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This current study was performed to determine the influences of plant spacing, Nitrogen (N) fertilization rate and their effect, on growth traits, yield, and yield components of cotton (Gossypium barbadense L.) cv. Giza 97 during the 2019 and 2020 seasons. A split plot experiment in three replicates was utilized whereas the cotton seeds were planted at 20, 30, and 40 cm, as main plots and nitrogen at 75, 100, and 125%, was in subplots. The results revealed that the planting spacing at 40 cm significantly (p ≤ 0.01) increased plant height, number of fruiting branches per plant, number of bolls per plant, boll weight (BW), lint percentage (L%), seed cotton yield (SCY), lint cotton yield (LCY), seed index and lint index by 165.68 cm, 20.92, 23.93, 3.75 g, 42.01%, 4.24 ton/ha, 5.16 ton/ha, 12.05, 7.86, respectively, as average in both seasons. The application of N fertilizer rate at 125% caused a maximum increase in growth and yield parameters i.e., plant height (169.08 cm), number of vegetative branches (2.67), number of fruiting branches per plant (20.82), number bolls per fruiting branch (1.39), number of bolls per plant (23.73), boll weight (4.1 g), lint percent (41.9%), seed index (11.8 g), and lint index (8.2), while the plants treated with 100% N rates exhibited highest seed cotton yield (4.3 ton/ha) and lint cotton yield (5.6 ton/ha), as average in both seasons. Combining plant spacing at 40 cm between plants with a 100% N fertilizer rate recorded the highest lint cotton yield (5.67 ton/ha), while the highest seed cotton yield (4.43 and 4.50 ton/ha) was obtained from 125% N fertilizer rate under planting spacing 20 and 40 cm, respectively. Conclusively, a wide density (40 cm) with 125% N is a promising option for improved biomass, cotton growth, yield, physiological traits, and fiber quality.

Keywords: cotton, growth characteristics, nitrogen, plant spacing, yield


INTRODUCTION

Cotton (Gossypium barbadense L.) is a crucial cash crop in Egypt, providing fiber for textiles as well as edible oil (Gialvalis and Seagull, 2001; Ishaq et al., 2022; Zhao et al., 2022). During the 2019–2020 growing season, cotton was grown on 85,000 hectares with a total production of 250,000 bales. Cotton growth are significantly affected by climatic adversaries as well as seasonal management practices such as variety selection, sowing date, sowing method, plant spacing, water requirement, seed treatment and appropriate fertilizer application (Schaefer et al., 2018; Fahad et al., 2020; Zaman et al., 2021). Variety selection, sowing date, sowing method, plant spacing, water requirement, seed treatment, and appropriate fertilizer application are all important factors in cotton growth and development. It is important to plan improved management practices that enhance cotton yield potential. Cotton is extremely susceptible to abiotic stresses. Cotton growth and development are significantly influenced by climatic adversaries (Tung et al., 2018; Fahad et al., 2021d) and seasonal management practices (Fahad et al., 2021e) such as variety selection, sowing date, sowing method, plant spacing, water requirement, seed treatment, and appropriate fertilizer application (Muhammad et al., 2019; Fahad et al., 2021a,c).

It has been demonstrated that plant spacing is the most essential factor in enhancing the structures and increasing the cotton canopy’s photosynthetic potential (Bondada and Oosterhuis, 2001; Schaefer et al., 2018; Pabuayon et al., 2020; Fahad et al., 2021e; An et al., 2022), which is linked to cotton production strategy. Plant density has an effect on light absorption, moisture availability and wind movement, all of which have an impact on plant height, architecture, boll behavior, crop maturity and crop production (Khan et al., 2019; Fahad et al., 2021d). Reducing seeding rates may reduce input costs, maturity, fluff yield, and fiber quality may be negatively affected when the plant quantity is too low (Shah et al., 2021a). A further finding was that having a low plant density resulted in having a greater number of heavy bolls per plant, whereas having an increased plant density resulted in a drop in both the amount and weight of bolls (Bednarz et al., 2007). To better know the relationship between plant density and cotton productivity there are several research has been undertaken in this filed according to Bondada and Oosterhuis (2001) and Wei et al. (2022), several research has been undertaken. According to Chapepa et al. (2020) and Shah et al. (2021a), plant density increased in conjunction with the increase in LAI, increasing both yield and LAI. Poor management practices used throughout the blooming and boll formation stages have a negative impact on fiber quality parameters such as fiber strength, fiber fitness (or length), number of fibers/unit of length or uniformity index and fineness (Egelkraut et al., 2004; Main et al., 2014). Additional factors such as plant density and fertilizer have a significant impact on fiber quality (Boquet and Breitenbeck, 2000; Main et al., 2014).

