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Abstract 

 

Maize plants are adversely affected by abiotic stresses, 

among which drought is one of the most challenging 

hazards to production. Abiotic stress significantly affects 

plant development and production, necessitating the 

identification of stress-responsive genes for crop 

improvement. In the current study, drought stress was 

applied on maize cultivar C. Pak and we analyzed their 

effects on their phytohormones as compared to control. 

Their results illustrated that significant variations in 

Indole-3-acetic acid (IAA), Abscisic acid (ABA), and 

Salicylic acid (SA) levels among the studied treatments 

were achieved as compared to control. Moreover, we also 

checked the expression pattern of the targeted 3 genes in 

maize under stress conditions through semi quantitative real 

time PCR (qPCR) in roots and shoots. The expression patterns 

of ZmVPP1, ZmNAC111 and ZmTIP1 in maize roots and 

shoots were upregulated as compared to control. The 

expression of ZmNAC111 was higher in both root and shoot in 

maize as compared to ZmVPP1 and ZmTIP1, respectively. 

These findings highlight the differential roles of ZmVPP1, 

ZmNAC111, and ZmTIP1 in drought stress tolerance, with 

particular emphasis on ZmNAC111, providing valuable insights 

into their potential applications in maize breeding for enhanced 

drought resilience. © 2025 The Author(s) 
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Introduction 
 

Maize (Zea mays L.) is one of the world’s most important 

cereal crops, serving as a staple food, animal feed, and a 

key raw material for industrial products (Ahmad & 

Ahmad, 2018; Rubab et al., 2020; Mehmood et al., 2022). 

Its global significance lies not only in its high productivity 

but also in its wide adaptability to diverse agro-ecological 

zones (Azam et al., 2023). As demand for food and bio-

based resources continues to rise, maize production plays a 

critical role in ensuring food security, particularly in 

developing countries (Jamilah et al., 2024; Kekere et al., 

2024). However, increasing environmental stresses such as 

drought, heat, and poor soil conditions pose significant 

threats to maize yield and stability (Zia et al., 2023). 

Understanding and enhancing the resilience of maize to 

such stress has become a major focus in crop improvement 

research. 

      Drought is a prevalent ecological condition that 

significantly reduces maize growth and production 

(Daryanto et al., 2016). Therefore, the creation of drought-

resistant cultivars can assist to confirm that maize is 

formed in adequate numbers for nutrition, animal nourish, and 

energy, even in the face of stochastic drought episodes and 

rising consumer demand (Kloppers, 2024). Growing maize 

under drought stress is particularly challenging due to the low 

heritability of traits related to stress resistance (Liu et al., 2022; 

Tang et al., 2025). Drought confrontation is generally 

established to be a polygenic characteristic influenced by 

several genes and additional variables (Ma et al., 2024). In 

grain yield farming, the degree of injury caused by water 

deficiency is determined by soil water potential gradients and 

varies by crop varieties and developmental stage (Bhattacharya 

et al., 2021). Drought tolerance studies in maize are primarily 

concerned with plantlet subsistence taxes following drought 

stress, yield-related kernels features, origin attributes, and 

photosynthetic effectiveness, amongst other things (Engida et 

al., 2022). Droughts have been increasingly frequent from 

spring to summer and hence significant maize growing region, 

since the early twenty-first century (Jia et al., 2022). As a 

result, water scarcity poses a hazard to spring germination and 

seedling development. As a result, better seedling stage is 

critical in maize study, and occurrences during this period have 
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a thorough influence on advanced developing phases, 

possibly affecting production (Kim et al., 2023). 

