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Abstract

:

Drought is a severe threat to agriculture production that affects all growth stages of plants, including corn (Zea mays L.). Any factor affecting early seedling growth and development will significantly impact yield. Despite the recurrence of low rainfall during the growing seasons, corn responses to different early-season soil moisture content levels have not been investigated. In this study, we investigated how corn morpho-physiological and biomass traits responded to varied soil moisture content during the early vegetative stage. Two corn hybrids were grown in a pot-culture facility under five different soil moisture treatments (0.15, 0.12, 0.09, 0.06, and 0.03 m3 m−3 volumetric water content, VWC) to assess the growth and developmental responses to varied soil moisture content during early-season growth (V2 to V7) stage. Sub-optimal soil moisture content limited plant growth and development by reducing physiological and phenotypic expression. Stomatal conductance and transpiration were decreased by an average of 65% and 59% across stress treatments relative to optimum conditions. On average, soil moisture deficit reduced the total leaf area by 71% and 72% compared to the control in ‘A6659VT2RIB’ and ‘P1316YHR’, respectively. Shoot and root dry weights were reduced by 74% and 43% under 0.03 m3 m−3 VWC. An increase in the root-to-shoot ratio was noticed under low VWC conditions compared to the control. Based on the stress tolerance index, the physiology and leaf growth parameters were more sensitive to soil moisture deficit. Our results highlight the impact of sub-optimal soil moisture on physiology and morphological traits during early-season growth. ‘P1316YHR’ demonstrated better physiological performance under stress conditions, while ‘A6659VT2RIB’ produced relatively better root growth. The findings suggest that biomass partitioning between shoot and root components is dynamic and depends on stress intensity. The current findings can help to prioritize traits associated with the early-season drought tolerance in corn. The functional relationships developed between soil moisture content and growth and developmental responses can be integrated into corn crop modeling to allow better irrigation management decisions.
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1. Introduction


Corn is an important cereal crop grown in over 170 countries [1]. It significantly contributes to global cereal crop production, with an annual output of 1.2 billion metric tons from an estimated acreage of 202 million hectares [2,3]. The United States is the leading producer of corn, accounting for more than 30% of the global production with an acreage of 34 million hectares. However, only 5 million hectares of the total corn cultivation area is irrigated, indicating that nearly 85% of corn production in the United States is under rainfed conditions [4]. When crop production depends on rainfall, the increased frequency of drought episodes during the growing season due to climate change affects growth and yield. Using advanced breeding, agronomic, and management practices, a yield potential of up to 12 tons per hectare has been achieved for corn under favorable growing conditions [5,6]. However, climate change-induced weather fluctuations, such as drought and flooding, subject the crops to sub-optimal growing conditions during the season. On average, over 60% of corn-growing areas experience drought stress during one or more growth stages [7]. For instance, drought stress, after planting or at early vegetative growth, adversely impacts plant stand per unit area and early seedling vigor [8].



Approximately 36% of corn-growing regions encountered moderate to extreme drought conditions during the vegetative stage in the United States, which is a condition undesirable for better crop establishment [9]. Corn is more susceptible to drought stress than other cereal crops [10,11]. The degree to which corn growth and development are adversely affected depends on the drought intensity, duration, and growth stage [12]. Plants undergo various physiological and morphological changes to withstand drought stress at the early vegetative stage [13]. Early-season vigor is a desirable trait for stress tolerance [14,15] and is considered one of the traits significantly associated with yield potential under non-stress and stress conditions [16,17]. A rapid canopy growth or higher biomass at the vegetative stage has many advantages, such as (i) early vigor enables rapid ground cover, which prevents soil water evaporation or allows plants to utilize available topsoil moisture efficiently before it evaporates, (ii) profuse root proliferation supports the shoot system, (iii) vigorous canopy can suppress or compete with weeds, and (iv) higher canopy level promotes photosynthesis and nutrient uptake. Therefore, traits associated with early plant vigor are the desirable proxy for late-season plant health and productivity [16,18].



Plant water relations are profusely governed by available soil moisture content, directly influencing stomatal conductance and photosynthesis [19]. Modified physiological processes cause changes in leaf development, leaf area, and dry weights [20,21,22]. Reducing leaf area also negatively influences the photosynthetic potential and pigment composition by limiting the surface area for CO2 assimilation and light absorption [23]. The benefits of a robust root system have been reported in several crops, including corn [24,25]. Stresses modify resource allocation between shoots and roots, as shown with cold stress [26], high temperature [27], and salt [28].



On the other hand, plasticity in roots allow plants to adapt to changes in the growing environment. Among all root traits, higher root biomass is essential for seedling survival, and their vigor is closely associated with above-ground biomass and yield [29]. Despite the significant impact of drought stress on the shoot and root traits, root-to-shoot responses to different moisture stress levels have not been investigated in corn. Sub-optimal soil moisture (drought stress) at the early growth could strongly limit plant functions and biomass production. Besides the growth, the effects of drought stress on physiology and root responses in corn to different soil moisture levels remain relatively less explored and require extensive research. These modifications to promote survival under drought conditions adversely affect the phenotypic expression in plants [30]. Depending on the severity of the stress, trait response may vary with genetics. For example, if the long-term drought persists, plants spend energy on survival mechanisms by conserving water (low stomatal conductance). At the same time, maintaining growth and vigor is the primary focus under short-term drought conditions [31].



Hence, understanding corn responses to different moisture stress conditions during early vegetative growth provides insight into the interrelationship between plant physiological and morphological responses. Furthermore, identifying optimum and minimum moisture requirements during early vegetative growth and development helps in planning and managing the irrigation timing in regions prone to drought or dependent on rainfall. Therefore, we hypothesized that different soil moisture levels during the early vegetative stage would impact corn physiology, growth, and development. The objectives of the study were (i) to quantify the effects of different levels of soil moisture content on corn physiology and early-season growth and development and (ii) to develop functional relationships between soil moisture content and root and shoot traits that best explain the plant responses to different soil moisture regimes.




