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Abstract

Extreme temperatures and water deficits pose a significant threat to crop growth and food security in changing climates. Maize, a widely 
distributed crop, is susceptible to water deficiency. Seed priming, a low-cost and sustainable technology, can enhance drought tolerance, 
potentially improving crop productivity and food security. The current study aimed to investigate the impacts of seed thermopriming at 
physiological and biochemical levels under drought stress during the reproductive stage using three maize genotypes (Red, White, and P-3057w). 
The experiment was split into six treatments (control, drought, thermopriming at 40 °C, thermopriming at 40 °C + drought, thermopriming at 50 
°C, and thermopriming at 50 °C + drought). Drought stress was induced at the pre-tasseling stage by withholding irrigation for 20 days in a split-
plot under a completely randomized design. Our results showed that the drought stress significantly reduced photosynthetic rate (51%), stomatal 
conductance (65%), transpiration (69%), cell membrane injury (55%) chlorophyll a (85%), chlorophyll b (74%), total chlorophyll (81%) and 
carotenoids (66%) while increasing anthocyanins (7%), phenols (8%), DPPH (6%) and ABTS (11%) activity in non-primed seeds whereas 
thermopriming at 40oC and 50oC reduced significantly the negative effects of drought on photosynthesis (18%; 21%), stomatal conductance 
(16%), transpiration (15%; 16%) and cell membrane injury (36%; 37%) through increased anthocyanin content (25%; 24%), total phenols 
(30%; 29%), DPPH (10%; 11%) and ABTS activity (16%; 17%). However, there were no significant differences between thermopriming at 40 
°C and 50 °C. Consequently, both thermopriming treatments were found to be effective for increasing the drought stress tolerance during the 
reproductive stage in maize.
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Introduction

The world’s population is expected to increase significantly by 
2050. As a result, it is believed that there will not be enough land 
available to cultivate cereal crops and meet the growing global de-
mand for food. The loss of agricultural land as a result of climate 
change, the increase in biotic and abiotic stressors, and the acceler-
ation of global climate change are some of the primary challenges 
facing agriculture and food production [1]. Drought, heat, salinity, 
and cold are examples of environmental stressors that can hinder 
crop quality and yield. Global climate change is predicted to in-
crease the frequency and severity of severe weather events, such 
as extreme temperatures and decreased precipitation [2]. In the 
final decade of the 20th century, the average global temperature 
increased by 0.3 °C, and by 2100, it is expected to have increased 
by nearly 3 °C [3]. Two of the most prevalent abiotic stressors that 
can impact crop growth and productivity, and ultimately food se 

 
curity in a changing climate, are extreme heat and water scarcity 
[4]. Additionally, they have the potential to significantly alter the 
composition of the germplasm [5,6].

Maize (Zea mays L.), the most widely distributed crop in the 
world, is grown in temperate, tropical, and subtropical regions 
[7]. It ranks as the third most significant crop globally after rice 
and wheat, with a production of 1241.56 million metric tons over 
208.23 million hectares of cultivated land [8]. Maize is more sus-
ceptible to drought than crops like sorghum, resulting in a 66% 
decrease in maize yield and a 33% decrease in sorghum yield [9].

Drought stress is known to be the most harmful abiotic stress-
or to crops, affecting the growth, development, and production 
of a wide range of crops. It changes the physiology, biochemistry, 
and morphology of a plant [10]. Plant photosynthesis is severely 
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hampered by water deprivation stress because it greatly reduces 
the concentrations of vital photosynthetic pigments in the major-
ity of plants, which slows down the rate at which CO2 is absorbed 
[11]. Plants have evolved several defensive mechanisms, such 
as an increase in antioxidant compounds, to fend off oxidative 
damage from drought. Polyphenolic compounds are essential for 
mitigating the negative impact of stress [12]. The phenolics pro-
duction in plants is a complicated web of reactions that are either 
endogenously controlled or triggered by external stimuli like such 
as moisture [13]. In reaction to environmental stresses, phenols 
accumulate to protect tissues from oxidative stress by free radi-
cals [14]. The reproductive period of maize plants, which occurs 
between tassel development and silking, is the most susceptible 
to water scarcity. Gas exchange, leaf water content, photosynthetic 
activity, chlorophyll a and b content, and cell membrane flexibility 
are all negatively impacted by this stage [15,16]. 