      Because the drought-tolerant phenotype is governed by 

several genes, enhancing this characteristic might be 

additional successful if various genes are pyramided in a 

single variety (Tao et al., 2024). The transgenic plants 

characterized by beta gene overexpression displayed 

elevated transpiration rates, stomatal conductance, and net 

photosynthesis   in comparison to their wild-type 

counterparts (Shah et al., 2019). For example, stacking 

genes in maize promotes vegetative development and 

increases yields more than each transgene alone (Liu et al., 

2022). In light of previous research demonstrating that 

stacking genes can improve the drought tolerance 

discussed by separate genes or piling ZmVPP1 through 

ZmNAC111 might additionally enhance the belongings of 

enlarged sapling existence, up controlled drought receptive 

gene appearance, root growth, or produce below drought 

situations perceived in transgenic A188 plants articulating 

whichever gene only (Liu et al., 2022). It is hypothesized 

that pyramiding these genes would increase drought-

responsive gene expression while also stimulating root 

growth under low water supply, subsequent in a great 

produce, drought-resistant line (Liu et al., 2023).  

      Dual transgenic maize plants by overexpressing of 

ZmVPP1 and ZmNAC111 performed well in drought 

tolerance as compared to the only transgene and wild-type 

(WT) plants as well (Mao et al., 2022). It has been found 

that co-expressing ZmVPP1 and ZmNAC111 in the 

drought-sensitive maize line A188 enhances drought 

tolerance by improving water use efficiency, increasing 

antioxidant enzyme activity, reducing the anthesis-silking 

interval (ASI), and promoting the expression of stress-

responsive genes under prolonged water-deficit conditions 

(Chen et al., 2024). In another scientific discovery based 

on the functional characterization and validation of 

ZmTIP1, which encodes a functional S‐acyltransferase, 

plays their active role in regulating the root hairs length 

recovery and eventually perform direct function in drought 

patience in maize (Zhang et al., 2020). Considering the 

documented significance of these genes in the literature 

and their established roles in conferring drought tolerance 

in maize, we have designed the current study to explore the 

functions of ZmVPP1, ZmNAC111 and ZmTIP1 in maize 

cultivar C. Pak under drought stress conditions as 

compared to control.    

 

Materials and Methods 
 

Soil preparation and sowing of maize seeds 

 

The seeds of C. Pak cultivar were obtained from Plant 

Genetic Resources Institute (PGRI), National Agricultural 

Research Center (NARC), Islamabad, Pakistan. The soil 

sample was gathered in clean plastic bags from the garden 

at a depth of 0 to 20 cm. The soil sample was appropriately 

labeled, sealed, and transported to the glasshouse condition.  

Four maize seeds were sown randomly per pot, with three 

biological replicates for each treatment and three technical 

replicates per biological replicate. A control group (plants 

grown under normal water conditions without stress) was also 

included. 

 

Application of drought stress 

 

Drought stress was imposed when maize seedlings reached the 

two-leaf stage, i.e., 7 days after germination. Watering was 

withheld for 10 consecutive days until visible drought 

symptoms appeared. During this period, soil moisture content 

was monitored and maintained at approximately 35–40% of 

field capacity using a soil moisture meter. For the control 

treatment, water was applied regularly to maintain soil 

moisture at 80–85% of field capacity. 

 

Estimation of chlorophyll 

 

Chlorophyll levels were determined utilizing the method of 

Lichtenthaler (1987). During the collection of new leaf 

weights, they were centrifuged for five minutes at 1000 rpm. 

After that, three times, one milliliter of 80% acetone was used 

to clear the waste. Subsequently, by employing optical 

densities, the supernatants were prepared and mutual through 

acetone to yield a solution with a concluding capacity of 7.0 

ml. Following that, the visual concentrations of these solutions 

at 663, 645 and 480 nm wave lengths were determined. 

 

Determination of   indole-3-acetic acid (IAA) 

 

The fluid culture was turned for 2 mins at 1200 rpm tracked by 

the removal of the fluid since the model leaves behind 

schedule the dense fragment. In a shaded area, prepare one mL 

of Salkowski reagent from two mL of supernatant and let it 

stationary for 30 minutes. The reaction at 540nm was 

completed using a spectrophotometer. 

 

Determination of abscisic acid (ABA) 

 

To detect abscisic acid (ABA) in plant extract by 

spectrophotometry, filtrate containing 1% acetic acid incubate 

the mixture overnight at 4°C, then centrifuge at 10,000 g for 15 

minutes to obtain the supernatant. Optionally, purify the 

extract with a C18 solid-phase extraction cartridge. Create a 

standard curve using pure ABA dissolved in methanol and 

diluted to varying amounts. Using a UV spectrophotometer, 

measure the absorbance of the standards and plant extract at 

265 nm, and then compare the sample absorbance to the 

standard curve to calculate the ABA content.  

