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Abstract: Inadequate water and nitrogen (N) supplies can limit the productivity of maize. Climate 

change will likely increase drought in many regions on a global scale. The determination of N 

fertilizer rates under field drought conditions will be critical toward the reduction of agricultural 

risk. For this study, drought-resistant/sensitive cultivars were selected as experimental samples. 

Our results revealed that drought stress reduced the relative water content (RWC) of leaves, which 

resulted in leaf curling, while decreasing photosynthesis levels and N accumulation. In contrast to 

those without N treatments, the application of N significantly increased grain yields by 26.8% 

during the wet year but increased only by 5.4% during the dry year. Under the same N levels, the 

reduction in yield caused by drought increased with the increased application of N. This was 

because the application of the N fertilizer translated to increase the leaf area and transpiration, 

exacerbated the soil water loss and induced a leaf curling state in maize, which had deleterious 

effects on photosynthesis and N absorption. During the dry year, the yields of drought-sensitive 

cultivars were even less than those without the application of N. Compared with those of 

drought-sensitive cultivars, the RWCs of drought-resistant cultivars decreased more rapidly, and 

they entered the state of leaf curling earlier. Thus, N fertilizer inputs should be reduced, and the 

extent of N fertilization for drought-sensitive cultivars should be reduced even further. 

Keywords: drought stress; leaf relative water content; maize; nitrogen fertilizer 

 

1. Introduction 

As an extremely important cereal crop worldwide, maize (Zea mays L.) is extensively consumed 

as food and livestock feed and for biofuel production [1,2]. In terms of human food supply, maize is 

predicted to become the most important crop globally by 2050 [3]. Maize is comparatively sensitive 

to drought stress in contrast to other summer crops, such as soybean and peanut [4]. Summer 

precipitation events in Northern China are projected to decrease in volume and/or frequency [5]. 

Furthermore, groundwater levels continue to recede due to intense water extraction by industry and 

agriculture [6], where many wells need to be drilled to a depth of 80–100 meters to produce water. 

Currently, drought stress is rapidly becoming a critical abiotic factor that translates to immense 

maize yield losses [7]. A conclusion derived from collected peer-reviewed publication data between 

1980 and 2015 revealed that the reduction in maize yield in response to drought was 39.3% [8]. 

Episodes of intense and prolonged drought are projected to surge worldwide due to future 

global warming/climate change [9]. Under drought stress, the inhibition of carbohydrate 

assimilation or its export from sources organs may result in superfluous photosynthetic light energy, 
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which may consequently induce the intense generation of reactive oxygen species (ROS) in leaves 

[10,11]. Subsequently, drought stress induces alterations in physiological status and disturbances in 

metabolism homeostasis, which deleteriously influence plant growth and development, including a 

marked suppression in the photosynthetic efficiencies of plants [12] and the depolarization of 

plasma membranes [13]. Therefore, the cumulative negative impacts of little rainfall, low 

groundwater levels, high evapotranspiration during summer months, and improper water 

management practices will result in extreme drought stress events, leading to severe economic 

losses that encompass all of Northern China. 

Since nitrogen (N) is a vital component required for the synthesis of chlorophyll and 

photosynthetic enzymes in plants, which directly and indirectly impact the photosynthesis of crops, 

its presence or absence can determine the overall yields of crops [14]. Drought stress strongly affects 

growth and N metabolism, while the application of N can contribute to drought resistance to a 

certain extent in many plants [15]. Under water deficits, N supplies can be conducive toward the 

enhancement of the drought resistance of crops by protecting photosynthetic apparatus, activating 

antioxidant defense systems and improving osmoregulation [16]. 

Most crops require N within an appropriate range that optimally aligns with their physiological 

requirements; however, the excessive application of N results in decreased crop yields [17]. Previous 

studies have shown that the addition of N can improve the drought resistance of plants through pot, 

pool, or hydroponic simulation experiments [18,19]. Hence, we wondered if we could improve the 

drought resistance of maize by regulating the amount of N fertilizer in fields and determine the 

optimal amount of N fertilizer under drought stress conditions. In this study, we examined the 

yields, N use efficiencies, and a number of physiological leaf trait responses to maize during 

contrasting rainfall years under different field-based N regimes. These data might be employed as a 

scientific basis for guiding the correct application of N fertilizers for maize in water-deficient 

regions. 