2. Results


Soil moisture treatments significantly affected the physiology, pigments, and biomass-related traits of corn hybrids (‘A6659VT2RIB’ and ‘P1316YHR’) in experiments 1 and 2. With increased stress intensity (Figure 1A), plant growth declined in both corn hybrids (Figure 1B,C).



2.1. Physiological Parameters


A significant interaction between soil moisture content and hybrid (p < 0.05) was observed for stomatal conductance and transpiration during the early vegetative growth (Table 1). At the same time, the electron transport rate (ETR) and quantum efficiency of photosystem II (PhiPS2) had a significant treatment (p < 0.001) and hybrid effect (p < 0.001) (Table 1). A decrease in the stomatal conductance or transpiration was recorded in both hybrids, with declining soil moisture content (Figure 2A,B). However, corn hybrid ‘A6659VT2RIB’ showed an exponential decrease in stomatal conductance and transpiration from control (0.15 m3 m−3 VWC) to 0.12 m3 m−3 VWC, which was not the case for ‘P1316YHR’. Under optimum soil moisture conditions (0.15 m3 m−3 VWC), hybrid ‘A6659VT2RIB’ recorded higher stomatal conductance and transpiration than ‘P1316YHR’ (Figure 2A,B). However, under extreme soil moisture deficit (0.03 m3 m−3 VWC), the decrease in stomatal conductance and transpiration were seven-fold for ‘A6659VT2RIB’ and four-fold for ‘P1316YHR’ compared to the control. PhiPS2 and ETR differed across the soil moisture treatments and hybrids. PhiPS2 was negatively impacted, with a 78% reduction under 0.03 m3 m−3 VWC to control (Figure 2C). On average, ETR declined by 48% across stress treatments in ‘A6659VT2RIB’ (R2 = 0.94) and by 21% in ‘P1316YHR’ (R2 = 0.89) (Figure 2D). The canopy temperature was raised with increased severity of soil moisture deficit in both the corn hybrids. Averaged across hybrids, the non-stressed plants (0.15 m3 m−3 VWC) had a 5 °C cooler canopy than the plants under severe soil moisture deficit (0.03 m3 m−3 VWC) (Figure 3).




2.2. Pigments


Soil moisture treatments significantly (p < 0.001) affected the chlorophyll content, flavonoid index, anthocyanin index, and nitrogen balance index (NBI) (Table 1). Further, the interaction between hybrid and soil moisture content was significant for chlorophyll content (p < 0.01) and flavonoid index (p < 0.05) (Table 1). A decrease in chlorophyll content in both hybrids was associated with increased soil moisture deficit (Figure 4A). However, at 0.12 m3 m−3 VWC, ‘A6659VT2RIB’ (5%) and ‘P1316YHR’ (18%) had relatively higher chlorophyll content than with the 0.15 m3 m−3 VWC (Figure 4A). Unlike chlorophyll content, higher flavonoid and anthocyanin were observed across both hybrids under the severe soil moisture deficit conditions (0.03 m3 m−3 VWC) (Figure 4B,C). The hybrid ‘P1316YHR’ accumulated a higher flavonoid index under soil moisture deficit than ‘A6659VT2RIB’. There was a decrease in the NBI (ratio of chlorophyll content to flavonoid index) across the hybrids with increased stress severity due to decreased chlorophyll content and increased flavonoid index (Figure 4D). A decreasing trend in the NBI of both hybrids was also associated with an increase in the anthocyanin index.




2.3. Plant Height, Number of Leaves, and Whole Plant Leaf Area


Plant height, number of leaves, and whole plant leaf area were significantly affected (p < 0.001) by treatment (Table 1). Decreasing soil moisture content reduced plant height (Figure 5A), leaf number (Figure 5B), and total leaf area (Figure 5C). The average number of fully opened leaves were seven per plant across hybrids under control conditions (0.15 m3 m−3 VWC). In contrast, there were three fully opened leaves per plant under severe soil moisture deficit (0.03 m3 m−3 VWC) (Figure 5B). Averaged across hybrids, a maximum total leaf area of 3468 cm2 was observed under non-stress conditions. The total leaf area was reduced by 57% under 0.12 m3 m−3 VWC while it was reduced by 85% to 520 cm2 under 0.03 m3 m−3 VWC (Figure 5C). Quadratic decline in plant height (R2 = 0.95), leaf number (R2 = 0.97), and total leaf area (R2 = 0.95) were observed across hybrids (Figure 5).




2.4. Biomass Parameters


Soil moisture deficit significantly affected the accumulation of total dry weight (shoot and root dry weight) in both hybrids (Table 1). Quadratic functions best described biomass components with declining soil moisture content in both hybrids (Figure 6). A reduction in shoot dry weight was associated with increased soil moisture deficit (Figure 6A). Corn hybrids grown under less than 0.15 m3 m−3 VWC produced a low amount of above-ground shoot dry weight (leaf and stem weight) (Figure 6A). Mild soil moisture deficit (0.12 m3 m−3 VWC) favored the root growth, resulting in an increase in dry weight of 11% in ‘A6659VT2RIB’ and 14% in ‘P1316YHR’ compared to non-stress conditions (0.15 m3 m−3 VWC) (Figure 6B). The reduction in irrigation supply resulted in a marked loss of overall plant dry matter accumulation (biomass) (Figure 6C). On average, across hybrids, the root weight reduction was at a minimum of 0.09 m3 m−3 VWC (15%), while the maximum reduction was recorded at 0.03 m3 m−3 VWC (43%). Total dry matter accumulation (shoot and root dry weight) ranged between 12 g and 36 g from low to optimum soil moisture content (Figure 6C). The root-to-shoot ratio increased quadratically due to a decline in soil moisture content. Under non-stress conditions, the lowest root-to-shoot ratio was observed for both hybrids (Figure 6D). An increased soil moisture deficit ranging from 0.15 to 0.03 m3 m−3 VWC increased the root-to-shoot ratio from 0.22 to 0.52 (R2 = 0.90) (Figure 6D).