 

Determination of salicylic acid (SA) 

 

Salicylic acid substances of designated plants extract were 

measured by the technique of Warrier et al. (2013) through 
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certain changes. Proceeds 0.1 mL of the plants extracted in 

a test tube and added 0.1% recently ready ferric chloride to 

create up the ending capacity (3.0 mL). The Fe+3 ion in 

combination reacts with salicylic acid and made violet. The 

OD was dignified at 540 nm in contrast to the blank 0.1 

percent FeCl3. 

 

 

Expression analysis of ZmVPP1, ZmNAC111, and 

ZmTIP1 gene in maize under drought stress conditions 

 

After applying drought stress on maize plant at seedling 

stage, ZmVPP1, ZmNAC111, and ZmTIP1 gene appearance 

examination was completed in shoot and root of maize 

plants as compared to the control treatments. For 

expression analysis the following steps were being carried 

out:  

 

 

i. RNA extraction and cDNA synthesis 

 

The shoot and root samples were ground independently in 

liquid nitrogen. The whole RNA from trials was mined by 

TRIZOL created technique. The abstraction was surveyed 

by DNase action using Turbo DNA free kit (Invitrogen, 

Carlsbad, CA, USA) to remove any genomic DNA 

contamination in the RNA samples. After, RNA pureness 

was tested and calculated for the synthesis of the cDNA. 2 

µg of total RNA was used for cDNA preparation utilizing 

superScript III First-Strand Synthesis System (Invitrogen, 

Carlsbad, CA, USA). The cDNA quality was discovered 

by using interior control and was additionally diluted 20X 

and used for gene expression studies. 

 

 

ii. Quantitative-Real Time PCR (qRT-PCR) 

 

To conduct quantitative real time PCR (qRT-PCR), the 

primers ITS5 5' (GGA AGT AAA AGT CGT AAC AAG 

G) 3' and ITS4 5' (TCC TCC GCT TAT TGA TAT GC) 3′ 

were used for the ZmVPP1, ZmNAC111 and ZmTIP1 genes 

were developed and utilized. The maize internal regulation 

(housekeeping) gene, GAPDH, was employed for 

comparative and authenticity. The qRT-PCR was carried 

out utilizing an Applied Biosystems Model 7500 Real-

Time PCR Instrument utilizing a 1/20 dilute of the relevant 

cDNAs. All qRT-PCR analyses were carried out using 

SYBR Green I (QuantiFast® SYBR® Green PCR Kit, 

Qiagen, Hilden, Germany). The effectiveness of the qRT-

PCR was evaluated, and a melt curve analysis was done for 

each of the results of the PCR in compliance with the 

instructions. Gene expression studies were performed 

using three biological and technological duplicates. Gene 

proportional fold expression was measured using the delta-

delta CT technique (2∆∆CT). 

 

Results 
 

Effect of drought stress on chlorophyll content of maize 

plant during seedling stage 

 

Under drought stress in maize plants, chlorophyll content 

varied between control and drought-stressed plants. The 

chlorophyll content was decreased in drought stress plants as 

compared to the control; chlorophyll a decreased -13, 

chlorophyll b -15 and total chlorophyll by -16%, respectively 

as compared to the control (Fig. 1, 2 and 3). 
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Fig. 1 Effect of drought stress on chlorophyll a in maize 

seedlings grown under lab conditions. Data was obtained from 

3 replicates with their respective error bars.  
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Fig. 2 Effect of drought stress on chlorophyll b in maize 

seedlings grown under lab conditions. Data was obtained 

from 3 replicates with their respective error bars.  
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Fig. 3 Effect of drought stress on total chlorophyll in maize 

seedlings grown under lab conditions. Data was obtained 

from 3 replicates with their respective error bars.  