Given the world’s expanding population, new effective plant 
breeding methods are needed to improve crop quality, boost yield 
output, raise stress tolerance, and develop more sustainable and 
adaptable germplasm pools for future climatic issues [17]. Nu-
merous studies have been conducted on the intricate networks of 
stress response and adaptation mechanisms of high-value crops, 
like soybean (Glycine max), wheat (Triticum aestivum), rice (Oryza 
sativa), and maize (Zea mays) [18-21]. One of the recommended 
management techniques to treat drought stress is stress priming, 
often referred to as stress hardening, training, or conditioning. It 
is a low-cost and environmentally friendly technology. Plants can 
develop either short-term or long-term stress memory, which in-
creases their resistance to stressors in the present or even in sub-
sequent generations [22,23]. Reports of the phenomenon known 
as “plant stress memory,” which characterizes the enduring effects 
and stress imprint where past exposures to biotic and/or abiotic 
stress have significantly influenced future stress responses, have 
increased in recent years [17]. The capacity of a plant to grow 
more resistant to a range of abiotic stressors and, in some cases, 
biotic stressors following exposure to a single stressor is known 
as cross-stress tolerance [24]. One possible outcome of stress 
exposure to plants is the establishment of stress memory, which 
makes them more resistant to future stressors. This process is also 
referred to as priming, acclimatization, conditioning, or harden-
ing [25]. There is a lag or memory phase during priming between 
the priming event and the second stress event [26]. During the 
priming phase, physiological, metabolic, molecular, and epigenetic 
alterations take place. Throughout a plant’s life, these alterations 
might be transient or long-lasting, and in some cases, they can 
even be inherited by subsequent generations [27]. Stress memo-
ry depends on the imprints left on chromatin which subsequently 
effect the transcription of gene upon the initial stress event, or on 
the regulators that controls the post-transcription expression of 
the gene, to either stimulate or inhibit the buildup of transcription 
factors, signaling metabolites, and proteins produced in response 
to stress through activating or silencing genes [28,29]. These regu-
lators interact to fine-tune their molecular activities in a variety of 

abiotic stress scenarios, including heat, cold, drought, and floods. 
Small noncoding RNAs (sRNAs), including small-interfering RNAs 
(siRNAs) and miRNAs, are commonly responsible for mediating 
the feedback loop [29,30]. Many types of plants have been seen 
to exhibit stress cross-tolerance to a wide range of abiotic stress-
ors brought on by heat priming. Thanks to previous studies on 
cross-stress tolerance, researchers have been able to link various 
individual stress responses and begin to clarify the molecular and 
physiological mechanisms involved in signal initiation and trans-
duction that impart stress tolerance [31]. Pre-sowing priming 
compounds improve seed germination ability under demanding 
conditions. Thus, by pre-stimulating the plant’s antioxidant de-
fense mechanism, it is possible to create a stress memory and in-
crease stress tolerance [32]. The effects of preconditioning vary 
according to plant species and concentration [33]. Using the heat 
priming method, seeds are kept in a dark environment at a high 
temperature for certain periods. Germination rates are positive-
ly impacted by treatments with either hot or cold temperatures 
before planting [34]. Heat priming has a positive effect on seed 
germination and seedling emergence while also encouraging 
plant growth and development. It has also been demonstrated to 
enhance enzyme performance, plant growth, and metabolism. Un-
certainty surrounds the effect of seed thermal priming on maize’s 
resistance to drought stress throughout maturity. Understanding 
the physiological and biochemical impacts of seed thermopriming 
and drought stress on maize was the aim of this investigation.