2. Materials and Methods 

2.1. Site Description 

Field experiments were conducted during maize-growing seasons (June–October) in 2017 and 

2018 in Yuzhou County (113°34´ E, 34°27´ N), Henan Province, in Central China. During the 

maize-growing seasons, the total precipitation and the mean temperature were 210.9 mm and 27.1 

°C, respectively, in the dry year (2017), and they were 530.9 mm and 27 °C, respectively, in the wet 

year (2018) (Figure 1). Prior to the investigation, soil samples were extracted from the upper 30 cm 

layer for chemical analyses. Averaged over these two years, the soil type was fluvoaquic at pH 7.8, 

the organic matter content was 20.45 g kg–1, the total N concentration was 1.04 g kg–1, the available 

phosphorus concentration was 20.16 mg kg–1, the available potassium concentration was 142.38 mg 

kg–1, and the bulk density was 1.25 g cm−3. 
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Figure 1. Daily air temperatures and precipitations during the maize-growing seasons in 2017 and 

2018. 

2.2. Experimental Design and Management 

Two cultivars of Keyu 188 (KY188) and Denghai 605 (DH605) were used for the experiments 

over the growing seasons in 2017 and 2018. These two maize cultivars have been widely cultivated 

by Henan’s farmers due to their high yields and extensive adaptability. The growth duration of 

KY188 is about 103 day, and that of DH605 is about 101 day. KY188 belongs to a 

high-temperature-resistant cultivar, whereas DH605 belongs to a high-temperature-sensitive 

cultivar. Seeds were mechanically sown on the 10 June (2017), 8 June (2018), at a hill spacing of 0.60 

m × 0.27 m with 61,725 plants per hectare (ha–1), and the dimensions of each plot was 4 m × 10 m. 

The proposed study was laid out in a randomized, complete, split-split-plot block design with 

two water regimes (dry year (2017) and wet year (2018)) as the main plots, the two cultivars (KY188 

and DH605) as the subplots, and five N treatment rates (0, 120, 180, 240, and 360 kg N ha−1) as the 

sub-subplots. Urea served as the source of element N, which was applied in two splits, with 50% at 

basal and 50% at the 10-leaf stage (45 days after sowing). Phosphate (P2O5; 90 kg ha−1) in the form of 

calcium superphosphate and potassium chloride (KCl; 90 kg ha−1) were applied as basal. The basal 

fertilizer was applied to the ground following manual broadcasting, whereas N topdressing was 

applied by means of side dressing. Nicosulfuron and atrazine were applied at the three-leaf stage to 

control weeds, and thiophanate-methyl and lambda-cyhalothrin were applied at the eight-leaf stage 

to prevent diseases and insects. 

2.3. Remote Sensing Image 

Remote sensing images of maize at the elongating stage were acquired by a digital camera 

(Hasselblad, L1D-20c, Sweden) installed on an unmanned aircraft (DJI, Mavic 2 Pro, China), and the 

flying height was set at 150 m for vertical shooting. On 1 August 2017, the first shooting was 

performed at 10:00 a.m., and no leaf curling was observed on this day (see Figure 2a, left); the 

second shooting was performed at 10:00 a.m. on 20 August 2017, and the leaves of the maize treated 

with higher N concentrations appeared curling (see Figure 2a, right). 
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Figure 2. (a) Aerial drone photography of maize under nondrought stress conditions (left) and under 

drought stress (right); (b) leaf morphology of the cultivar Denghai 605 (DH605) subjected to drought 

stress with different nitrogen (N) levels. 