High nitrogen requirements are a common limiting factor in crop growth based on their role in cotton photosynthesis and canopy development (Devkota et al., 2013; Muhammad et al., 2019; Gross, 2022; Rivero et al., 2022; Van Der Sluijs, 2022; Zhi et al., 2022). Because of this, it is the most crucial component in cotton fertilization to get a desirable yield (Bondada and Oosterhuis, 2001). Another study found that nitrogen fertilizer had a substantial effect on cotton growth, boll development, lint output and fiber quality (Devkota et al., 2013; Luo et al., 2018). As a result, nitrogen can improve salt tolerance and water productivity as well as nitrogen usage efficiency (Polychronaki et al., 2012; Devkota et al., 2013; Shah et al., 2017b, 2021a). The opposite is true: low nitrogen fertilization rates lead to sluggish growth and development, which in change results in low yield (Yang et al., 2011; Hafeez et al., 2019; Shah et al., 2021b). As a result, a number of studies have been done during recent decades to study the effect of N on cotton growth performance (Yang et al., 2011; Shah et al., 2017a; Chen et al., 2018). Many physiologically active molecules in cotton are affected by nitrogen fertilization (Huang et al., 2022; Javed et al., 2022). Chlorophyll, protein, enzymes, and phyto-hormones are just a few of the things that are affected by it (Dordas, 2009; Wang et al., 2022). Thus, nitrogen impacts cotton’s physiological features, which further impact on growth and morphological characters, which determines the final yield and quality (Dordas, 2009; Alitabar et al., 2012; Kumar et al., 2022). The bolls number, weight, and the quality of the fiber are all affected by nitrogen (Zhou et al., 2011; Khan et al., 2017a,b; Muhammad et al., 2019). According to preliminary findings, the top fruiting tillers were most vulnerable to N, which could explain why cotton reaches an early senescence stage earlier than expected (Liu et al., 2007; Tung et al., 2019; Fahad et al., 2021d). Therefore, this study was undertaken to define the optimal plant spacing and N rate for cotton development, physiology, and yield factors.



MATERIALS AND METHODS


Experimental Field and Soil Analysis

Field trials lasting 2 years took place at the Agricultural Research Center’s Sakha Station in Egypt. Through April and May of 2019 and 2020, cotton seeds (Cv. Giza 97) were sown in the fields. The climate of this area is characterized as hot summer, muggy, arid, and clear and the winters are cool, dry, windy, and mostly clear (Figure 1). To begin, soil physicochemical parameters have been studied in both summer and winter (Carter and Gregorich, 2007; see Table 1). To obtain soil samples, a 2.5 cm spiral auger was used to drill into each plot from two different depths (ranging from 0 to 25 cm) of soil. Each plot has three sub-samples taken from it to generate a composite sample for that plot. It was then ground into a fine powder to calculate the soil organic carbon (percent), N, P, and K available (mg.kg–1) from the samples, which were oven-dried at 40°C and crushed to fit through a 2 mm filter. E.C. was measured using established methods and soil pH was defined using the method of Carter and Gregorich (2007).
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FIGURE 1. Weather conditions during the two growing seasons of cotton cultivation.



TABLE 1. The primary physiochemical properties of the experimental soil.
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Experimental Layout and Treatments

This current study was laid out under a split plot design using 3 replicates. The main plots were given planting spacing, whilst the sub-plots were given nitrogen fertilizer treatments. The experiment’s subplots were each 3.5 m long and 3 m broad (10.5 m2). Cottonseed was planted at three different planting space treatments: 20, 30, and 40 cm. The nitrogen fertilizers (Urea 46.5% nitrogen, Abu Qir Fertilizers Company) also consisted in three different rates of recommended dose as follows: 75% (253.125 kg N ha–1), 100% (337.5 kg N ha–1), and 125% (421.875 kg N ha–1) all nitrogen doses add in three times during plant growth. Before planting, the field received a base dosage of 150 kg P2O5 ha–1 and 225 kg K2O ha–1. Weeding, hoeing, insecticides and irrigation were all applied in a timely way to improve crop development.



Data Recorded


Growth Parameters

Five plant sample were randomly taken from each plot to evaluate growth charters i.e., plant height (PH) (cm), Number of vegetative branches per plant (No V B/P), Number of fruiting branches per plant (No F B/P). The main stem number was noted at the first fruiting tiller arose was defined by designating the node immediately on top of the cotyledonary scores as number one and count the successive ascending nodes until the one that gave rise to the first fruiting branch.