Materials and Methods

Plant material and site description

This study examined the physicochemical response of maize 
throughout the reproductive stage to seed thermopriming under 
drought stress. For this investigation, two native genotypes of 
maize (white and red) were gathered from farmers in Aramberri, 
Nuevo León, Mexico, and one hybrid (P-3057w) was gathered from 
farmers in Miguel Aleman, Tamaulipas, Mexico. From February to 
April of 2024, the experiment was carried out at the Facultad de 
Agronomía, Universidad Autonoma de Nuevo León in Marín, Nue-
vo Leon, Mexico (located at 24°19’16.71”N and 99°54’58.06” W).

Seed thermopriming treatments

Three different heat stress treatments, i.e., control, 40 °C, and 
50 °C, were used. Before being sown, seeds of the three genotypes 
of maize were exposed to high temperatures of 40 °C and 50 °C for 
72 hours in an oven. 

Drought treatment

Each genotype’s seeds were planted in germination trays, and 
when the plants had three leaves, they were moved into 42-liter 
pots filled with a mixture of peat moss, chicken manure, and black 
soil (1:1:1). Six treatments were used in the experiment: control, 
drought, heat priming at 40°C, heat priming at 40°C + drought, 
heat priming at 50°C, and heat priming at 50°C + drought. There 
was one plant per pot in a split-plot with a randomized design, 
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and each pot had 26 kg of substrate. To avoid drought stress, all 
of the pots received regular irrigation until stage V7 (pre-head-
ing). All the pots were irrigated to saturation the afternoon before 
the drought stress initiation, following an overnight drainage. A 
small hole was made to re-irrigate the pots of the control treat-
ment as frequently as needed. After that, the pots were enclosed 
around the stem to avoid direct evaporation of soil water. In the 
drought treatment, the irrigation was withheld for twenty days. 
After twenty days, when the plants showed the signs of wilting or 
leaf rolling, particularly in the morning, data collection was made.

Data collection

Measurements of photosynthetic and biochemical parameters 
were taken when the plants attained the reproductive phase (VT).

Photosynthetic parameters

The LiCor-6400 (LI-COR Inc., Lincoln, NE, USA) with a 6400-
02B LED light source was used to quantify the photosynthesis 
variables using the flag leaf, including the net photosynthetic rate 
(Pn, µmol CO2 m-2 s-1), stomatal conductance (gs, mol H2O m-2 s-1), 
and transpiration rate (Tr, mmol H2O m-2 s-1). During the measure-
ments, the following calibration conditions were used: 700 µmol 
s-1 of flow, 400 µmol CO2 at constant levels, and a 6400-02 LED 
light source at 1500 µmol m-2 s-1 [35].

Cell membrane damage

The protocol of Tas [36] was used to quantify cell membrane 
damage. A 100 mg sample was taken from each randomly chosen 
leaf, weighed, and then rinsed three times with distilled water. Af-
ter that, the plant samples were put into test tubes with 10 mL 
of deionized water. After being sealed, the tubes were placed in a 
water bath at 32°C for two hours. To find the initial electrical con-
ductivity (EC1) value, the solution’s electrical conductivity (EC) 
was measured with an electrical conductivity meter. To eliminate 
all cells and allow organic and inorganic ions to enter the solution, 
the samples were autoclaved for 20 minutes at 120°C in the sec-
ond phase. After the samples were brought to room temperature, 
the electrical conductivity of the solutions was again measured to 
determine a second electrical conductivity (EC2) value. The cell 
membrane damage (CMD, %) value was calculated using the fol-
lowing equation:

( )
( )

1
1 100

2
EC

CMD x
EC

 
= − 
 

Photosynthetic pigments

Carotenoids and chlorophyll were measured using the meth-
odology of Rodriguez-Salinas et al. [37]. 10 mL of 80% acetone 
was added to 100 mg of leaf material in test tubes, which were 
then agitated for half an hour at room temperature. Following the 
solution’s filtration, absorbance was measured at 663, 645, 480, 
and 510 nm and reported in mg g-1 of fresh material. Using the fol-
lowing formulae, the amount of carotenoids and chlorophyll was 
determined:

( ) ( )12.7 663 2.69 645
 

1000
A A xV

Chlorophyll a xW
−

=

( ) ( )22.9 645 4.68 663
 

1000
A A xV

Chlorophyll b xW
−

=

( ) ( )20.2 645 8.02 663
 

1000
A A xV

Chlorophyll total xW
+

=

( ) ( )7.6 480 1.49 510
1000

A A xV
Carotenoides xW

−
=

Where:

W = Weight of the sample.