2.5. Stress Tolerant Index


The stress tolerance index (STI) was calculated and averaged for all the measured parameters across hybrids to understand the trait plasticity. Chlorophyll content and NBI had negative relationships with soil moisture treatments. On the other hand, the anthocyanin index displayed a positive relationship with soil moisture deficit, and the flavonoid index showed no change (Figure 7A). A linear decline occurred for stomatal conductance and transpiration with increased soil moisture deficit (Figure 7B). In response to a decrease in soil moisture content, the STI of all shoot parameters were linearly decreased (Figure 7C). Under various soil moisture deficit conditions, the STI of root dry weight (1.16–0.57) was relatively higher than that of shoot dry weight (0.51–0.25), where the root-to-shoot ratio increased with declining soil moisture content (Figure 7D). Physiology, above-ground growth, and developmental traits were the most sensitive or vulnerable traits among the studied parameters.





3. Discussion


The optimum growing conditions during the vegetative stage of row crops favor the expansion of leaf area and, thus, the accumulation of plant dry weight. Drought stress at the vegetative stage delays leaf formation and reduces leaf area, subsequently reducing plant development and crop establishment. Therefore, rainfed-grown corn yields are often lower compared to irrigated corn. Previous studies indicated the relevance of drought stress tolerance at the early seedling stage [32,33,34]. However, no systematic studies have investigated the functional relationships between plant phenotype and soil moisture regimes in corn. The uncertainty in creating and maintaining gradient soil moisture conditions in field conditions has been a significant bottleneck when addressing drought tolerance in corn. To the best of our knowledge, this is the first study demonstrating the morpho-physiological traits responses of corn hybrids under a wide range of soil moisture content levels at the early vegetative stage.



Plants modify their morphology and physiological functions in response to stress. The ability of plants to adapt to soil moisture stress depends on the intensity, duration, and growth stage [35]. Among many traits enumerated in the literature, resource capture and use efficiency traits have great relevance at the vegetative stage. Therefore, in this investigation, we utilized two hybrids to examine the variations in response to the soil moisture content of above-ground and below-ground traits. In this study, reduced soil moisture content for 28 consecutive days decreased stomatal conductance and transpiration by 65% and 59% (Figure 2A,B). These modifications increased the canopy temperature by 5 °C under the lowest soil moisture content (Figure 3). Overall, ‘P1316YHR’ had better stomatal conductance and transpiration than ‘A6659VT2RIB’ across treatments (Figure 2A,B). Similar responses to drought were observed in soybean, where withholding water for a week reduced stomatal conductance by 83% [36], early-season drought reduced stomatal conductance by 74% in sweet potato [37], and in sorghum by up to 72% [38]. These stomatal limitations reduce gas exchange, Rubisco activity, and net photosynthesis under drought conditions [11,39,40].



Leaf photosynthetic pigments are essential for light harvesting in the photosynthetic processes and energy production. Modified physiological traits and photosynthetic pigments under drought conditions are associated with reduced leaf area (leaf number and expansion) and, in turn, plant dry matter accumulation during early vegetative growth. In this study, on average, chlorophyll content was increased by 11% under mild soil moisture deficit, whereas it declined significantly under severe stress conditions in ‘A6659VT2RIB’ (Figure 4A). The decline in chlorophyll content might be due to stress-induced chlorophyll degradation, photo-oxidation, and chlorophyll synthesis deficiency [41]. Further, a reduction in chlorophyll content also affects the light-harvesting capacity of chloroplast by impacting PhiPS2, and ETR, under severe soil moisture deficit conditions [42]. In this study, severe soil moisture deficit (0.03 m3 m−3 VWC) reduced PhiPS2 and ETR by 78% and 76%, respectively (Figure 2C,D). Subsequently, an increase in the anthocyanin and flavonoid index can control oxidative damage in plants caused by reactive oxygen species (ROS) under stress [43,44]. For instance, in this study, the flavonoid index increased by 39% under soil moisture deficit in ‘P1316YHR’, indicating that flavonoids are drought stress-responsive (a positive sign that can be used as a proxy for drought stress tolerance). On the other hand, both corn hybrids reduced biomass and leaf area, which is a primary response to moisture stress during early growing seasons.



Rapid leaf expansion is essential for a balanced CO2 and H2O flux, maximizing solar radiation interception and biomass accumulation [45]. However, drought significantly reduces leaf growth and development by limiting cell division or development and expansion. In the present study, leaf parameters revealed a significant decline in terms of total leaf number (Figure 5B) and total plant leaf area (70%) (Figure 5C) in both hybrids under drought stress, indicating the limitation associated with the photosynthetic capacity and source assimilation (biomass). Reduced leaf area is recognized as a drought response during the early season in crops. This slower leaf growth not only delays phenological development but also plays a crucial role in plant survival under limited soil moisture conditions by minimizing the water loss [37,46]. Research has shown that under moderate drought conditions, a slower rate of leaf development can lead to improved root growth, which in turn enhances water uptake. Nevertheless, it is crucial to note that as the severity of drought intensifies, the rate of leaf senescence accelerates, resulting in a detrimental effect on biomass production [12,47]. Both corn hybrids displayed a similar response for leaf traits across soil moisture gradients, with notable reductions observed in leaf area (0.12–0.03 m3 m−3 VWC) and leaf numbers (0.03 m3 m−3 VWC). These leaf responses suggest the importance of systematic analysis in identifying differential plant responses depending on severity. The study also highlights the significance of leaf development in maintaining phenotypic plasticity under drought conditions for efficient water use and biomass accumulation.



