
compared to 23 °C. Conversely, magnesium, iron, manganese, and calcium contents de-
creased by 23.4%, 2.1%, 12.4%, and 19.7%, respectively. The carbon and sulfur contents
remained unchanged across all temperature treatments (Supplementary Figures S3 and
54). In C. argentea, nitrogen, iron, phosphorus, and potassium contents increased by
up to 35.7% at 40 °C, whereas carbon, sodium, and calcium contents decreased by up
to 19.8%. Sulfur, magnesium, manganese, and zinc contents did not vary significantly
(Supplementary Figures S3 and S4). For S. macrocarpon, carbon and manganese contents
increased between 23 and 30 °C but declined at 40 °C by 0.2% and 9.6%, respectively,
relative to 23 °C. Phosphorus content was highest at 40 °C, increasing by 7.7% compared
to 23 °C. Nitrogen content peaked at 40 °C and was lowest at 30 °C, with a difference
of 6.8%. The calcium content decreased by 11% at 40 °C compared to 30 °C, but was
unchanged between 23 °C and 30 °C. The potassium content was lowest at 30 °C, with
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similar values at 23 °C and 40 °C. Across all temperatures, the sulfur, magnesium, iron,

zinc, and sodium remained stable (Supplementary Figures S3 and S4). With the Bonferroni

correction (p = 0.0045), significance for carbon in C. argentea and S. macrocarpon, and man-

ganese and nitrogen in S. macrocarpon, was lost. These results indicate that temperature

stress affects nutrient allocation differently among species, with specific minerals increasing

or decreasing depending on the species and temperature level.

Table 3. Element concentrations (mg/gDW) of A. cruentus, C. argentea, and S. macrocarpon under

different temperature regimes (mean =+ standard deviation).

Treatments RT (23) 30 40 p-Value SL
C (%) 3840+ 0.72a 39.00+£1.24a 3810+ 0.51a 0.304 ns
N (%) 520+ 0.17b 553+ 0.25b 6.34 +022a 0.00000728 o
S (%) 0.58 +0.05 a 0.58 +0.02 a 0.59 4+ 0.06 a 0.929 ns
Mg (%) 0.78+ 0.07 a 0.75 + 0.08 a 0.34 +0.05b 0.000000233 o
Fe (%) 0.01 £0.0009ab 0.02£0.0012a 0.01 £0.0049b 0.0426 *
A. cruentus Mn (%) 0.02 + 0.004 a 0.02 + 0.003 a 0.01 +0.002 b 0.000516 o
P (%) 095+0.10b 093 +0.05b 1.19 £ 0.08 a 0.000413 o
Zn (%) 0.004 £ 0.0004 b  0.004 & 0.0004b 0.006 £ 0.0005 a 0.0000136 o
Na (%) 0.03 = 0.008 b 0.05 +0.011a 0.06 = 0.009 a 0.00119 >
Ca (%) 3.80+040a 340+ 0.38 a 1.99 £0.17b 0.000004 o
K (%) 429+ 042b 420+ 0.72b 6.70 +0.34 a 0.00000703 %
C (%) 38.90 £+ 0.78 ab 39.70 £ 0.63 a 37.80+147b 0.048 *
N (%) 421+042b 457 + 0.34 ab 516 +£0.29 a 0.00385 **
S (%) 048 +0.12a 053 +0.11a 0.55 +0.07 a 0.543 ns
Mg (%) 0.81 £0.07 a 0.80 = 0.09 a 090 £ 0.10 a 0.205 ns
Fe (%) 0.005 + 0.003b  0.006 £0.001b  0.014 &+ 0.005 a 0.00412 o
C. argentea Mn (%) 0.021 +0.008a  0.023 £0.007a  0.016 + 0.003 a 0.21 ns
P (%) 0.76 £ 0.05b 0.81 +0.10 ab 091 +0.09 a 0.0505 ns
Zn (%) 0.007 £ 0.001a 0.007£0.00la 0.019 &+ 0.026 a 0.39 ns
Na (%) 0.025+ 0.002a 0.020 £0.004a 0.014 £ 0.003 b 0.00059 o
Ca (%) 3.77 £0.30 a 345+ 027 a 2.86 +0.35b 0.00179 o
K (%) 356+ 0.15b 319+ 051b 5.39 + 1.00 a 0.000387 wx
C (%) 38.60 + 0.92 ab 40.20 £ 043 a 38.40 + 1.38b 0.0246 *
N (%) 5.39 + 0.30 ab 486 +051b 597 +£ 055 a 0.00929 **
S (%) 0.59 £0.04b 0.69 = 0.06 a 0.64 + 0.07 ab 0.057 ns
S. macrocarpon Mg (%) 0.30 £ 0.02 a 0.33 +0.03a 0.30 £ 0.04 a 0.294 ns
Fe (%) 0.011 £0.003a 0.0134+0.010a 0.016 = 0.012 a 0.708 ns
Mn (%) 0.016 £0.001ab 0.017 £0.004a 0.011 £0.003b 0.0455 *
P (%) 0.524+0.04b 052 +0.04b 0.65 +0.05a 0.000349 o
Zn (%) 0.008 = 0.001a  0.008 £0.001a  0.050 & 0.093 a 0.385 ns
Na (%) 0.03 £0.01a 0.02 +0.001 a 0.03+ 0.001 a 0.149 ns
Ca (%) 2.66 +0.10 a 287 +022a 1.85+0.27b 0.0000121 o
K (%) 6.00 + 0.67 a 398 +0.37b 6.09 +1.02a 0.000962 %