V= Volume of the solution.

Total Anthocyanins

The methodology described by Rodriguez-Salinas et al. [37] 
was used to extract total anthocyanins. 5 mL of an acidified eth-
anol solution (ethanol and 1 N HCl, 85:15 v/v) adjusted to pH = 
1 was added to 200 mg of leaf sample that had been weighed in 
a test tube. The mixture was then purged with nitrogen flow for 
30 seconds. After that, it was kept out of the light at 4 °C for 30 
minutes at 200 rpm on a stirrer plate. The supernatant was then 
extracted and examined at a wavelength of 535 nm after it had 
been centrifuged for 20 minutes at 4 °C at 6000 rpm. A sample’s 
anthocyanin concentration was expressed as milligrams of cyani-
din-3 glucoside equivalent (C3GE) per one hundred grams of sam-
ple (mgC3GE 100g-1) as follows:

( ) ( )/ 1/   10 6C A MW weight of sampleε ∧= × × ×

Where:

C = anthocyanin concentration (mgC3GE L-1).

A = sample absorbance.

Ɛ = molar extinction coefficient of cyanidin-3-glucoside 
(25.965 cm-1 M-1).

V = total volume of the extract.

MW = molecular weight of cyanidin-3-glucoside (449 g mol).

Total phenols and antioxidant activities

Using the protocol of Rodriguez-Salinas et al. [37], a colori-
metric method based on the Folin-Ciocalteau reagent reaction 
was used to quantify the total phenolic content. 2 mL of phenolic 
extract were mixed with 2.6 mL of distilled water, oxidized with 
0.2 mL of Folin-Ciocalteau reagent, and neutralized with 2 mL of a 
7% Na2CO3 solution after five minutes. After 90 minutes, the reac-
tion was stopped, and the samples’ absorbance at 750 nm was fi-
nally measured. Results were reported as milligrams of gallic acid 
equivalent per hundred grams of sample, with gallic acid serving 
as a reference for the calibration curve (0, 40, 80, 120, 160, and 
200 mg L-1) (mgGAE 100g-1).
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Antioxidant activity was assessed using DPPH and ABTS, fol-
lowing the methodology of Rodriguez-Salinas et al. [37]. A 60 µM 
working solution with an absorbance set to 1.0 at 517 nm was 
used to assess DPPH. To perform the test, 0.2 mL of phenolic ex-
tract and 3 mL of DPPH working solution were combined. The 
reaction was then allowed to sit in the dark for 30 minutes, and 
the amount of DDPH that was reduced was measured. 1 mL of 7.4 
mM ABTS and 1 mL of 2.6 mM K2S2O8 were combined to create 
a working solution, which was then allowed to react for 12 hours 
in the dark. The working solution’s absorbance was then adjust-
ed to 1.0 at 734 nm by diluting it with methanol. To perform the 
ABTS assay, 0.2 mL of phenolic extract and 3 mL of ABTS working 
solution were combined. The reaction was then allowed to sit in 
the dark for two hours, and the amount of ABTS that was reduced 
was quantified.

Statistical Analysis

This study used a split-plot design with three replications, 
totaling fifty-four pots, and a randomized design. The normality 
of the repeated data was evaluated by the Shapiro-Wilk test. Fol-
lowing the normal distribution, the data were then submitted to a 
two-way analysis of variance (ANOVA) using Statistix 10 software 
(Analytical Software, FL, USA), where genotypes were assumed as 
sub-plot component and treatments as main plot factor. The mean 
comparison was determined using the Tukey test (p≤ 0.05).