 

Effect of drought stress on biochemicals of maize plants 

during seedling stage 

 

Under drought stress conditions in maize plants, the levels 

of key phytohormones varied among control and stress 

plants. All the phytohormones levels were decreased in 

drought stress plants as compared to the control one. The 

IAA content was decreased by -20%, ABA was -4% and 

SA decreased by -15%, respectively as compared to the 

control (Fig. 4, 5 and 6). 

 

C
ontr

ol 

D
ro

ught

0

1000

2000

3000

IA
A

 μ
g

/g
 i
n

 p
la

n
t

 
Fig. 4 Effect of drought stress on IAA in maize seedlings 

grown under lab conditions. Data was calculated from 3 

replicates with their respective error bars.  
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Fig. 5 Effect of drought stress on ABA in maize seedlings 

grown under lab conditions. Data was calculated from 3 

replicates with their respective error bars.  
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Fig. 6 Effect of drought stress on SA in maize seedlings grown 

under lab conditions. Data was calculated from 3 replicates 

with their respective error bars. 

 

Expression of drought tolerant genes in root and shoot 

 

Gene expression profiling of the selected genes (ZmNAC111, 

ZmVPP1 and ZmTIP1) was checked in the root and shoot parts 

of C. Pak cultivar under drought stress in maize. The results of 

gene expression levels varied significantly between roots and 

shoots. ZmNAC111 exhibited the highest expression in roots 

2.7-fold expression followed by ZmVPP1 2.3 and ZmTIP1 1.8-

fold, respectively. While in shoot, ZmNAC111 also showed the 

highest 2.4-fold expression whereas ZmVPP1 had a moderate 
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response 2 followed by ZmTIP1 1.4-fold, respectively as 

shown in (Fig. 7 and 8). These findings indicate that 

ZmNAC111 is highly responsive to drought stress 

conditions in both roots and shoots, suggesting its crucial 

role in stress tolerance mechanisms in maize (Fig. 9). 
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Fig. 7 Effect of drought stress on root relative fold 

expression in maize seedlings grown under lab conditions. 

Data was calculated from 3 replicates with their respective 

error bars.  
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Fig. 8 Effect of drought stress on shoot relative fold expression 

in maize seedlings grown under lab conditions. Data was 

calculated from 3 replicates with their respective error bars.

 
                   Fig. 9 Expression analysis of drought tolerant genes ZmVPP1, ZmNAC111 and ZmTIP1 under drought stress 
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Discussion 
 

Low water availability induced environmental stress 

continues to represent a significant threat to maize along 

with other major grain cultivation in growing locations 

across the world.  Consequently, drought responses and 

crop restoration ability following drought mitigation has 

long been the subject of strong agronomic research interest 

(Wang et al., 2016). Plants' resilience to drought 

circumstances allows them to survive, if not flourish amid 

water shortages and quickly resume their regular 

physiological activities post rehydration. In the current 

study, we applied drought stress on C. Pak cultivar of 

maize and then Chlorophyll contents (a, b and total), IAA, 

SA, ABA were checked in these plants as compared to 

control. Our results showed that the level of IAA, ABA 

and SA decreased in drought stress treatment as compared 

to control plants. The plant hormone analysis revealed 

significant variations in IAA, ABA, and SA levels, which 

are critical regulators of stress responses. Indole-3-acetic 

acid (IAA), a key auxin, exhibited notable changes, which 

align with previous studies suggesting that auxin 

homeostasis is essential for root growth and shoot 

development under stress conditions (Tian et al., 2014). 

The fluctuations in IAA levels among different two 

treatments indicate their potential role in modulating root 

architecture and growth responses to environmental cues. 

Similar to our results, Abscisic acid (ABA), known as the 

"stress hormone," was significantly increased, particularly 

in control plants (Cutler et al., 2010). SA levels in maize 

plants under drought stress suggest that this gene may 

influence systemic acquired resistance and oxidative stress 

mitigation (Vlot et al., 2009).   