SL—level of significance, ns—not significant, *** p <0.001, ** p <0.01, * p < 0.05. Bonferroni correction applied at

0.0045. Means marked with the same letter in a row indicate no statistically significant difference.

3.6. Antioxidant Capacity, Total Phenolic Compounds, Total Flavonoids, and Free Amino Acids

Temperature did not significantly affect the antioxidant capacity, total phenolic com-

pounds, or total flavonoid content in A. cruentus (p > 0.05); however, a significant influence

was observed on free amino acid levels (Supplementary Table S3). Notably, free amino

acid content in A. cruentus increased by 35.2% at 40 °C compared to room temperature

(23 °C). In C. argentea, temperature had a significant effect on both antioxidant capacity and

total phenolic compounds (p < 0.05), while total flavonoids and free amino acids remained

unaffected. At40 °C, antioxidant capacity and total phenolic content decreased by 8.1% and
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8.0%, respectively, relative to room temperature. For S. macrocarpon, antioxidant capacity,
total phenolics, and free amino acid content were significantly influenced by temperature,
whereas total flavonoid content showed no significant change. Antioxidant capacity in S.
macrocarpon was highest at room temperature and lowest at 30 °C, where it declined by
12.7%. Similarly, the phenolic content decreased by 11.9% and 13.3% at 30 °C and 40 °C,
respectively, compared to room temperature (23 °C). In contrast, free amino acid content
increased by 28.8% at 40 °C (Figure 4). Bonferroni correction (p = 0.0125) rendered the
antioxidant capacity of S. macrocarpon non-significant. From these results, it can be ob-
served that free amino acids generally increase at higher temperatures, whereas antioxidant
capacity and phenolic compounds showed variable trends among the species.
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Figure 4. Effect of different temperatures on the antioxidant capacity, total phenolic compounds,
total flavonoids, and free amino acids content of A. cruentus, C. argentea, and S. macrocarpon. Means
marked with the same letter in a row indicate no statistically significant difference.

4. Discussion

High-temperature stress poses a major challenge to plant growth and development
worldwide. Numerous studies have demonstrated that various environmental factors
can impact the growth and development of fruits and vegetables [40,41]. In this study,
we examined how different temperature regimes impact the growth, yield, bioactive
components, mineral elements, and carbohydrate content of three vegetable species.