Results

As indicated in Table 1, every physiological and biochemical 
parameter examined for priming treatments under drought stress 
had significant outcomes (p ≤ 0.05).

Table 1: Mean squares of physiological and biochemical variables in maize genotypes.

Variables Mean Square 
hum.

Error hum. Mean Square trt Mean Square 
hum. × trt.

Error hum. × 
trt.P G P × G

Pn 155.82* 0.98 19.26* 5.29* 71.46 n.s 14.63* 0.49

gs 0.02* 0 0.00* 0.03* 0.00 n.s 0.00* 0

Tr 10.01* 0.09 1.48* 0.93* 0.00 n.s 1.09* 0.03

CMD 1120.3* 20.44 72.77* 335.67* 0.77 n.s 37.93 n.s 22.13

Chl-a 7.20* 0.3 1.10* 0.55* 0.01 n.s 0.18* 0.04

Chl-b 2.57 n.s 0.71 0.36* 1.84* 0.05 n.s 0.07 n.s 0.17

Chl total 18.35 n.s 1.91 2.69* 4.27* 0.10 n.s 0.35 n.s 0.29

Carotenoides 1.78 n.s 0.12 0.17* 0.35* 0.00 n.s 0.03 n.s 0.03

Anthocyanins 269.30* 5.73 133.47* 366.320* 2.85 n.s 8.08 n.s 8.94

Total phenols 3476.83* 45.3 4355.25* 3954.25* 67.65 n.s 622.63* 50.56

DPPH 12719.00* 229.9 1271.05* 28490.50* 70.78 n.s 353.80* 104.8

ABTS 20471.50* 76.6 1117.55* 9968.90* 35.13 n.s 364.20* 70

Pn = photosynthetic rate; gs = stomatal conductance; Tr = transpiration; CMD = cell membrane damage; Chl-a = chlorophyll a; Chl-b 
=  chlorophyll b; Chl Total = total chlorophyll. Note: * indicates significance levels at p ≤ 0.05.

Physiological parameters and cell membrane damage

Drought caused a notable decrease in stomatal conductance 
(65%), transpiration (69%), and photosynthetic rate (51%), as 
well as a 55% increase in cell membrane damage, in unprimed 
seeds of all genotypes. With a 58% decrease in photosynthetic 
rate, a 71% decrease in stomatal conductance, a 78% decrease in 
transpiration, and a 54% rise in cell membrane damage, the white 
genotype had the most damage in physiological measures. 51% 
less photosynthetic rate, 67% less stomatal conductance, 61% less 
transpiration, and 56% less cell membrane damage were seen in 

P-3057w, whereas 48% less photosynthetic rate, 57% less stoma-
tal conductance, 66% less transpiration, and 53% less cell mem-
brane damage were observed in the red genotype. The physiologi-
cal damage caused by drought stress was significantly reduced by 
heat priming at 40 °C and 50 °C. In plants, 40 °C priming decreased 
photosynthetic rate, stomatal conductance, transpiration, and cell 
membrane damage to 18%, 16%, 15%, and 36%, respectively, 
whereas 50 °C priming decreased drought damage to 21% in pho-
tosynthetic rate, 16% in stomatal conductance and transpiration, 
and 37% in cell membrane injury (Figure 1a-g).

DOI:10.19080/ARTOAJ.2025.29.556449


How to cite this article: Saba Yasin, Francisco Zavala-García*, Guillermo Niño-Medina, Pablo Alan Rodríguez-Salinas, Adriana Gutiérrez-Diez, et al. 
Physicochemical Effects of Seed Thermo-priming in Improving Drought Tolerance of Maize (Zea mays L.). Agri Res & Tech: Open Access J. 2025; 29(3): 
556449. DOI: 10.19080/ARTOAJ.2025.29.556449

005

Agricultural Research & Technology: Open Access Journal 

DOI:10.19080/ARTOAJ.2025.29.556449


006

Agricultural Research & Technology: Open Access Journal 

How to cite this article: Saba Yasin, Francisco Zavala-García*, Guillermo Niño-Medina, Pablo Alan Rodríguez-Salinas, Adriana Gutiérrez-Diez, et al. 
Physicochemical Effects of Seed Thermo-priming in Improving Drought Tolerance of Maize (Zea mays L.). Agri Res & Tech: Open Access J. 2025; 29(3): 
556449. DOI: 10.19080/ARTOAJ.2025.29.556449