2.4. Leaf Curling, Thickness and Relative Water Content (RWC) Measurements 

Ten ear leaves from each plot were selected in the morning (10:00 a.m.–11:30 a.m.). The leaf curl 

ratio was calculated from the leaf width with natural curling divided by its extended [20]. In the 

present study, leaf curling was defined as the curl ratio below 0.8. 

Five ear leaves from each plot were selected and divided by leaf margins (3 cm inward from the 

edge) and leaf centers (except for the leaf margins). The leaf margin and the leaf center were cut into 

1 cm2 squares, and 30 leaf squares were stacked to measure the leaf thickness. These leaf squares 

were used for RWC measurements. The equation to calculate RWC (%) was written as: (FW – DW) / 

(SW – DW) × 100%, where FW refers to the fresh weight, DW is short for the dry weight, and SW 

represents the saturated weight. The SW was determined after soaking the leaves in distilled water 

for 24 h in the dark [21]. 
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2.5. Field Soil Water Consumption Measurements 

From 1 August to 25 August 2017 (dry year), 20 soil samples (0–20 cm) of N application 

treatments for the cultivar DH605 were randomly collected by soil drilling at 6:00 p.m. and then 

weighted. These fresh soils were used for soil water consumption rate measurements. The soil water 

consumption rate (%) was written as: (soil weight in first day – soil weight in next day)/soil weight 

on the first day. 

2.6. Determination of the Net Photosynthetic Rate and the Transpiration Rate 

Eight ear leaves from each plot were selected in the morning (10:00 a.m.–11:30 a.m.) after 15 

days without the addition of water, to quantify the net photosynthetic rate (Pn) and the transpiration 

rate (E) using a portable photosynthesis apparatus, which was equipped with a transparent leaf 

chamber (LI-6400, Li-Cor, Lincoln, NE, USA). The middle portion of the ear leaf was enclosed within 

the leaf chamber, and the Pn and the E were recorded following equilibration to steady-state. 

2.7. Plant N Measurements 

At maturity (115 days after sowing), five plants from each plot were sampled and then 

dissected into leaf, stem, cob, and grain. These fresh materials were oven-dried at 105 °C for 30 min 

and then at 75 °C until a constant mass was obtained. The yield of corn grain was adjusted to a 13% 

moisture content. The plant materials were ground, sifted through a 1 mm mesh screen and then 

digested by H2SO4 and H2O2. The total N concentration of the digested samples was determined 

using an automated continuous flow analyzer (Seal, Norderstedt, Germany). 

2.8. Data Analysis 

The equations for calculating the N utilization efficiency parameters were introduced as 

follows: 

NAE (%) =
N uptake  of N applied − N uptake  of N omission

N  applied rate
× 100, (1) 

NPFP (kg kg��) =
Yield

N  applied rate
, (2) 

NHI (%) =
N accumulation in corn grain

N uptake in whole plant
× 100, (3) 

where NAE is the N absorption efficiency, NPFP is the N partial factor productivity, and NHI is the 

N harvest index. 

Data were statistically analyzed using SPSS for Windows (v19.0, Chicago, IL, USA). All data 

were previously tested for normality using the Shapiro–Wilk method, and homoscedasticity was 

tested by using a Levene’s test. Two-way analyses of variance (ANOVA) was used to test the 

significance of main effects (N levels and drought conditions) and their interactions with 

physiological leaf parameters, N use efficiencies, and yields. Subsequently, the mean values of the 

treatments were compared on the basis of the least significant difference (LSD) test. The graphs were 

plotted using the Origin 9.0 software program. 
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3. Results 

3.1. Leaf Morphology 

From an aerial perspective, the test plots that suffered from drought had a tan color, as the 

drought stress caused the leaves to curl and dry (Figure 2a). In addition, higher N fertilizer 

application rates resulted in a greater degree of leaf rolling in maize leaves (Figure 2b). 