Yield and Its Components

Seed cotton yield (ton/ha) and lint cotton yield (ton/ha) were determined by hand-harvesting 3 times from each treatment. The moisture level of the bolls was decreased to less than 11% after air drying, and seed cotton from 100 bolls was tested for boll weight during the first harvest. Using the total seed cotton output of 100 bolls as a starting point, the weight of a single boll was calculated. To calculate the proportion of lint in a 100-boll crop, divide the lint yield by the seed cotton weight of 100-bolls. The bolls number/fruiting branch (No B/FB) was computed by dividing the total number of open bolls into 10 plants by the total number of fruiting branches. The open bolls number per plant (No B/P) was calculated by calculating the number of open bolls on the 10 typical plants mentioned above before the first, second and third pickings in the first and second seasons. The average weight of 100-seeds in grams is known as the seed index. The lint index (LI) was determined using the formula:
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Data Analysis

The analysis of variance (ANOVA) for all studied traits was performed utilizing the general linear model (GLM) procedure of the SAS 9.2 software for Windows (SAS Institute, 2011). Data were statistically evaluated using Fisher’s least significant difference (LSD) test at a 5%. Boxplots were done to show the difference in the application of plant space and nitrogen rates fertilization. Pearson correlation coefficients were used to access the associations among traits. In the R project (version 3.4.5), the ggplot2 package was used to draw a boxplot.




RESULTS


Impact of Plant Space, Nitrogen Rates Fertilization and Their Interaction on Cotton Plant Development and Yield Parameters

Plant space, N fertilizer levels and their interaction were examined in Table 2 using an ANOVA. A significant (P > 0.01) relationship was found between plant space and nitrogen fertilizer rates, which was found to be related to plant height (PH), the first fruiting node (FFN), the vegetative branches number per plant (No VB/P, only in the second season), the fruiting branches number per plant (No FB/P, only in the first season), the number of bolls per fruiting N fertilizer rates did not affect the number of vegetative branches per plant in the second season (No VB/P) or on the first fruiting node (FFN, in both seasons). All growth and yield component parameters were shown to be significant impacted by the interaction among plant space and N fertilizer rate treatments in both seasons.


TABLE 2. ANOVA of the effects plant space, nitrogen rates and their interaction on growth, physiological and yield parameters of cotton plants.
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The Impacts of Plant Space and Nitrogen Levels on Growth and Physiological Parameters of Cotton Plants

During the 2019 and 2020 seasons, plant space and N fertilizer treatment rate showed a significant impact on the morphological characters of cotton plants. As presented in Table 3, planting at 40 cm showed the maximum plant height (165.67 and 165.69 cm) in both seasons, respectively. Whereas application of 125% N fertilizer exhibited the tallest plants (169.02 and 169.14 cm) in 2019 and 2020, respectively. In the case of the FFN, the results showed that planting at 40 cm was the best and earlier for the mean performance values (7.31 and 7.26 node) in the 2019 and 2020 seasons. Nitrogen fertilizer did not affect significantly on this trait. According to the results in Table 3, the No. VB/P didn’t affect significantly by planting space in the first season, but in the next season, planting at 20 and 40 cm recorded the highest No. VB/P (2.31 and 2.38), respectively. Whereas application of 125%N fertilizer recorded the highest No. VB/P in the first season, meanwhile, in the next season, the results showed a non-significant effect due to the nitrogen fertilizer rates. Regard, the No FB/P. The maximum No. F.B./P (21.41) was recorded under planting at 40 cm in 2019, while there was no significant difference between planting spacing in the 2020 season. The increase in nitrogen application rate influenced the No FB/P. The highest No FB/P (20.72 and 20.93) were observed under125% N fertilizer in both seasons, respectively. The results demonstrated that in 2019, plant spacing have a substantial influence on No B/FB. Planting at 40 showed the highest No. B/FB (2.30), while plant space displayed an insignificant difference in the 2020 season. Referring to the nitrogen fertilizer rates in 2019 and 2020 seasons, 125% N fertilizer was the best treatment with relevance to No B/FB (1.38 and 1.41), respectively. In the case of No B/P, the plants are sown at 40cm showed the highest No. B./P (24.52 and 23.35) during both growing seasons followed by 20 and 30 cm. Nitrogen rates also significantly influenced this trait, the highest mean values of the No B/P (23.61 and 23.85) were observed under 125% nitrogen fertilizer rate, as shown in Table 3.