      We checked the expression pattern of ZmNAC111, 

ZmVPP1 and ZmTIP1 in maize root and shoot under 

drought stress. Their results revealed that the expression 

patterns of ZmVPP1, ZmNAC111 and ZmTIP1 in maize 

roots and shoots were upregulated as compared to control. 

The expression of ZmNAC111 was higher in both root and 

shoot in maize as compared to ZmVPP1 and ZmTIP1. 

According to our results, earlier findings have proven that 

drought resilience is a polygenic feature governed by an 

intricate gene system, and that raising ZmVPP1 or 

ZmNAC111 expression can improve the reaction of maize 

to water deprivation (Zhang et al., 2014). Plants developed 

several complicated methods to endure water 

scars conditions, including the production of stress 

hormones, the upregulation of antioxidant enzymes and 

metabolites, and the stimulation of root expansion. These 

systems assist in regulating stomatal conductivity, 

eliminating reactive oxygen compounds, and getting water 

from lower in the soil (Bhat et al., 2021). Plant roots are 

phenotypically malleable and very responsive to drought 

stress; therefore, a brief water scarcity can stimulate root 

development (Hu & Xiong, 2014). It is probable that 

growing a reasonably long and robust root system may 

improve water intake from deeper in the soil, thereby 

enhancing seedlings rate of survival (Lynch et al., 2015). In 

line with our findings, activation of the root developing 

regulators ZmVPP1, ZmTIP1 or ZmLRL5 can boost root 

growth, leading in higher root biomass, root hair lengthening, 

and improved drought tolerance (Xiang et al., 2017). 

      Root systems in plants exhibit significant phenotypic 

plasticity and are highly responsive to drought stress. Even 

short-term water scarcity can stimulate root elongation and 

development (Hu & Xiong, 2014). Consequently, the 

formation of deeper, more robust root architectures is believed 

to improve access to water stored in lower soil layers, which 

may enhance seedling survival during early growth stages 

(Lynch & Wojciechowski, 2015). Genetic overexpression of 

key regulators such as ZmVPP1, ZmTIP1, and ZmLRL5 have 

been shown to enhance root biomass and promote root hair 

elongation, thereby improving drought tolerance (Wang et al., 

2016; Wang et al., 2019; Zhang et al., 2020). In the pyramid 

lines developed in this study, both root development and the 

root-to-shoot ratio were significantly enhanced compared to 

wild-type (WT) plants. These modifications likely contribute 

to the improved drought resilience observed at the seedling 

stage and may support robust recovery following rehydration. 

Drought stress also disrupts reproductive development, 

particularly by limiting the transport of assimilates required for 

pollination and kernel formation. During such stress, the 

distribution of photosynthetically derived carbon becomes 

tightly regulated. One critical metabolite, trehalose 6-

phosphate, plays a central role in controlling carbon allocation 

and source-sink relationships during the reproductive phase. 

Modulating its levels has been proposed as a strategy to 

optimize assimilates distribution and maintain grain filling 

under water-limited conditions (Oszvald et al., 2018). 

Interestingly, our study demonstrates that combining ZmVPP1 

and ZmNAC111 in pyramided lines reduces the anthesis-silking 

interval and significantly improves grain yield under drought 

in field trials. Collectively, these findings provide a valuable 

foundation for molecular breeding strategies aimed at 

enhancing drought tolerance in maize. 

 

Conclusion 
 

This study highlights the differential expression of ZmVPP1, 

ZmNAC111 and ZmTIP1 in maize under stress conditions, 

providing insights into their potential roles in stress tolerance. 

Among the studied genes, ZmNAC111 exhibited the highest 

expression in both roots and shoots, indicating its strong 

involvement in stress adaptation. ZmVPP1 showed moderate 

expression, while ZmTIP1 had the lowest response, suggesting 

gene-specific variations in stress resilience. Additionally, 

phytohormonal analysis revealed significant changes in IAA, 

ABA, and SA levels, further supporting the regulatory role of 

these genes in stress responses. These findings contribute to a 

better understanding of maize stress physiology and offer 

valuable targets for genetic improvement programs aimed at 

enhancing crop resilience to abiotic stress conditions. 
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