DOI:10.19080/ARTOAJ.2025.29.556449


How to cite this article: Saba Yasin, Francisco Zavala-García*, Guillermo Niño-Medina, Pablo Alan Rodríguez-Salinas, Adriana Gutiérrez-Diez, et al. 
Physicochemical Effects of Seed Thermo-priming in Improving Drought Tolerance of Maize (Zea mays L.). Agri Res & Tech: Open Access J. 2025; 29(3): 
556449. DOI: 10.19080/ARTOAJ.2025.29.556449

007

Agricultural Research & Technology: Open Access Journal 

Figure 1: Effect of heat priming on maize genotypes (Red, White, P-3057w) during reproductive stage on (a) photosynthetic rate (Pn) (µmol 
CO2 m-2 s-1) under contol, (b) photosynthetic rate (Pn) (µmol CO2 m-2 s-1) under drought, (c) stomatal conductance (gs) (mmol H2O m-2 s-1) 
under control, (d) stomatal conductance (gs) (mmol H2O m-2 s-1) under drought, (e) transpiration (Tr) (mmol H2O m-2 s-1) under control, (f) 
transpiration (Tr) (mmol H2O m-2 s-1) under drought, (g) cell membrane damage (%) under drought. The different letters on the bars show 
significant differences (p ≤ 0.05).

Photosynthetic pigments

Plants cultivated from unprimed seeds under drought stress 
showed a significant decrease in chlorophyll a (85%), chloro-
phyll b (74%), total chlorophyll (81%), and carotenoids (66%). 
The red genotype showed the greatest damage to photosynthetic 
pigments, with reductions of 90% in chlorophyll a, 103% in chlo-
rophyll b, 95% in total chlorophyll, and 57% in total carotenoids. 
The white genotype showed reductions of 89% in chlorophyll a, 
58% in chlorophyll b, 78% in total chlorophyll, and 86% in total 

carotenoids, while P-3057w showed reductions of 77% in chloro-
phyll. Heat priming at 40 °C and 50 °C considerably reduced the 
physiological harm brought on by drought stress. Chlorophyll a, 
chlorophyll b, total chlorophyll, and total carotenoids dropped to 
20%, 26%, 23%, and 28% in plants primed with 40 °C, whereas 
drought damage dropped to 19% in chlorophyll a, 14% in chloro-
phyll b, 17% in total chlorophyll, and 18% in total carotenoids in 
plants primed with 50 °C (Figure 2a-e).
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Figure 2: Effect of heat priming on maize genotypes (Red, White, P-3057w) during reproductive stage on (a) chlorophyll a (Chl-a) (mg g-1 
fresh material) under contol, (b) chlorophyll a (Chl-a) (mg g-1 fresh material) under drought, (c) chlorophyll b (Chl-b) (mg g-1 fresh material) 
under drought, (d) total chlorophyll (Chl-total) (mg g-1 fresh material) under drought, (e) total carotenoids (Carot-total) (mg g-1 fresh material) 
under drought. The different letters on the bars show significant differences (p ≤ 0.05).

Anthocyanins, Phenols, and Antioxidant Activities

In plants cultivated from unprimed seeds, drought stress 
raised the levels of anthocyanins (7%), total phenols (8%), and 
antioxidant activities by DPPH (6%) and ABTS (11%). P-3057w 
had an 11% increase in anthocyanins, 2% in total phenols, 7% and 
11% in DPPH and ABTS activities, and a 1% increase in antho-
cyanins, 6% in total phenols, 4% and 9% in DPPH and ABTS ac-
tivities. The red genotype had a greater increase in anthocyanins 
(8%), total phenols (15%), and antioxidant activities by DPPH 
(7%) and ABTS (14%). Heat priming, on the other hand, improved 