TABLE 3. Impacts of plant space and N fertilization level on some physiological constraints of cotton combined through 2 years (2019–2020).
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The Effects of Plant Space and Nitrogen Rates on Yield and Yield Components

Boll weight (BW), lint percentage (L%), seed cotton yield (SCY/ha), lint cotton yield (LCY/ha), seed index (SI) and lint index (LI) of cotton were significantly impacted by plant space and N fertilizer rates in both years (Table 4). Plant spacing significantly affected BW, whereas 40 cm between cotton plants gave the highest BW of (3.73 and 3.78 g) in the 2019 and 2020 seasons, respectively. Additionally, nitrogen fertilizer rates application varied significantly (p ≤ 0.001). The application of 125% nitrogen fertilizer rate exhibited the heaviest BW (4.20 and 4.07 g) in both seasons, respectively. The lint percentage was affected by plant space and affected by the N fertilizer rate. Planting at 40 and 30 cm recorded the highest lint percentage (42.13 and 42.32%) in both seasons, in respect. Increasing the N fertilizer levels from75 to 125% improved the lint percentage and observed the highest percentage compared to the low N fertilizer rate (Table 4). During both years, 40 cm plant space yielded the highest SCY (4.29, and 4.19 ton/ha–1) and LCY (5.43 and 4.89 ton/ha–1) in both season, respectively. Nitrogen rats had a significant impact on SCY and LCY. The application of 100% nitrogen rate indicated the greatest SCY in the first season of (4.44 ton/ha–1), while125% nitrogen fertilizer rate showed the highest SCY of (4.26 ton/ha–1) in the second season. Concerning, the LCY, 100% nitrogen application observed the highest LCY of (5.97 and 5.23 ton/ha–1) in both seasons, respectively. The seed index and lint index increased with increasing plant space. The highest seed index (12.14 and 11.97) was produced by space 40 cm between cotton plants in the first and second season, respectively, regarding lint index also 40 cm between cotton plants produced the highest mean value (8.16 and 7.57) in 2019 and 2020, respectively, while application of 125%of N fertilizer rate recorded the highest seed index and lint index in both seasons.


TABLE 4. Impacts of plant space and N fertilization level on yield, and yield components through 2 years (2019–2020).
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Interaction Between Cotton Planting Space and Nitrogen Rates Treatments Space

The effect of planting space and nitrogen rates were significant for the plant height as shown in Figure 2. The plant height significantly varied for the interactive effect of spacing and nitrogen rates application. The tallest plant (173.5 cm) was observed underplant space of 40 cm with 125% N fertilizer rate, while the shortest plant (154 cm) was recorded under 20 and 30 cm with 75% Nfertilizer rate in both seasons. Also, for the FFN the results showed that the 40 cm space with 125% N fertilizer was the best and the earlier plants with a value of (7.76 nodes) in both seasons. BN was significantly increased by planting space and nitrogen fertilizer interaction. 40 cm space between cotton plants in combined with 125% N fertilizer exhibited the highest number of No. VB/P of (2.326) and No. of FB/P of (21.36) in the first and second season. Whereas, the lowest No. VB/P was observed at 40 cm with nitrogen rates of 75%. Regarding No. FB/P, planting at 30 cm with a nitrogen rate of 75% recorded the lowest value, also planting at 40cm with 125% N recorded the highest No. B/FB (1.40). Planting the cotton seed at 40 cm between hills with 100 and 125% N fertilizer resulted in the highest seed index of (12.26 and 12.76), respectively. while planting at 20 cm with 75% N fertilizer exhibited the lowest seed index (9.60) in both seasons. The interaction between plant spacing and nitrogen rates had also a remarkable impact on the No.B/P in both growing seasons (Figure 2). The maximum No. B/P (25.70) was observed at 20 cm with nitrogen rates of 125% during the 1st and 2nd growing seasons. The bolls number and weight were impacted by plant space with N fertilizer rate interaction (Figure 2). The maximum BW was recorded at planting space 20 or 40 cm in companied with 125% nitrogen fertilizer application rate. Whereas the highest No. B/P was observed from planting at 20 cm with 125% nitrogen fertilizer followed by 40 cm and 125% nitrogen rate. The interactive influence of planting space and nitrogen rates resulted in substantial variations in L%. The maximum L% (43.03%) was observed in the plants space of 40 cm with nitrogen rates of 100% during both growing seasons. Seed index was affected by interactions of plant space and N rate (Figure 2), increased plant space improved seed index (Figure 2). The results showed that the 40 cm space with100 and 125% nitrogen recorded the best seed index value of (12.26 and 12.76) in both seasons, respectively. The interactive influence of plant space and nitrogen rates resulted in substantial variations in the LI. The maximum LI was observed at a space of 40 cm with nitrogen rates of 125% during both growing seasons. The interactive influence of planting space and nitrogen rates resulted in substantial variations in the SCY. The highest mean value of SCY (4.43 ton/ha) was observed at 20 and 40 cm with 125% N fertilizer rate during the 1st and 2nd growing season followed by 30 and 20cm with 100% N fertilizer rate. LCY showed significantly affected to N fertilizer rates, plant space and their interaction (Figure 2). Planting cotton at 40 and 30 cm in combined with 100% nitrogen fertilizer exhibited the highest mean value of LCY (5.67 and 5.66 ton/ha), respectively. The results suggested that LCY could be increased through coordination of N fertilizer rate and plant space, for instance moderate N fertilizer rate at any plant space.
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FIGURE 2. The effects of a combination of varied plant spacing (20, 30, and 40 cm) and nitrogen rates (75, 100, and 175 percent) on 12 cotton attributes found in field trials were integrated using data from the 2019 and 2020 seasons. The least significant difference (Fisher’s LSD) test shows that different lowercase letters on error bars indicate statistically significant differences between treatments (p 0.05).