Temperature is a key factor influencing plant growth, development, and biomass allo-
cation. The growth reduction observed at 40 °C in A. cruentus and C. argentea corroborates
the existing literature, which shows that heat stress disrupts critical physiological functions.
The growth reduction observed at 40 °C in A. cruentus and C. argentea supports the existing
literature, which shows that heat stress disrupts critical physiological functions [42]. Heat
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stress also accelerates water loss and reduces membrane stability [43], leading to oxidative
stress through excessive production of reactive oxygen species (ROS). These ROS cause
lipid peroxidation and protein oxidation, which compromise cellular function and result in
reduced biomass accumulation [44,45]. Similar reductions in growth attributes due to high
temperature have been reported in other vegetable species. For example, Wang et al. [46]
found that increasing temperatures (35, 40, and 45 °C) markedly reduced growth in water
spinach, with 30 °C causing a less pronounced decline. Likewise, Jahan et al. [47] observed
reduced biomass accumulation in tomato seedlings under thermal stress, attributing this to
metabolic disturbances. Comparable findings have been reported in okra, potato, melon,
and tomato [48-50]. The responses of A. cruentus and C. argentea in the current study are
consistent with these reports, highlighting their sensitivity to heat-induced physiological
stress. On the other hand, S. macrocarpon demonstrated a comparatively higher degree
of thermotolerance. Although 30 °C supported optimal growth, the improved stem dry
weight and leaf area at 40 °C suggest that S. macrocarpon may possess adaptive traits that
promote resilience under moderately elevated temperatures. Mild heat stress may trig-
ger shoot elongation and leaf expansion as avoidance strategies before cellular damage
occurs [51]. High temperature also affects root growth and architecture, which are essential
for water and nutrient uptake. Heat stress increases transpirational demand while often
limiting root development, thereby reducing resource acquisition [51]. Heat stress has
been shown to reduce root biomass in water spinach [46], spinach [52], and wheat [44].
Significant alterations in root architecture have also been observed in tomato, pepper, and
watermelon during heat stress [53,54]. In the present study, the decline in root-to-shoot
ratio and root dry weight at 40 °C across all three species further supports the view that
heat stress compromises root development, resulting in a lower root-to-shoot ratio and
ultimately reducing the shoot biomass of the plant [55,56].

As a major environmental factor, temperature plays a central role in shaping plant
physiological functions. Photosynthesis, in particular, is recognized as one of the plant
metabolic processes most sensitive to temperature changes [57]. In this study, the net
photosynthetic rate in A. cruentus and S. macrocarpon increased with rising temperature.
This trend may reflect the ability of these plants to acclimate their physiological processes
to function within a more favorable temperature range under thermal stress, as reported
in previous studies [58,59]. For example, spinach plants grown in growth chambers at
30/25 °C exhibited higher photosynthetic rates compared to those grown at 15/10 °C [60].
This is in contrast to the common expectation that extreme temperatures inhibit photosyn-
thesis, as reported by Wahid et al. [61] and Ahmad and Prasad [62]. They noted that most
photosynthetic systems are hindered above 38 °C. However, the elevated photosynthesis at
40 °C in these species may reflect adaptive thermotolerance mechanisms, such as enhanced
stomatal opening and transpiration-mediated leaf cooling, which have been described
in heat-tolerant cultivars of tomato [63]. In addition, the increased net photosynthesis
observed at higher temperatures in this study may be ascribed to the adequate water
provided to the vegetable plants during the high-temperature treatment. Past research
by Wahid et al. [64] reported that the presence of moisture can help plants retain water in
their tissues during periods of high-temperature stress. Conversely, an inadequate water
supply can negatively affect plant survival. Meanwhile, C. argentea exhibited no significant
differences in net photosynthetic rate across the three temperatures, suggesting a relatively
stable photosynthetic performance within this range. Furthermore, stomatal conductance
was higher at 30 °C and 40 °C than at 23 °C for all three vegetables. Increased stomatal con-
ductance under heat stress can facilitate evaporative cooling and gas exchange, mitigating
the negative effects of thermal stress [63]. This behavior aligns with studies on tomato, in
which heat stress led to increased stomatal activity, helping to preserve chlorophyll content
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and maintain photosynthetic performance [63]. Furthermore, transpiration rates increased
significantly with rising temperature, being highest at 40 °C and lowest at 23 °C, further
highlighting the role of transpirational cooling in thermal adaptation [65]. Consistent
with the findings of Lambers et al. [66], it has been observed that plants tend to enhance
their transpiration rates as temperatures rise. This is owed to the presence of significant
water vapor gradients and the plants’ requirement for cooling, ensuring an adequate water
supply. Research conducted by Hannachi et al. and Faiz et al. [67,68] found that under
stress conditions, the stomatal conductance and transpiration rate increased in Solanum
melongena. Interestingly, while high temperature is typically associated with impaired
photosynthetic pigment integrity and reduced photosynthesis [69,70], A. cruentus and S.
macrocarpon appear to compensate through physiological plasticity. Chloroplasts play a
crucial role in these responses by initiating heat stress signaling when damaged [71,72],
which may lead to activation of protective mechanisms, such as upregulation of heat shock
proteins or antioxidants. However, the lower photosynthetic rate at 30 °C in A. cruentus and
S. macrocarpon suggests that this temperature may trigger partial stress without activating
the full heat adaptation mechanisms observed at 40 °C. Our findings demonstrate that
while extreme heat often impairs photosynthetic efficiency [73,74], certain plant species or
cultivars can sustain or even enhance photosynthetic activity at high temperatures through
increased stomatal conductance and transpiration.