Vigorous plant growth is critical in achieving higher yields. The overall biomass potential of corn is determined by combining the shoot and root dry weights. A decrease in leaf area, leaf number, and final shoot dry weight resulted in a significant decrease in above-ground biomass. As expected, both corn hybrids exhibited higher biomass under control than under stress treatments (Figure 6). Early-season root vigor increases the water and nutrient uptake, which helps the plant to survive in a stressful environment [48]. Under water deficit conditions, roots play a critical role in above-ground biomass production. Increased soil moisture deficit during the vegetative stage significantly affected root biomass. An increase of 13% in root dry weight compared with control was recorded under mild drought stress (0.12 m3 m−3 VWC), and as the severity of stress increased, the root dry weight was also reduced by 30%. (Figure 6B). A greater reduction in shoot weight than root weight under drought conditions was related to an increased root-to-shoot ratio [47]. Root dry weight shows a higher stress tolerance index than shoot dry weight, indicating that shoot traits are highly responsive to drought stress. Regardless of soil moisture treatments, ‘P1316HR’ demonstrated higher stomatal conductance and lower canopy temperature than ‘A6659VT2RIB’.



On the other hand, ‘A6659VT2RIB’ showed a relatively higher root weight than ‘P1316YHR’ under extremely low soil moisture content. Our findings suggest that slow above-ground growth with a vigorous root system under stress conditions would improve water uptake and use efficiency during early vegetative growth in corn. An extended study of systemic quantification of biochemical and metabolic responses is necessary to understand the tradeoff or resource allocation between root and shoot under drought stress.




4. Materials and Methods


4.1. Plant Materials and Growth Conditions


Two independent outdoor experiments were conducted using the pot-culture facility at the R. R. Foil Plant Science Research Center, Mississippi State University, Mississippi State, MS, USA (33° 46′ N, 88° 78′ W) following the institutional guidelines. Two commercial corn hybrids, Agrigold ‘A6659VT2RIB’ (Agrigold Inc., St. Francisville, IL, USA) and Pioneer ‘P1316YHR’ (Pioneer Hi-Bred, Johnston, IA, USA), treated with fungicide were used in this study. The pots (15 cm diameter and 45 cm height) were filled with fine sand and ground farm soil in a 3:1 ratio (sandy loam soil). Two independent experiments were performed with uniform growing degree days (GDD). Each pot was sown with four seeds, and upon emergence, they were thinned to one plant per pot. A total of 100 plants (two experiments × two hybrids × five treatments × five replicates) were used in this study. The pots were arranged in a twin-row orientation on an elevated wooden plank placed on the concrete platform. Mini rain-out shelters, with transparent plastic sheets allowing photosynthetic active radiation (PAR), were set over pots during treatment to avoid precipitation interference [49]. The microclimatic conditions were monitored by installing HOBO data loggers (Onset computer corporation, Bourne, MA, USA). Each pot was set up with drippers with a discharge rate of 50 mL min−1 and irrigated with full-strength Hoagland’s nutrient solution maintaining optimal soil moisture conditions (0.15 m3 m−3 VWC) until the initiation of stress [50].




4.2. Soil Moisture Treatments


Plants were grown under optimum soil moisture conditions until they reached the V2 stage. Upon reaching the V2 stage, treatments were applied involving five different levels of soil moisture content with 0.15 m3 m−3 VWC representing 100% irrigation (control) and 0.12, 0.09, 0.06, and 0.03 m3 m−3 VWC as 80, 60, 40, and 20% irrigation of control representing soil moisture deficit treatments, respectively (Figure 1A). Soil moisture regimes were used to mimic the drought classification system provided by the United States Drought Monitor Index [51] along with control during early vegetative growth. Soil moisture content was monitored and maintained at desired levels using a real-time soil moisture sensor inserted in the pots (ECH2O, EM5B Soil Moisture, Decagon Devices, Inc., Pullman, WA, USA) and theta probe ML2x soil moisture sensors (Delta-T Devices, Cambridge, UK). Based on the measured VWC, the required amount of water with the nutrient solution was applied for each treatment for 28 days [37].




4.3. Data Collection


All non-destructive measurements, such as pigments and physiological data, were collected twice (at 27 and 28 days after stress) per experiment on a sunny day between 10:00 and 13:00 h. Data for determining both physiological and morphological traits discussed were collected from all the replicates within each treatment for both hybrids. All the non-destructive data were collected from the uppermost fully opened leaf of each plant. In both experiments, biomass parameters were collected 28 days after the stress period or 38 days after sowing.



4.3.1. Physiological Parameters


Stomatal conductance (mol m−2 s−1), transpiration (mmol m−2 s−1), PhiPS2, and ETR (μmol m−2 s−1) were recorded using a portable LI-600 porometer integrated with a fluorometer (LI-COR Biosciences, Lincoln, NE, USA). Leaf pigments such as chlorophyll content (μg cm−2), flavonoid index, anthocyanin index, and nitrogen balance index (NBI) were recorded using a handheld Dualex optical leaf clip meter (Force A DX16641, Paris, France). Canopy temperature (°C) was measured using an infrared radiometer (Apogee Instruments, Logan, UT, USA).