the anthocyanins, total phenols, and antioxidant activities, which 
lessened the damage brought on by drought. Plants primed with 
anthocyanins at 40 °C showed increases in total phenols, DPPH, 
and ABTS activity of 25%, 30%, 10%, and 16%, respectively. In 
contrast, plants primed at 50 °C showed increases in anthocyanin 
content of 24%, total phenols of 29%, DPPH activity of 11%, and 
ABS activity of 17%. Heat priming at 40 °C and 50 °C increased 
anthocyanins (26%, 27%), total phenols (40%, 36%), and antiox-
idant activities by DPPH (13%, 14%) and ABTS (20%, 21%) the 
most in pigmented red genotype (Figure 3a-g).
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Figure 3: Effect of heat priming on maize genotypes (Red, White, P-3057w) during reproductive stage on (a) anthocyanins (mg C3GE 100 
g-1) under drought, (b) total phenols (mgGAE 100 g-1) under control, (c) total phenols (mgGAE 100 g-1) under drought, (d) DPPH activity 
(µmolTE 100 g-1) under control, (e) DPPH activity (µmolTE 100 g-1) under drought, (f) ABTS activity (µmolTE 100 g-1) under control, (g) ABTS 
activity (µmolTE 100 g-1) under drought The different letters on the bars show significant differences (p ≤ 0.05).
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Discussion

Photosynthetic pigments and gas exchange attributes

In a water-limited environment, plants experience reduced 
photosynthesis, slowed leaf expansion, stomatal narrowing and 
blockage, early leaf catabolism, decreased translocation acqui-
sition, and decreased crop yield [38-41]. Drought also affects 
plant-water relations, such as transpiration rate, stomatal open-
ing, leaf water capacity, comparative water accumulation, efficient 
water utilization, and plant canopy temperature [42,43]. Plants 
grown under drought have much lower levels of total chlorophyll 
and carotenoid content than plants cultivated in normal irrigation 
(Figure 2d,e). Similarly, the water deficit environment significant-
ly impacted several gaseous exchange parameters and stomatal 
behavior, which significantly decreased when compared to the 
plants growing in the control treatment (Figure 1a-f). Among oth-
er regulatory mechanisms that reduce net photosynthesis, plants 
that experience drought have decreased stomatal behavior and 
photosynthetic pigments [44]. We found that plants grown from 
unprimed seeds under drought stress had reduced rates of pho-
tosynthesis, photosynthetic pigments, and stomatal conductance 
in comparison to plants grown in a control condition. It was pre-
viously demonstrated that plants with adequate water supple-
mentation had much higher levels of photosynthetic pigments, 
gaseous exchange parameters, and stomatal apertures than plants 
grown in water-limited conditions [39,45,46]. A similar trend was 
also seen in maize plants under drought stress circumstances 
[4,15,16].

Additionally, the decline in transpiration rate might be due to 
the plants’ inability to maintain field water capacity, which was 
most likely caused by high canopy transpiration [47]. We also saw 
an electrolyte leak due to cell membrane degradation in unprimed 
plants under drought stress. Heat-induced seed priming signifi-
cantly reduced the damage to photosynthetic pigments, gaseous 
exchange parameters, and cell membrane damage in this study. In 
this work, seed priming at 40 °C and 50 °C significantly increased 
photosynthetic rate (28%, 24%), stomatal conductance (42%, 
42%), and transpiration (47%, 46%), while the cell membrane 
damage index during drought significantly decreased by 28%. In 
plants cultivated from seeds primed at 40 °C and 50 °C, we found 
a considerable rise in chlorophyll a of 54% and 55%, respectively. 
Under dryness, there was no discernible change in chlorophyll b, 
total chlorophyll, or carotenoids between heat-primed and con-
trol plants. Similar results were reported by Luqman et al. [48], 
who discovered that seed priming treatments significantly boost-
ed photosynthetic rate, stomatal conductance, and transpiration 
in maize hybrids under dry circumstances as compared to the 
control. According to Zhao et al. [49], drought stress in unprimed 
wheat seedlings severely compromised cell membrane integri-
ty and increased electrolyte leakage by 33%, whereas priming 
reduced it by 23%. Ru et al. [50], Hussain et al. [51], and Sen & 
Puthur [52] have found that seed priming significantly reduced 

the damage that drought caused to photosynthetic pigments such 
as carotenoids and chlorophyll. They also found that priming had 
improved the integrity of the cell membrane by reducing electro-
lyte leakage during drought stress.