High-temperature stress significantly inhibits chlorophyll biosynthesis, and chloro-
phyll content therefore serves as a reliable physiological indicator for assessing thermal
stress responses in plants [75]. Among the photosynthetic pigments, chlorophyll a, chloro-
phyll b, and carotenoids are particularly sensitive to elevated temperatures [76,77]. Numer-
ous studies have reported substantial pigment degradation under heat stress in various
crops, including water spinach [46], wheat [78], tomato [48], pea [79], and maize [80]. These
reductions are typically associated with oxidative damage, which destabilizes cellular
membranes and activates pigment-degrading enzymes such as peroxidase and chloro-
phyllase [70,81]. In the present study, A. cruentus exhibited no significant changes in
chlorophyll a, chlorophyll b, total chlorophyll, or carotenoid levels across the temperature
range (23 °C to 40 °C), and a similar lack of significance was observed for chlorophyll
b in S. macrocarpon. This relative stability suggests that A. cruentus has a high degree of
pigment-related thermal tolerance. Such stability may be attributed to inherent protective
mechanisms, including enhanced antioxidant capacity or the presence of thermally stable
pigment—protein complexes [82,83]. Similar thermal resilience in pigment content has been
documented in heat-tolerant tomato cultivars, where chlorophyll levels remained largely
unaffected by high temperatures [84]. In contrast, C. argentea and S. macrocarpon showed
higher chlorophyll accumulation at 30 °C compared to 23 °C. This suggests that moder-
ately high temperatures promote pigment biosynthesis in these species, consistent with
reports that cooler temperatures suppress pigment formation due to reduced metabolic
and enzymatic activity [85]. Moreover, although chlorophyll pigments are known to be
heat-sensitive [86-88], S. macrocarpon did not exhibit a pigment reduction at 40 °C. This
apparent stability may be indicative of short-term acclimation, partial heat tolerance, or
the activation of protective responses such as antioxidant upregulation or osmolyte ac-
cumulation, which help preserve pigment integrity under moderate heat stress [89,90].
Furthermore, carotenoid levels were not significantly affected by temperature in any of the
three species examined. Given the well-established role of carotenoids in photoprotection
and the mitigation of oxidative stress [91,92], this temperature insensitivity may suggest
that carotenoid biosynthesis is less thermally regulated in these species. It may also indicate
that existing carotenoid concentrations were sufficient to confer photoprotection across all
tested temperatures. This finding contrasts with previous reports of temperature-induced
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carotenoid degradation in other crops [89,93], highlighting the species-specific nature of
pigment regulation under heat stress.