4.3.2. Growth and Developmental Parameters


Plant height (cm plant−1) was measured with a meter scale from the base of the stem to the uppermost fully developed collar leaf. Fully expanded leaves (no. plant−1) for each plant were counted manually. Leaves were separated from the stem. The plant’s total leaf area (cm2 plant−1) was measured using an LI-3100 leaf area meter (LiCOR Biosciences, Lincoln, NE, USA). Roots were washed thoroughly using a wire mesh sieve with a slow water stream. Plant component (leaf, stem, and root) samples were bagged separately and oven-dried at 60 °C for five days. Shoot dry weight (g plant−1) was calculated by summing up the stem and leaf dry weights. Total dry matter (g plant−1) was calculated by adding shoots and roots together (g plant−1). The root-to-shoot ratio was calculated by dividing root dry weight to shoot dry weight.





4.4. Statistical Analysis


Two independent experiments were conducted in a completely randomized design with two hybrids, five treatments, and five replications for each treatment. In both experiments, no significant variation was observed in overall growth and biomass accumulation within hybrids at the treatment level. They were grown under uniform growing degree days, so the data from the two experiments were pooled at the replication level (Table S1). The data were analyzed using two-way ANOVA in R studio version 4.2. [52] to evaluate the significant effects of treatments on hybrids. When the F-probability value was significant, the mean values of plant responses were compared using Fisher’s LSD test with p < 0.05. Regression analysis was performed using Sigmaplot version 14.5 (Systat Software Inc., San Jose, CA, USA) to check both hybrids’ quadratic treatment responses. Graphs were generated using Sigmaplot version 14.5. The stress tolerance index [53] was used to calculate each parameter at different soil moisture levels.


STI = (YP) × (YS)/(ŶP)2



(1)




where



YP is the response of an individual hybrid under control conditions for a given parameter.



YS is the response of individual hybrid response under stress conditions for a given parameter.



ŶP is the mean response of hybrids under control conditions for a given parameter.



STI results of collected parameters across hybrids were averaged and further grouped into pigment, physiological, leaf, and biomass categories to understand the relative effect of reduced soil moisture content on plant traits.





5. Conclusions


The current study investigated the physiology, morphology, and biomass responses to various soil moisture levels during the early-season growth (V2 to V7) stage in corn. The results suggest that corn plants employ varying adaptive strategies to cope with drought conditions, with a primary focus center around energy conservation. There was a notable reduction in physiological and growth-related traits, these responses often accompanied by concurrent improvements in resource use efficiency, particularly during the early vegetative stage. Non-linear trait responses were observed, regardless of the linear decline in soil moisture content, depending on the hybrid. The stress tolerance index revealed that physiological and leaf parameters exhibited greater sensitivity to soil moisture stress compared to other traits. In addition, the study indicated that the allocation of biomass between above-ground and below-ground traits dynamically changed with stress intensity. The functional relationships developed can be used to predict plant performance and improve agronomic practices under stressful conditions. Furthermore, the phenotypic data generated from this study can assist in prioritizing traits associated with early-season drought tolerance in corn. By prioritizing traits associated with drought tolerance, breeders can develop resilient corn that can withstand soil moisture stress during critical growth stages.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/plants12132471/s1, Table S1: Summary of non-significant experiment × treatment interaction across biomass traits. Values indicate the coefficient of correlation (R2) of quadratic regression between soil moisture content and trait interest.





Author Contributions


R.B., Conceptualization, methodology, funding acquisition, data collection, review, and editing; K.R.R.; Conceptualization, methodology and editing, R.R.V., S.P., P.R. and R.B., Data collection; R.R.V., Data analysis, writing the original draft; R.R.V., S.P., P.R., W.B.H., K.R.R. and R.B., Review. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Mississippi Agricultural and Forestry Experiment Station, Special Research Initiative (MAFES-SRI) and the National Institute of Food and Agriculture (MIS 043050).




Data Availability Statement


All the materials and data generated in this study are included in this article, or the corresponding author can provide any additional data required upon request.




Acknowledgments


We thank Plant Stress Physiology Laboratory members during data collection and David Brand for his technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wang, J.; Hu, X. Research on corn production efficiency and influencing factors of typical farms: Based on data from 12 corn-producing countries from 2012 to 2019. PLoS ONE 2021, 16, e0254423. [Google Scholar] [CrossRef] [PubMed]

	



FAOSTAT. Available online: https://www.fao.org/faostat/en/#data/QCL (accessed on 1 August 2022).

	



Xu, T.; Guan, K.; Peng, B.; Wei, S.; Zhao, L. Machine learning-based modeling of spatio-temporally varying responses of rainfed corn yield to climate, soil, and management in the U.S. Corn Belt. Front. Artif. Intell. 2021, 4, 647999. [Google Scholar] [CrossRef] [PubMed]

	



Hrozencik; USDA ERS—Irrigation & Water Use. Available online: https://www.ers.usda.gov/topics/farm-practices-management/irrigation-water-use/ (accessed on 26 October 2022).

	



Lobell, D.B.; Deines, J.M.; Tommaso, S.D. Changes in the drought sensitivity of US maize yields. Nat. Food. 2020, 1, 729–735. [Google Scholar] [CrossRef] [PubMed]

	



Barrett, J. Corn and Soybean Production up in 2021, USDA Reports Corn and Soybean Stocks up from Year Earlier, Winter Wheat Seedings up for 2022. Available online: https://www.nass.usda.gov/Newsroom/2022/01-12-2022.php (accessed on 28 August 2022).

	



USDM. Available online: https://www.drought.gov/data-maps-tools/us-crops-and-livestock-drought (accessed on 29 August 2022).