Leaf rolling was associated with the dehydration of the leaf margins and centers. The 

thicknesses of the DH605 leaf centers and margins were much greater than those of the KY188 leaf 

centers and margins over the two years (Table 1). During the wet year, the thickness of the leaf 

margin of KY188 was decreased with higher N treatment rates, while the thickness of the leaf center 

of DH605 was increased with higher N treatment rates. During the dry year, the thicknesses of the 

leaf margins and centers were reduced under higher N application rates, except for the leaf center of 

DH605. In addition, compared with in the wet year, the thicknesses of both the leaf margins and 

centers were significantly decreased. Further, the thicknesses of the leaf centers were reduced more 

than those of the leaf margins after suffering from drought, which increased the thickness ratios 

between the leaf margins and centers under drought conditions. 

Table 1. Thicknesses of the leaf margin and center of maize grown under different N levels subjected 

to drought and nondrought stress. 

Cultivar N rate (kg ha–1) Leaf margin (mm) Leaf center (mm) Margin/center ratio 

KY188 

Drought 0 2.16  0.12ab 1.68  0.08b 1.29  0.06ab 

 120 1.69  0.04d 1.29  0.03c 1.31  0.06a 

 180 1.55  0.07de 1.22  0.03c 1.27  0.06ab 

 240 1.44  0.09e 1.15  0.09c 1.26  0.05ab 

 360 1.38  0.11e 1.13  0.08c 1.22  0.03b 

Nondrought 0 2.23  0.04a 2.35  0.03a 0.95  0.02c 

 120 2.07  0.04abc 2.35  0.15a 0.88  0.04cd 

 180 1.99  0.16bc 2.23  0.09a 0.89  0.04cd 

 240 1.98  0.14c 2.41  0.23a 0.82  0.04de 

 360 1.96  0.10c 2.46  0.23a 0.80  0.03e 

Mean 1.85  0.02B 1.83  0.06B 1.07  0.02A 

Drought (D) ** ** ** 

Nitrogen (N) ** ** ** 

D × N ** ** ns 

DH605 

Drought 0 2.03  0.11a 1.29  0.08d 1.57  0.04a 

 120 1.85  0.07b 1.31  0.07d 1.42  0.09b 

 180 1.78  0.08b 1.30  0.06d 1.37  0.12b 

 240 1.75  0.03b 1.29  0.04d 1.36  0.02b 

 360 1.48  0.10c 1.24  0.05d 1.20  0.09c 

Nondrought 0 2.10  0.05a 2.60  0.02c 0.81  0.03d 

 120 2.07  0.11a 2.73  0.16abc 0.76  0.02d 

 180 2.05  0.13a 2.65  0.13bc 0.77  0.07d 

 240 2.14  0.05a 2.78  0.14ab 0.77  0.05d 

 360 2.17  0.04a 2.86  0.10a 0.76  0.01d 

Mean 1.94  0.03A 2.00  0.01A 1.08  0.01A 

Drought (D) ** ** ** 

Nitrogen (N) ** ns ** 

D × N ** ns ** 

Values are mean ± SD (n = 3). Different lower-case letters within a column denote significant 

differences between different treatments for the same cultivar (p < 0.05). Different capital letters 

within a column denote significant differences between different cultivars for average N rates (p < 

0.05). The level of significance in univariate ANOVA (analyses of variance) is denoted by ** (p < 0.01) 

and ns (no significance). 
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3.2. Soil Water Consumption Rate 

The soil water consumption rates for the N treatment rates of 180, 360, and 0 kg N ha−1) were 

shown in descending order in the first 10 days without water in the dry year (Figure 3). From 11 to 

25 days without water, the soil water consumption rates for the N treatment rates of 0, 360, and 180 

kg N ha−1 were shown in descending order. It is worth noting that following 19 days without water, 

the soil water consumption rate of each treatment was ≤1.0% and there was no obvious difference 

between the different N treatments. 

 

Figure 3. Water consumption rates of the maize field grown subjected to drought stress under 

different N levels. The vertical bars represent the least significant difference (LSD) at p = 0.05. 