Anthocyanins, Total phenols, and Antioxidant capacities

Abiotic stresses cause plant cells to release reactive oxygen 
species (ROS). These ROS can lead to cellular dysfunction and 
death because of their high reactivity with a variety of biologi-
cal components, including proteins, lipids, nucleic acids, and cell 
membranes [53]. Plants respond to abiotic stresses by encourag-
ing the production of secondary metabolites that are antioxidants, 
particularly polyphenolic compounds, as a means of defense and 
adaptation [54]. Plant resistance to a range of abiotic stresses, 
including salt, heavy metal toxicity, drought, heat stress, chilling 
damage, UV radiation, and others, is significantly increased by 
these chemicals [55,56]. The enhanced production and rapid ac-
cumulation of these molecules, which have potent antioxidative 
properties and may efficiently quench ROS to prevent cellular 
membrane damage, are essential markers of a plant’s tolerance 
and resistance to oxidative stress [57]. Research indicates that 
plants under stress start the synthesis of polyphenolic compounds 
more quickly than plants developing normally [58-62]. Important 
enzymes like PAL and CHS are crucial for regulating phenolic syn-
thesis, and complex enzymatic pathways are involved in the regu-
lation of phenolic compound production under stress. Plants con-
trol several genes that encode vital enzymes under various abiotic 
stressors, such as PAL, C4H, C3H, 4CL, COMT, CHS, CHI, F3H, DFR, 
F3′M, FLS, ANR, and ANS [63].

The enhanced synthesis of a range of bioactive polyphenolic 
compounds under adverse climatic circumstances results from 
the increased expression of these genes, which in turn enhanc-
es plant resilience through intricate stress tolerance pathways. 
Plants use several survival strategies, such as the production of 
secondary metabolites like flavonoids and phenolics, when they 
are water-limited. The buildup of polyphenolic compounds, such 
as anthocyanins and other flavonoids, is impacted by drought 
stress [64]. In this study, heat-induced seed priming dramatically 
raised the levels of anthocyanins and total phenols. The antiox-
idant activity in the genotypes under investigation was demon-
strated to increase with seed thermopriming at 40 °C and 50 °C. 
This greatly reduced the physiological damage caused by drought 
stress and may have improved the genotypes’ ability to tolerate 
drought. When seeds were thermoprimed at 40 °C and 50 °C, the 
Red genotype showed the highest increase in antioxidant capacity 
by DPPH (13%, 14%) and ABTS (20%, 21%), respectively, follow-
ing P-3057w and White genotypes. Our results are consistent with 
those of Samota et al. [65], who discovered that plants grown from 
primed seeds exhibited noticeably greater levels of DPPH antiox-
idant capacity and total phenols. Hussain et al. [51] reported that 
seed priming enhanced the total phenolic contents and antioxi-
dant activity in rice genotypes under drought stress; however, the 
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benefits of priming were more pronounced in rice that was pig-
mented during drought. Another study of the grain by Zhao et al. 
[49] found that the ABTS and DPPH radical scavenging activities 
of wheat seedlings increased in response to drought stress. It has 
been shown that the concentration of phenolic chemicals is the 
reason for this increase in antioxidant capability.

Conclusion

By boosting antioxidant activity in every genotype examined, 
seed thermopriming in this study demonstrated a decrease in 
physiological damage caused by drought stress. Nonetheless, no 
discernible variations were found between pretreatments con-
ducted at 40 °C and 50 °C. Thus, both treatments were shown to 
be successful in improving drought tolerance in maize throughout 
the reproductive stage.
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