	



Chen, D.; Wang, S.; Cao, B.; Cao, D.; Leng, G.; Li, H.; Yin, L.; Shan, L.; Deng, X. Genotypic variation in growth and physiological response to drought stress and re-watering reveals the critical role of recovery in drought adaptation in maize seedlings. Front. Plant Sci. 2016, 6, 1241. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, B. Early Spring Drought Review for US Grain and Oilseed Crops. Available online: https://www.dtnpf.com/agriculture/web/ag/news/article/2022/03/23/early-spring-drought-review (accessed on 9 August 2022).

	



Buckler, E.S.; Holland, J.B.; Bradbury, P.J.; Acharya, C.B.; Brown, P.J.; Browne, C.; Ersoz, E.; Flint-Garcia, S.; Garcia, A.; Glaubitz, J.C.; et al. The genetic architecture of maize flowering time. Science 2009, 325, 714–718. [Google Scholar] [CrossRef]

	



Sah, R.P.; Chakraborty, M.; Prasad, K.; Pandit, M.; Tudu, V.K.; Chakravarty, M.K.; Narayan, S.C.; Rana, M.; Moharana, D. Impact of water deficit stress in maize: Phenology and yield components. Sci. Rep. 2020, 10, 2944. [Google Scholar] [CrossRef]

	



Fahad, S.; Bajwa, A.A.; Nazir, U.; Anjum, S.A.; Farooq, A.; Zohaib, A.; Sadia, S.; Nasim, W.; Adkins, S.; Saud, S.; et al. Crop production under drought and heat stress: Plant responses and management options. Front. Plant Sci. 2017, 8, 1147. [Google Scholar] [CrossRef]

	



Verslues, P.E.; Agarwal, M.; Katiyar-Agarwal, S.; Zhu, J.; Zhu, J.-K. Methods and concepts in quantifying resistance to drought, salt and freezing, abiotic stresses that affect plant water status. Plant J. 2006, 45, 523–539. [Google Scholar] [CrossRef]

	



Rebolledo, M.-C.; Dingkuhn, M.; Clément-Vidal, A.; Rouan, L.; Luquet, D. phenomics of rice early vigour and drought response: Are sugar related and morphogenetic traits relevant? Rice 2012, 5, 22. [Google Scholar] [CrossRef]

	



Walne, C.H.; Reddy, K.R. Temperature effects on the shoot and root growth, development, and biomass accumulation of corn (Zea Mays L.). Agriculture 2022, 12, 443. [Google Scholar] [CrossRef]

	



Nguyen, G.N.; Norton, S.L.; Rosewarne, G.M.; James, L.E.; Slater, A.T. Automated phenotyping for early vigour of field pea seedlings in controlled environment by colour imaging technology. PLoS ONE 2018, 13, e0207788. [Google Scholar] [CrossRef]

	



Vukasovic, S.; Alahmad, S.; Christopher, J.; Snowdon, R.J.; Stahl, A.; Hickey, L.T. Dissecting the genetics of early vigour to design drought-adapted wheat. Front. Plant Sci. 2022, 12, 754439. [Google Scholar] [CrossRef]

	



Ramamoorthy, P.; Lakshmanan, K.; Upadhyaya, H.D.; Vadez, V.; Varshney, R.K. Root traits confer grain yield advantages under terminal drought in chickpea (Cicer arietinum L.). Field Crop. Res. 2017, 201, 146–161. [Google Scholar] [CrossRef]

	



Yan, W.; Zhong, Y.; Shangguan, Z. A meta-analysis of leaf gas exchange and water status responses to drought. Sci. Rep. 2016, 6, 20917. [Google Scholar] [CrossRef]

	



Ji, R.P.; Che, Y.S.; Zhu, Y.N.; Liang, T.; Feng, R.; Yu, W.Y.; Zhang, Y.S. Impacts of drought stress on the growth and development and grain yield of spring maize in northeast China. Ying Yong Sheng Tai Xue Bao 2012, 23, 3021–3026. [Google Scholar]

	



Wang, Y.; Huang, Y.; Fu, W.; Guo, W.; Ren, N.; Zhao, Y.; Ye, Y. Efficient physiological and nutrient use efficiency responses of maize leaves to drought stress under different field nitrogen conditions. Agronomy 2020, 10, 523. [Google Scholar] [CrossRef]

	



Rafique, S. Drought Responses on Physiological Attributes of Zea mays in Relation to Nitrogen and Source-Sink Relationships. In Abiotic Stress in Plants; IntechOpen: Rijeka, Croatia, 2020. [Google Scholar] [CrossRef]

	



Anjum, S.A.; Wang, L.C.; Farooq, M.; Hussain, M.; Xue, L.L.; Zou, C.M. Brassinolide application improves the drought tolerance in maize through modulation of enzymatic antioxidants and leaf gas exchange. J. Agron. Crop Sci. 2011, 197, 177–185. [Google Scholar] [CrossRef]

	



Hund, A.; Ruta, N.; Liedgens, M. Rooting depth and water use efficiency of tropical maize inbred lines, differing in drought tolerance. Plant Soil 2009, 318, 311–325. [Google Scholar] [CrossRef]

	



Lopes, M.S.; Reynolds, M.P.; Lopes, M.S.; Reynolds, M.P. Partitioning of assimilates to deeper roots is associated with cooler canopies and increased yield under drought in wheat. Funct. Plant Biol. 2010, 37, 147–156. [Google Scholar] [CrossRef]

	



Hassan, M.A.; Xiang, C.; Farooq, M.; Muhammad, N.; Yan, Z.; Hui, X.; Yuanyuan, K.; Bruno, A.K.; Lele, Z.; Jincai, L. Cold stress in wheat: Plant acclimation responses and management strategies. Front. Plant Sci. 2021, 12, 676884. [Google Scholar] [CrossRef]