3.3. RWC of Leaves 

No significant differences in the leaf RWC were observed for the same cultivar between the 

different N treatment rates during the nondrought-stress year (Figure 4). However, in the 

drought-stress year, the RWC of the maize leaves was significantly decreased with higher N 

treatment rates for both cultivars. There were maximum reductions in RWC of 35.4% (KY188) and 

26.5% (DH605) at the N treatment rate of 360 kg N ha−1 for the drought stress treatments compared to 

for the nondrought-stress treatments. 

 

Figure 4. Relative water content of maize leaves grown subjected to drought and nondrought stress 

under different N levels. Significant differences between two water conditions at the same N level 

are indicated by ns (no significance), * (p < 0.05), and ** (p < 0.01). Different letters in the same column 
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denote significant differences between different treatments for the same cultivar (p < 0.05). Each bar 

represents the mean ± SD (n = 3). 

3.4. Gas Exchange Parameters 

The leaf Pn was enhanced with higher N application rates under the nondrought conditions; 

however, this trend was reversed under exposure to drought stress (Figure 5). Compared with in the 

nondrought stress plots, the leaf Pn decreased by 25.8–90.7% in KY188 and 15.2–89.4% in DH605 in 

drought conditions, where the difference in the leaf Pn between the treatments increased as the N 

fertilizer rate increased. The trends of the transpiration rates of the two cultivars under different N 

levels and water conditions were consistent with those of Pn of the two cultivars. 

 

Figure 5. Net photosynthetic rates (Pn) and transpiration rates (E) of maize grown subjected to 

drought and nondrought stress under different N levels. Significant differences between two water 

conditions at the same N level are indicated by ns (no significance), * (p < 0.05), and **(p < 0.01). 

Different letters in the same column denote significant differences between different treatments for 

the same cultivar (p < 0.05). Each bar represents the mean ± SD (n = 3). 

3.5. Corn Grain Yield 

During the wet year, the grain yields for both cultivars exhibited a similar trend, where the 

yield continued to increase until the N application rate reached 180 kg N ha–1 and then decreased 

under higher N applications (Figure 6). During the dry year, the grain yield of KY188 were enhanced 

with higher N application rates, but there were no significant differences between the 180 kg N ha−1 

and 360 kg N ha−1 treatment. In contrast to those of KY188, the grain yield of DH605 decreased with 

the increasing N treatment rate from 120 to 360 kg N ha–1. Drought was observed to significantly 

reduce maize yields grown under the same N application levels, whereas the yield reduction 

without N treatment was relatively minimal. 
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Figure 6. Grain yields of maize grown subjected to drought and nondrought stress under different N 

levels. Significant differences between two water conditions at the same N level are indicated by ns 

(no significance), * (p < 0.05), and ** (p < 0.01). Different letters in the same column denote significant 

differences between different treatments for the same cultivar (p < 0.05). Each bar represents the 

mean ± SD (n = 3). 

3.6. N Use Efficiency. 

N utilization efficiencies (as shown by NAE, NPFP, and NHI) were decreased with higher N 

application rates during the different rainfall years (Table 2). Compared with those in the wet year, 

the mean NAE and NPFP in the dry year were decreased by 27.4% and 25.8%, respectively. It is 

worth noting that compared to those in the wet year, the NAE of DH605 under the N treatment rates 

of 240 and 360 kg N ha–1 decreased by 65.4% and 64.7%, respectively, and the NPFP under the N 

treatment rates of 240 and 360 kg N ha–1 decreased by 31.4% and 34.8%, respectively, when subjected 

to drought stress. In contrast to the mean NAE and NPFP, the mean NHIs during these two years 

were consistent. 
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Table 2. N use efficiency of maize grown under different N levels subjected to drought and 

nondrought stress. 