Correlation Between Studied Traits

Positive and negative correlation were recorded between the studied morphological and yield traits (Figure 3). The correlation among boll weight, lint percentage, No B/P, plant height, No.V B/P, No. F B/P, lint index, SCY, No. B/FB and seed index was significantly positive at both plant space and nitrogen rates. The PH exhibited a positive relationship with No. VB/P, No. FB/P, lint index, SCY and No. B/FB at both levels, however it had a significantly negative correlation with LCY. Likewise, FFN expressed a positive correlation with No. F B/P, while it demonstrated a negative relationship with No. V B./P, SCY and No. B/FB. The association between No. VB/P, lint index and No. B/FB were significantly positive. However, No. V B/P exhibited a significantly negative correlation with (LCY). Similarly, the relationship between No. FB/P and lint index was strongly positive. It is important to understand the correlation among yield attributes that directly contribute to enhanced cotton productivity. The SCY indicated a positive and highly significant association with BW, No. B/P, PH and lint index. The direct selection of these attributes may improve the selection efficiency of yield in cotton.
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FIGURE 3. Pearson’s correlation coefficients for 12 attributes tested under various plant spacing and nitrogen treatment rates (Combined analysis of two successive seasons of 2019 and 2020). SCY, Seed cotton yield; LCY, Lint cotton yield; SI, Seed index; LI, Lint index; BW, Boll weight; L%, Lint percentage; No. VB/P, Number of vegetative branches; No. B/FB, Number of bolls per fruiting branch; No. FB/P, Number of fruiting branches per plant; No. B/p, Number of bolls per plant Positive correlation is shown by blue, while negative correlation is indicated by red.




Interrelationship Between Combinations of Plant Spacing and Nitrogen Rates Application (Based on Yield and Growth Parameters)

The hierarchical clustering clearly distinguished the interrelationship between combinations of plant space and nitrogen rates application (7 combinations) according to their performance of yield and growth parameters (Figure 4). As regards the relationship between plant space and nitrogen rates treatments, two main clusters were characterized. The first cluster was formed by the combination’s treatment of A (40 cm + 125% N), in this group, treatment A provided the highest values for the majority of traits, except for LCY. The second cluster is divided into two subclusters, the first subclusters was formed by the combination of B (40 cm + 100% N), C (30 cm + 100% N), and D (40 cm + 75% N), whereas the treatments B and C, were the closest sub-clusters. For treatment B and C, showed the highest positive effects on LCY, indicating the best parameters under such plant space and nitrogen rates application. The treatment D negatively affected a majority of studied traits except for the first fruiting node position followed by the No.FB/P. The second sub-cluster included each of the treatment E (30 cm + 125% N), F (20 cm + 75% N), and G (30 cm + 75% N), whereas the treatments F and G were the closest sub-clusters. Overall, the combinations of fertilization treatments in the second sub-cluster (including E, F, and G subclusters) showed an opposite pattern with the treatments combinations of the first cluster, as all studied traits were negatively affected showing lower overall performance, especially for the G treatment which indicated the lowest value for all measured parameters.
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FIGURE 4. Clustering analysis presents the relationships between plant space, nitrogen fertilization treatment and studied traits. In the ballots, the hierarchical clustering analysis with the Euclidean space using the principal component scores and Ward’s technique as the process of linkage was used. L%, lint percentage; FFN, first fruiting node position; No. F B/P, number of fruiting branch per plant; SI, seed index; SCY, seed cotton yield; No. B/P, number of boll per plant; L.I., lint index; PH, plant height, boll weight; No. V B/P, number of vegetative branch per plant; No. B/FB, number of bolls per fruiting branch; LCY, lint cotton yield.