	



Giri, A.; Heckathorn, S.; Mishra, S.; Krause, C. Heat stress decreases levels of nutrient-uptake and -assimilation proteins in tomato roots. Plants 2017, 6, 6. [Google Scholar] [CrossRef]

	



Tang, L.; Zhou, Q.S.; Gao, Y.; Li, P. Biomass allocation in response to salinity and competition in native and invasive species. Ecosphere 2022, 13, e3900. [Google Scholar] [CrossRef]

	



Comas, L.; Becker, S.; Cruz, V.M.; Byrne, P.F.; Dierig, D.A. Root traits contributing to plant productivity under drought. Front. Plant Sci. 2013, 4, 442. [Google Scholar] [CrossRef]

	



Van Dooren, T.J.M.; Silveira, A.B.; Gilbault, E.; Jiménez-Gómez, J.M.; Martin, A.; Bach, L.; Tisné, S.; Quadrana, L.; Loudet, O.; Colot, V. Mild drought in the vegetative stage induces phenotypic, gene expression, and DNA methylation plasticity in arabidopsis but no transgenerational effects. J. Exp. Bot. 2020, 71, 3588–3602. [Google Scholar] [CrossRef]

	



Lopes, M.S.; Araus, J.L.; van Heerden, P.D.R.; Foyer, C.H. Enhancing drought tolerance in C4 Crops. J. Exp. Bot. 2011, 62, 3135–3153. [Google Scholar] [CrossRef]

	



Avramova, V.; Nagel, K.A.; AbdElgawad, H.; Bustos, D.; DuPlessis, M.; Fiorani, F.; Beemster, G.T.S. Screening for drought tolerance of maize hybrids by multi-scale analysis of root and shoot traits at the seedling stage. J. Exp. Bot. 2016, 67, 2453–2466. [Google Scholar] [CrossRef]

	



Moreira, S.A.F.; Alves, P.F.S.; Corsato, C.E.; Azevedo, A.M. Maize Hybrids contrasting for drought tolerance differ during the vegetative stage. Semina Ciências Agrárias 2020, 41, 1093–1106. [Google Scholar] [CrossRef]

	



Avramova, V.; AbdElgawad, H.; Zhang, Z.; Fotschki, B.; Casadevall, R.; Vergauwen, L.; Knapen, D.; Taleisnik, E.; Guisez, Y.; Asard, H.; et al. drought induces distinct growth response, protection, and recovery mechanisms in the maize leaf growth zone. Plant Physiol. 2015, 169, 1382–1396. [Google Scholar] [CrossRef]

	



Lichtenthaler, H.K. The stress concept in plants: An introduction. Ann. N. Y. Acad. Sci. 1998, 851, 187–198. [Google Scholar] [CrossRef]

	



Flexas, J.; Ribas-Carbó, M.; Bota, J.; Galmés, J.; Henkle, M.; Martínez-Cañellas, S.; Medrano, H. Decreased rubisco activity during water stress is not induced by decreased relative water content but related to conditions of low stomatal conductance and chloroplast CO2 concentration. New Phytol. 2006, 172, 73–82. [Google Scholar] [CrossRef]

	



Gajanayake, B.; Reddy, K.R.; Shankle, M.W.; Arancibia, R.A. Early-season soil moisture deficit reduces sweetpotato storage root initiation and development. HortScience 2013, 48, 1457–1462. [Google Scholar] [CrossRef]

	



Tsuji, W.; Ali, M.E.K.; Inanaga, S.; Sugimoto, Y. Growth and gas exchange of three sorghum cultivars under drought stress. Biol. Plant. 2003, 46, 583–587. [Google Scholar] [CrossRef]

	



Erdal, Ş.; Pamukçu, M.; Öztürk, A.; Aydinsakir, K.; Ozlem, Y.D. Morpho-physiological combining ability among tropical and temperate maize germplasm for drought tolerance. Genetika 2016, 48, 1053–1066. [Google Scholar] [CrossRef]

	



Song, H.; Li, Y.; Zhou, L.; Xu, Z.; Zhou, G. Maize leaf functional responses to drought episode and rewatering. Agric. For. Meteorol. 2018, 249, 57–70. [Google Scholar] [CrossRef]

	



Ahmed, C.B.; Rouina, B.B.; Sensoy, S.; Boukhris, M.; Abdallah, F.B. Changes in gas exchange, proline accumulation and antioxidative enzyme activities in three olive cultivars under contrasting water availability regimes. Environ. Exp. Bot. 2009, 67, 345–352. [Google Scholar] [CrossRef]

	



Liu, W.J.; Liu, H.; Chen, Y.E.; Yin, Y.; Zhang, Z.W.; Song, J.; Chang, L.J.; Zhang, F.L.; Wang, D.; Dai, X.H.; et al. Chloroplastic photoprotective strategies differ between bundle sheath and mesophyll cells in maize (Zea mays L.) under drought. Front. Plant Sci. 2022, 13, 885781. [Google Scholar] [CrossRef]

	



Nakabayashi, R.; Yonekura-Sakakibara, K.; Urano, K.; Suzuki, M.; Yamada, Y.; Nishizawa, T.; Matsuda, F.; Kojima, M.; Sakakibara, H.; Shinozaki, K.; et al. Enhancement of oxidative and drought tolerance in arabidopsis by overaccumulation of antioxidant flavonoids. Plant J. 2014, 77, 367–379. [Google Scholar] [CrossRef]

	



Bashir, N.; Athar, H.-R.; Kalaji, H.M.; Wróbel, J.; Mahmood, S.; Zafar, Z.U.; Ashraf, M. Is photoprotection of psii one of the key mechanisms for drought tolerance in maize? Int. J. Mol. Sci. 2021, 22, 13490. [Google Scholar] [CrossRef]