Heat stress strongly influences sugar metabolism in plants, although the response
varies among species and genotypes [94]. In this study, the glucose, fructose, sucrose, total
soluble sugars, and starch of C. argentea and A. cruentus (except for sucrose) remained stable
across temperature treatments, indicating strong metabolic regulation under heat stress.
However, the sucrose content of A. cruentus declined at 40 °C, suggesting that extreme or
prolonged heat may impair sucrose biosynthesis or transport. This finding is consistent
with reports that heat stress can disrupt carbon allocation by reducing photosynthetic yield
and increasing respiratory demand [95,96]. Previous studies have shown similar patterns.
For example, high temperatures reduce sugar content in tomato pollen before anthesis,
lowering fruit set and total sugar accumulation [97-99]. In contrast, heat-tolerant genotypes
can maintain or increase total soluble sugars under thermal stress, making sugar regulation
a potential marker of thermotolerance [84]. Accumulation of soluble sugars under heat
stress has also been observed in crops such as strawberry [100], tomato [101], Catharanthus
roseus [102], and pepper [103], where it helps mitigate oxidative damage and maintain
osmotic balance [104,105]. In C. argentea, glucose and total soluble sugars peaked at 30 °C
but declined at 40 °C. This suggests that 30 °C may be optimal for carbohydrate metabolism,
while higher temperatures promote sugar degradation, as observed in cucumber and
watermelon above 35 °C [106,107]. For S. macrocarpon, levels of glucose, fructose, sucrose,
and total soluble sugars remained stable across temperatures, indicating moderate resilience
of sugar metabolism under heat stress. However, starch content was significantly higher at
23 °C compared to 30 °C and 40 °C, suggesting suppressed starch biosynthesis or increased
breakdown to meet higher respiratory demands at elevated temperatures [108]. Together,
these findings highlight that while A. cruentus and S. macrocarpon maintain stable soluble
sugar levels under heat stress; they may rely on different metabolic adjustments than
species that accumulate sugars as a primary stress response [89].

Temperature treatment influenced the mineral composition of all three species. In
A. cruentus, nitrogen, phosphorus, zinc, sodium, and potassium contents increased at
40 °C compared to 23 °C, while magnesium, iron, manganese, and calcium decreased, and
carbon and sulfur remained stable. Similar patterns were observed in C. argentea, where
nitrogen, iron, phosphorus, and potassium increased, but sodium and calcium decreased
under higher temperatures. In S. macrocarpon, the effects were more variable: phosphorus
peaked at 40 °C, while calcium decreased at 40 °C. Sulfur, magnesium, zinc, carbon,
manganese, nitrogen, and sodium contents were mostly unaffected in both C. argentea and S.
macrocarpon. These species-specific trends in our current study are consistent with previous
findings that mineral nutrient accumulation can be strongly modified by heat stress. For
instance, Netshimbupfe et al. [109] reported that Amaranthus species tend to show reduced
K, Ca, and nitrate contents at 40 °C compared to moderate temperatures, indicating a
threshold of heat sensitivity. Similar reductions in essential minerals have been observed
in tomato (Solanum lycopersicum), lentil (Lens culinaris), and cucumber (Cucumis sativus)
under heat stress, with significant decreases in Fe, Zn, Ca, and Mg contents [110-112]. The
increase in nitrogen and phosphorus at higher temperatures in A. cruentus, C. argentea,
and S. macrocarpon suggests that these species may partially compensate for heat stress
by enhancing nitrogen assimilation and phosphorus uptake. However, the concurrent
decline in calcium and magnesium (by A. cruentus) aligns with reports linking heat stress to
reduced root uptake capacity and impaired membrane stability due to increased electrolyte
leakage and decreased relative water content [56,113]. Unlike macro-elements such as
nitrogen and phosphorus, the stable carbon content in all three species and the sulfur
content in A. cruentus and C. argentea indicate that some mineral elements may be less
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responsive to temperature fluctuations. This observation agrees with findings in other
leafy vegetables, such as lettuce and arugula, where iron and sulfur were not consistently
affected by elevated temperatures [114,115]. The mineral nutrient responses to heat stress in
our study were not uniform and varied according to the species, mineral type, and severity.