DISCUSSION

Several investigations have been performed to investigate the impacts of plant spaces (Bednarz et al., 2007; Hafeez et al., 2018; Fahad et al., 2021b) and N fertilization rate (Boquet and Breitenbeck, 2000; Bondada and Oosterhuis, 2001) in terms of cotton yield and its yield components. Others have observed interactions between plant space and N fertilization (Ali et al., 2007; Zaman et al., 2021; Van Der Sluijs, 2022; Zhi et al., 2022). The impacts of plant space and N rates were explored in the current study, with an emphasis on their interaction. Cotton yield rose with wider plant space and N rates application, which can be explained by an increase in growth and yield components. The increased No.VB/P, boll numbers, plant height, branch number, boll weight, cotton yield, seed index and lint index were due to the wider plant space (Figure 2 and Tables 2, 3). These findings are related to those of Rinehardt et al. (2004) and Rafi et al. (2015), they indicated that plant height was found to be significantly influenced by plant space, as plants luxuriously utilized all resources and light interception was also better. Plant space affects light interception, moisture availability, nutrient uptake, humidity, and weed infestation (Stephenson, IV et al., 2011; Zhanbota et al., 2022) and thus influence plant height, fruiting behavior, maturity, and final yield. More competition among plants suppresses plant growth under narrow spacing. A wider plant space resulted in a shorter internodal space (Alfaqeih et al., 2002; Emaish et al., 2021). This is in affirmation with the earlier findings of Stephenson, IV et al. (2011), who concluded that higher plant density decreased the number of monopodial and sympodial branches. With the increase in plant spacing, the number of sympodial branches per plant also increased. Also, Alfaqeih et al. (2002) also reported similar results. An increase in the number of fruit branches per plant in low planting density could be due to less competition and more space available for the growth of plants. The number of plants per area was greater in narrow spacing treatments. The plants in the narrow spacing (20 cm) were dense (71,428 plants ha–1), while at wider spacing (40 cm) the number of plants was lower, i.e., 35,714 plants ha–1. Similar findings were reported by Delaney et al. (2002), Singh et al. (2012), and Brodrick et al. (2013). By increasing spacing, it was observed that boll weight increased, which led to the highest seed cotton yield. Boll weight showed a decreasing trend with the decrease in plant space as well as low nitrogen rates. Heavier bolls in wider spacing may be because of less competition amongst crop plants, resulting in efficient consumption of all resources (Table 3). These findings are found to be similar to Alfaqeih et al. (2002), Ali et al. (2007), Rafi et al. (2015), Alsalem et al. (2022), and Zhi et al. (2022). They reported that wider space increased the number of branches per plant and boll weight which was due to less competition between plants. The results were similar to those reported by Alfaqeih et al. (2002) and Morsy et al. (2022) they reported an increase in the number of bolls per plant was a direct consequence of more fruit branches per plant. In addition, Iqbal and Khan (2010) and Hashem et al. (2022) revealed that an increase in the number of bolls per plant with an increase in plant space can reduce competition between plants. Results also showed that crop sowed with 40 cm plant spacing significantly (P < 0.01) produced the highest seed and lint indexes. The abundance of space would have allowed the plants to absorb more water and nutrients, resulting in a higher number of sympodial branches. This would have resulted in more bolls per plant in the end. Furthermore, the maximum number of bolls may be attributable to improved photosynthate assimilation and translocation. These findings were similar to Sisodia and Khamparia (2007) and Ahmed et al. (2021) they stated the plant grows taller with respect to vertical space and produces a greater leaves number and sympodial branches per plant.