Cultivar N rate (kg ha–1) NAE (%) NPFP (kg kg–1) NHI (%) 

KY188     

Drought 0 - - 64.3  2.4a 

 120 34.9  3.2c 53.6  1.3b 61.8  1.4ab 

 180 32.4  3.9cd 39.0  0.8c 60.0  1.3b 

 240 29.7  4.2cd 29.3  1.5d 60.7  1.4b 

 360 27.6  2.4de 19.1  0.5f 60.2  1.1b 

Nondrought 0 - - 64.3  2.6a 

 120 49.5  2.1a  67.8  1.7a 62.5  1.8ab 

 180 45.9  3.5ab 53.5  1.5b 53.6  2.4c 

 240 40.8  4.1b 37.2  2.0c 54.4  2.7c 

 360 23.7  2.5e 25.1  0.4e 54.3  0.6c 

Mean 35.6  1.2A 40.6  0.4A 59.6  0.5B 

Drought (D) ** ** ** 

Nitrogen (N) ** ** ** 

D × N ** ** ** 

DH605     

Drought 0 - - 70.0  1.8a 

 120 57.1  4.5a 51.0  3.2b 66.0  1.2b 

 180 40.0  3.7c 38.5  2.1c 58.8  0.5d 

 240 16.3  4.4e 24.3  0.8e 57.8  2.9d 

 360 10.6  4.5e 14.6  0.8f 60.3  1.8cd 

Nondrought 0 - - 68.2  2.6ab 

 120 56.7  2.9a 69.0  1.4a 69.8  0.7a 

 180 49.1  3.8b 52.6  1.5b 62.8  1.8c 

 240 47.0  4.8b 35.4  0.9d 61.0  1.5cd 

 360 30.0  3.2d 22.4  1.0e 60.5  2.8cd 

Mean 38.3  3.2A 38.5  0.9B 63.5  0.6A 

Drought (D) ** ** * 

Nitrogen (N) ** ** ** 

D × N ** ** * 

NAE, N absorption efficiency; NPFP, N partial factor productivity; NHI, N harvest index. Values are 

mean ± SD (n = 3). Different lower-case letters within a column denote significant differences 

between different treatments for the same cultivar (p < 0.05). Different capital letters within a column 

denote significant differences between different cultivars for average N rates (p < 0.05). The level of 

significance in univariate ANOVA (two-way analysis of variance) is denoted by * (p < 0.05) and ** (p < 

0.01). 

4. Discussion 

4.1. Physiological Performance Response of Maize Leaves to Drought Stress Under Different N Conditions  

Drought and soil water deficits are increasingly limiting factors for plant growth in many 

regions of the world [22]. In our study, the total precipitation of the maize-growing season in 2017 

was only 39.5% of that in 2018 (Figure 1); thus, 2017 was considered the dry year, and 2018 was 

considered the wet year. 

Soil water evaporation and plant transpiration are the main sources of soil water consumption, 

where evaporation loss is dominant [23]. Furthermore, transpiration increases with higher seasonal 

rainfall [24]. The application of N fertilizers can expand the canopies of plants leaves, which act to 

shade the soil surface. Although closed canopy reduces the evaporation of moisture from the soil, it 

exacerbates water consumption for plant transpiration [25]. In the present study, the soil water 

consumption rates for the N treatment rates of 180, 360, and 0 kg N ha–1 were shown in the 
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descending order; however, the water consumption rates for the N treatment rates of 0, 360, and 180 

kg N ha–1 were shown in the descending order, following 10 consecutive days of drought. 

After 10–15 days of no water supply, the maize leaves at 120, 180, 240, and 260 kg N ha–1 

treatment rates gradually began to curl from 10:00 a.m. to 5:00 p.m. daily, and the leaves were 

unfurled for the rest time of the day (Figure 2a). Several studies have shown that N deficiency 

exacerbated the sensitivity of stomata to drought [15,26]; however, we did not observe the leaf 

curling in the absence of N treatments, which was found under higher N treatment rates. This might 

be the case, as the application of N fertilizers increased plant water transpiration (Figure 5), causing 

the plants treated with higher N treatment rates to enter the drought state earlier, which masked the 

increased resistance to drought stress with additional N treatments for the maize. 