The biochemical responses observed across the three species indicate species-specific
adaptive strategies to heat stress. In A. cruentus, antioxidant capacity, TPC, and TFL were
not significantly affected by temperature. However, FAA levels increased at 40 °C. This
indicates that A. cruentus may maintain a stable phenolic profile while shifting toward
amino acid-mediated protection. Such a shift aligns with the known osmoprotective, redox-
buffering, and signaling roles of free amino acids [116,117]. In C. argentea, antioxidant
capacity and TPC declined at 40 °C, while TFL and FAA remained unchanged. This suggests
that its antioxidant defense system is more vulnerable to heat stress. Similar reductions
in polyphenols were observed in water spinach at high temperature [89]. A decline in
phenolics may weaken the plant’s defense against oxidative damage, especially if enzymatic
antioxidant systems are also impaired, as shown in tomato [118] and cucumber [119]. A
more complex response was observed in S. macrocarpon. Antioxidant capacity was not
significantly affected, but it peaked at 23 °C and declined to its lowest level at 30 °C. TPC
also declined at both 30 °C and 40 °C. At the same time, FAA levels increased at 40 °C. This
suggests a compensatory response, where the plant shifts from phenolic-based antioxidant
defenses toward amino acid-mediated tolerance. A similar reduction in phenolic content
under high temperature was also reported in beet [120]. Our findings indicate that phenolic
declines and amino acid increases represent adaptive metabolic reprogramming. Some
species rely on stable phenolic defenses, while others increase amino acid accumulation
to cope with stress. Such variation supports earlier findings that antioxidant responses
depend on both the type of stress and the species’ metabolic plasticity [109,121]. Moreover,
the reduction observed in the TPC and AOC in C. argentea and S. macrocarpon may diminish
their health-promoting properties. Since phenolics and antioxidants help protect the body
against oxidative stress and chronic diseases, consuming vegetables with lower levels of
these compounds could provide less protection [122,123]. Furthermore, the increase in FAA
under heat stress suggests its role as an osmo-protective metabolite that helps regulate ion
balance, stomatal conductance, and enzyme activity [124]. FAAs, including proline and
others, act as compatible solutes and reservoirs of carbon and nitrogen, supporting both
stress tolerance and recovery after stress [117]. Their accumulation at 40 °C in the present
study therefore reflects a metabolic shift toward osmotic adjustment and stress signaling,
consistent with their established role in plant adaptation to heat [125].

5. Conclusions

This study demonstrated that Amaranthus cruentus, Celosia argentea, and Solanum macro-
carpon respond differently to rising temperatures. While A. cruentus and C. argentea showed
reduced biomass and some declines in chlorophylls, sugars, and mineral elements at 40 °C,
S. macrocarpon maintained biomass and gas exchange parameters (stomatal conductance,
net photosynthesis, and transpiration rate) but showed reductions in some biochemical
qualities. Antioxidant capacity and total phenolics generally declined at higher temper-
atures, whereas free amino acids increased for A. cruentus and S. macrocarpon. However,
30 °C appeared to be the most favorable temperature for maintaining growth, photo-
synthetic performance, and nutritional quality across all three species, suggesting that
moderate warmth supports optimal production while minimizing heat stress. Providing
sufficient water to plants, particularly at 40 °C, helps prevent desiccation caused by drought
stress. Further studies should explore these species-specific responses to heat stress to
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develop targeted management strategies that maintain yield and nutritional quality under
rising temperatures.

Supplementary Materials: The following supporting information can be downloaded at: https://
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(RDW), root/shoot, and leaf area per plant of A. cruentus, C. argentea, and S. macrocarpon; Figure S2:
Effect of different temperatures on the glucose, fructose, sucrose, soluble sugars, and starch content
of A. cruentus, C. argentea, and S. macrocarpon; Figure S3: Effect of different temperatures on the
carbon, nitrogen, sulfur, magnesium, iron, and manganese content of A. cruentus, C. argentea, and S.
macrocarpon; Figure S4: Effect of different temperatures on the phosphorus, zinc, sodium, calcium,
and potassium content of A. cruentus, C. argentea, and S. macrocarpon; Table S1: Effect of different
temperatures on the net photosynthesis, stomatal conductance, and transpiration rate of A. cruentus,
C. argentea, and S. macrocarpon (mean =+ standard deviation); Table S2: Chlorophyll a, chlorophyll b,
total chlorophyll, and carotenoid content of A.cruentus. C. argentea and S. macrocarpon under different
temperatures (mean =+ standard deviation); Table S3: Antioxidant capacity, total phenolic compounds,
total flavonoids, and free amino acid content of A. cruentus, C. argentea, and S. macrocarpon under
different temperatures (mean + standard deviation).
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