The use of optimum N fertilizer improves a variety of physiological and metabolic activities, including photosynthesis and nitrogen metabolism, which is a critical reducing factor in high cotton productivity and quality. As a result, one of the most essential ways to boost cotton output is to apply N fertilizer (Boquet and Breitenbeck, 2000; Muhammad et al., 2019; Yousaf et al., 2021; Ghareeb et al., 2022). Many research has demonstrated that a sufficient amount of N nutrition may boost cotton dry matter and growth rate at all stages (Luo et al., 2009; Fouda et al., 2020a). Furthermore, it enhances the dry matter distribution ratio (Luo et al., 2018; El-Naggar et al., 2020; Elkobrosy et al., 2022), enhances photosynthetic product accumulation and transport (Liu et al., 2015; Fouda et al., 2020b) and promotes production (Clawson et al., 2006; Ahmed et al., 2021). The nitrogen application of 100 and 125% increased the lint percentage, boll weight, lint cotton yield, seed cotton yield, seed index, lint index, plant height, vegetative branches number, bolls number per fruiting branch, fruiting branches number per plant, bolls number per plant in cotton compared to where low nitrogen rate was applied (Figure 2). In line with earlier research of Dong et al. (2012), Wang et al. (2016), Abdelsalam et al. (2019c), Abualnaja et al. (2021a,b), and Ahmad et al. (2022), an increased N rate (N0–N2) boosted yield and boll weight substantially. The results showed that enhanced yield was linked to increased boll weight and nitrogen plays a significant role in the production of boll weight and is the key component influencing yield. Our findings revealed that when a 125% N rate was applied, morphological and yield traits increased as compared to when a low nitrogen rate was applied (Figure 2). The use of nitrogen has been shown to boost plant height in a variety of crops (Kumbhar et al., 2008; Dong et al., 2010; Fahad et al., 2021d; Abbas et al., 2022; Abdelsalam et al., 2022). Our results were in line with (Kumbhar et al., 2008; Abdelsalam et al., 2019a), who indicated that nitrogen has a role in the plant rapid vegetative development and nitrogen deficiency influences the growth and yield of seed cotton. The goal of better management is to maximize N fertilizer (Rinehardt et al., 2004; Abdelsalam et al., 2019b; Zhao et al., 2019, 2021). The results of our study show that nitrogen fertilization has a significant influence on the number of bolls generated per plant (Table 2). This might be attributed to nitrogen fertilizer because the cotton plant is particularly susceptible to nitrogen absorption. These outcomes are comparable to Rashidi and Seilsepour (2011) they reported that because cotton is more sensitive to nitrogen than other crop plants, an increase in nitrogen increases the bolls number per plant significantly.



CONCLUSION

According to the findings of this research, sowing density and nitrogen fertilization had a significant impact on the development and physiology of the cotton crop. When comparing low density plants to high density crops, it was found that the accumulation of reproductive structure biomass was greater throughout the peak bloom, boll set and maturity stages of the crop. It was increased nitrogen intake at various developmental stages that resulted in the increase in reproductive organ biomass creation under low density. Planting density had little effect on the buildup of reproductive organ biomass during the early reproductive phase, but it had a considerable effect on the filling of the bolls later in the reproductive phase. Crops with a low or moderate density generated fiber with a better grade than crops with a high density. In conclusion, low density (40 cm) with 125% nitrogen fertilizer is a favorable management approach in terms of enhanced biomass production, nutrient absorption and yield compared to other management strategies space.
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We examined the metabolic, hormonal, enzymatic, and non-enzymatic responses of various plant components (leaf, root, and xylem sap) to plant growth regulators [methyl jasmonate (MeJA), ascorbic acid (Vc), brassinosteroids (Br), triazoles (Tr), alpha-tocopherol (Ve), and control] under heat stress [ambient temperature (AT), heat stress at night time (HNT), and heat stress at day (HDT)] in heat-sensitive (IR-64) and heat-tolerant (Huanghuazhan) rice cultivars under greenhouse conditions. Our results showed that heat stress altered the antioxidant activities and hormonal balance and rigorously reduced total soluble sugars, proteins, and proline, whereas increases were observed in H2O2 and Malondialdehyde (MDA) content accumulation in the plant xylem sap and leaves of both tested cultivars; however, the impact was more pronounced in IR-64. The superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), ascorbate peroxidase (APX), glutathione reductase (GR), Glutathione (GSH), dehydroascorbate reductase (DHAR), and monodehydroascorbate reductase (MDHAR) activities were higher in Huanghuazhan than in IR-64 in response to temperature stress, when compared to AT. Additionally, heat stress increased abscisic acid (ABA) levels in both rice cultivars, especially in IR-64. The highest concentrations of hormones were recorded in the roots, followed by the leaves and xylem sap, in both cultivars. HDT and HNT stresses severely reduced the concentrations of all of the cytokinin types (except for iP9G and tZ9G) and IAA in the different plant parts of rice cultivars. Moreover, HNT was more detrimental for hormone and metabolite synthesis in both cultivars. The growth regulators (especially Vc + Br + Ve + MeJA) were comparatively more effective in minimizing the hostile impact of heat stress on most of the studied traits and should be applied to obtain the optimum yield of rice in subtropical and tropical areas under changing climatic conditions.
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INTRODUCTION