	



Evans, J.R. Improving photosynthesis. Plant Physiol. 2013, 162, 1780–1793. [Google Scholar] [CrossRef]

	



Xu, Z.; Zhou, G. Responses of leaf stomatal density to water status and its relationship with photosynthesis in a grass. J. Exp. Bot. 2008, 59, 3317–3325. [Google Scholar] [CrossRef]

	



Xu, Z.; Zhou, G.; Shimizu, H. Plant responses to drought and rewatering. Plant Signal Behav. 2010, 5, 649–654. [Google Scholar] [CrossRef]

	



Hammer, G.L.; Dong, Z.; McLean, G.; Doherty, A.; Messina, C.; Schussler, J.; Zinselmeier, C.; Paszkiewicz, S.; Cooper, M. Can changes in canopy and/or root system architecture explain historical maize yield trends in the U.S. Corn Belt? Crop Sci. 2009, 49, 299–312. [Google Scholar] [CrossRef]

	



Lone, A.A.; Jumaa, S.H.; Wijewardana, C.; Taduri, S.; Redona, E.D.; Reddy, K.R. Drought stress tolerance screening of elite American breeding rice genotypes using low-cost pre-fabricated mini-hoop modules. Agronomy 2019, 9, 199. [Google Scholar] [CrossRef]

	



Hewitt Sand and water culture methods used in the study of plant nutrition. Soil Sci. Soc. Am. J. 1953, 17, 301. [CrossRef]

	



USDM, U.S. Drought Monitor. Available online: https://droughtmonitor.unl.edu/About/WhatistheUSDM.aspx (accessed on 5 February 2023).

	



R Core Team. R: A Language and Environment for Statistical Computing; R foundation for statistical computing: Vienna, Austria, 2022. [Google Scholar]

	



Fernandez, G.C.J. Effective selection criteria for assessing plant stress tolerance. In Proceedings of the International Symposium on Adaptation of Food Crops to Temperature and Water Stress, Taiwan, China, 13–18 August 1992. [Google Scholar] [CrossRef]








[image: Plants 12 02471 g001 550] 





Figure 1. Temporal trends in volumetric soil moisture content across treatments during the corn experimental period (A). Pictorial representation of soil moisture stress effects on ‘A6659VT2RIB’ (B) and ‘P1316YHR’ (C) illustrating plant vigor. The pictures were taken at the final harvest, 28 days after soil moisture stress treatments (38 days after planting). 
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Figure 2. Relationship between volumetric water content (VWC) and stomatal conductance (A), transpiration (B), the quantum efficiency of photosystem II (PhiPS2) (C), and electron transport rate (D). Each data point represents mean ± SE. 
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Figure 3. Relationship between volumetric water content (VWC) and canopy temperature. Each data point represents mean ± SE. 
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Figure 4. Relationship between volumetric water content (VWC) and chlorophyll content (A), flavonoid index (B), anthocyanin index (C), and nitrogen balance index (D). Each data point represents mean ± SE. 
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Figure 5. Relationship between volumetric water content (VWC) and plant height (A), leaf number (B), and total leaf area (C) in corn. Each data point represents mean ± SE. 
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Figure 6. Relationship between volumetric water content (VWC) and shoot dry weight (A), root dry weight (B), total dry weight (C), and root-to-shoot ratio (D). Each data point represents mean ± SE. 
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Figure 7. Relationship between volumetric water content (VWC) and shoot dry weight (A), root dry weight (B), total dry weight (C), and root-to-shoot ratio (D) measured 28 days after soil moisture treatments. Each data point represents mean ± SE of both hybrids. VWC−Volumetric water content, Chl−chlorophyll content, Flv−flavonoid index, Anth−anthocyanin index, NBI−nitrogen balance index, gsw−stomatal conductance, ETR−electron transport rate, PhiPS2−quantum efficiency of PSII, E−transpiration, CT−canopy temperature, PHt−plant height, TLA−total leaf area, LN−leaf number, SWt−shoot dry weight, RWt−root dry weight, TDWt−total dry weight, and R/S−root-to-shoot ratio. 
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Table 1. Summary of the analysis of variance of soil moisture stress effects on physiological, growth, and developmental traits in corn.
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	Source
	gsw
	E
	ETR
	PhiPS2
	CT
	Chl
	Flv
	Anth
	NBI
	PHt
	TLA
	LN
	SWt
	RWt
	TDWt
	R/S





	Hybrid (H)
	ns
	ns
	***
	***
	**
	*
	**
	ns
	ns
	ns
	ns
	ns
	ns
	ns
	ns
	ns



	Treatment (T)
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***



	H × T
	*
	*
	ns
	ns
	ns
	**
	*
	ns
	ns
	ns
	ns
	ns
	**
	ns
	*
	ns







Stomatal conductance (gsw, mol m−2 s−1), transpiration (E, mmol m−2 s−1), electron transport rate (ETR, μmol m−2 s−1), the quantum efficiency of PSII (PhiPS2), canopy temperature (CT, °C), chlorophyll content (Chl, μg cm−2), flavonoid index (Flv), anthocyanin index (Anth), nitrogen balance index (NBI), plant height (PHt, cm), total leaf area (TLA, cm2 plant−1), number of leaves (LN, no. plant−1), shoot dry weight (SWt, g plant−1), root dry weight (RWt, g plant−1), total dry weight (TDWt, g plant−1), and root-to-shoot ratio (R/S). ***, **, *, and ns indicate significance at p < 0.001, p < 0.01, p < 0.05 and non-significant effect, respectively.
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