The RWC was used to quantify the extent of dehydration [21]. Soil water deficits and high 

temperatures reduced the leaf RWC, and the decrease in RWC increased with increasing N fertilizer 

rates (Figure 4). The degree of leaf curling was closely related to the RWC [27]; thus, we observed 

severe leaf curling at higher N application rates (Figure 2b). In the present study, the reduction of 

RWC was mainly due to the water loss of leaf centers for both maize cultivars (Table 1). 

Additionally, the ratio of the leaf center water loss of DH605 was higher than that of KY188, while 

the ratio of the leaf margin water loss was lower than that of KY188 (Table 1). The water loss in the 

leaf center likely contributed more to the degree of leaf curling than the water loss at the leaf margin. 

Leaf water limitation induced the reduction of bulliform cell turgor, which is involved in rolling and 

unrolling leaves under drought conditions [28]. Further, leaf curling decreases leaf transpiration, 

temperature, and incident irradiance, which decrease the potential for photoinhibition, prolong 

physiological activity and increase survival during drought [29]. 

The photosynthetic capacities of leaves may be improved with N, as it can enhance the activities 

of photosynthesis-related enzymes [14]. In the present study, the application of N enhanced the leaf 

photosynthetic capacities under nondrought stress conditions, but the Pn values decreased with 

higher N treatment rates under drought stress conditions (Figure 5). Soil moisture deficits decreased 

the leaf RWC, which might trigger the de novo synthesis of abscisic acid (ABA) in the leaves, where 

the generation of ABA resulted in a decline in stomatal conductance [30]. Further, stomatal closure 

may contribute to the reduced Pn values [31]. 

4.2. Yield and N Use Efficiency of Maize Subjected to Drought Under Different N Treatement Conditions 

Drought stress is one of the most significant abiotic stresses that limit crop production [32,33], 

as it initiates an imbalance of the electron transfer chain and promotes the production of ROS, 

including superoxide radicals and hydrogen peroxide. This can result in the autocatalytic 

peroxidation of membrane lipids, triggering the loss of membrane semipermeability and the 

modification of functionality [34]. Previous studies found that N supply enhanced the activities of 

some antioxidant enzymes and decreased malonaldehyde contents [16,35]. 

Currently, a broadly accepted perspective is that higher N levels of leaves are associated with 

delayed leaf senescence, which confers improved drought tolerance [11,36,37]. The decrease of yield 

between drought and nondrought stress increased with increasing N treatment rates. Furthermore, 

increased applications of N did not alleviate drought stress in the present study (Figure 6). This may 

be due to the moisture content always being artificially maintained within a stable range for 

hydroponic (added polyethylene glycol) and pot (water weight method) experiments [15,18,38]. In 

field production, the soil moisture levels were variable, where the supply of N exacerbated water 

consumption in the absence of water (Figure 3), which transitioned the maize with higher N 

concentrations to the drought status. Furthermore, from the belowground perspective, excessive N 

has been observed to reduce root biomass, which might increase drought susceptibility [39]. 

Drought stress inhibited the uptake of N in plants, while reducing N absorption efficiencies and 

N partial factor productivity for the maize under the same N conditions (Table 2). Lower N use 

efficiencies may result in additional N being retained in the soil; thus, N fertilizer levels could likely 

be reduced for the next crop season. However, we also found that water stress did not reduce the 

NHI and even improved the efficiency of N transfer from straw to grain for the cultivar KY188 
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(Table 2). This might be because drought stress upregulated the glutamine synthetase and 

asparagine synthetase genes, which might contribute to the degradation and remobilization of leaf 

N levels [19]. 

5. Conclusions 

In the well-water condition, the application of N fertilizers enhanced plant water transpiration 

and net photosynthetic rates, further increasing corn yields. In the absence of water, soil water 

consumption was greater at lower N treatment rates, and the application of N fertilizers decreased 

the leaf RWC, which led to leaf curling and the further reduction of photosynthesis. Thus, the 

recommended quantity of N fertilizers for plants under drought stress should be appropriately 

reduced to align with local conditions. 
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