Heat stress is emerging as the main plant growth- and yield-limiting factor, especially in subtropical and tropical regions throughout the world. Global warming alters the optimal growth conditions for crops and thus adversely affects agricultural productivity. The Intergovernmental Panel on Climate Change (IPCC) has projected a 2–4°C increase in global average temperature by the end of the 21st century due to greenhouse gas emissions and anthropogenic and/or natural factors (Eitzinger et al., 2010; Smith and Olesen, 2010). Recently, global warming has resulted in crop exposure to higher temperatures and has altered crop yield potential. Therefore, it is necessary to develop specific cultivars that are resistant to high temperature (Moreno and Orellana, 2011). Plants can vary in their responses to high temperature depending upon the plant type, cultivar, extremity, and duration of heat stress; however, the correct identification of traits that induce heat stress is still unknown (Wahid et al., 2007; Fahad et al., 2014a,b, Fahad et al. (2015a,b), Fahad et al., 2016a,b,c,d, Fahad et al., 2017, 2018; Atif et al., 2021). High temperature alters protein and membrane stability, RNA types and cytoskeleton structures; additionally, it reduces enzymatic activity and produces metabolic imbalances (Ruelland and Zachowski, 2010); Ahuja et al. (2010) reported that under extremely high temperatures, plant cells may die within minutes and may cause cellular destruction.

Temperature and photoperiod have major roles in the development and growth of crops (Kropff et al., 1995; Fahad et al., 2016a, b,c,d, 2020, 2021a,b,c,d,e,f; Afzal et al., 2020, 2022; Ahmad et al., 2021; Ali et al., 2021; Haider et al., 2021; Javed et al., 2021). Rice requires 27–32°C for its optimal growth (Yin et al., 1996). Plants minimize oxidative damage via many natural defense systems under optimal growth conditions. For example, they maintain reactive oxygen species (ROS) at lower concentrations, either via the production of antioxidant enzymes such as peroxidase (POD), ascorbate peroxidase (APX), superoxide dismutase (SOD), catalase (CAT), and glutathione reductase (GR) (Fahad et al., 2017) or via the regeneration of oxidized antioxidants such as dehydroascorbate and glutathione (Markovska et al., 2009). The POD, CAT, superoxide, and APX enzymes play a significant role in protecting plants from high-temperature stress damage by scavenging ROS. When superoxide radicals are converted into H2O2 by SOD, they may be reduced to water or oxygen (either by APX or CAT) inside the cell (Howarth, 2005). These antioxidant enzymes have been reported to enhance their expression under biotic and abiotic stresses (Rizhsky et al., 2004; Sharma and Dubey, 2005).

Heat stress adversely affects the stability, contents, synthesis, and compartmentalization of hormones in plants (Maestri et al., 2002; Fahad et al., 2016a, b,c, d, 2020, 2021a,b,c,d,e,f; Mahmood et al., 2021). Abscisic acid (ABA), which is a signaling molecule, is involved in the activation of several physiological processes under stress conditions. Under stress conditions, plants enhance ABA production (Larkindale and Huang, 2004). In contrast, the production of cytokines such as isopentinyl adenosine (iPA), dihydrogen zeatin riboside (DHZR), zeatin (Z), and zeatin riboside (ZR) decreases under heat stress (Liu and Huang, 2005), which reduces plant reproduction, growth, and yield (McClung and Davis, 2010; Mittler and Blumwald, 2010; Hasanuzzaman et al., 2013) depending on the growth stage (Wahid et al., 2007), Farrell et al. (2006) have reported flowering and booting as being the most susceptible stages to heat stress in rice.

Rice production is dependent on rising temperatures. China [especially the Yangtze River Valley (YRV), which occupies 70% of the rice-producing area (in China) and is a main rice producer Dong et al., 2011; Fahad et al., 2016a,b,c,d], greatly contributes to food security. However, rice yield in the YRV declines due to heat stress, especially in the mid-season, wherein the temperature seldom increases above 35°C (Matsui, 2009), thus suggesting that the critical high temperature for rice yield reduction in the YRV is far lower than that in Australia (Tian et al., 2010), wherein heat exceeding 40°C occasionally reduces rice yield (Matsui et al., 2007).

Growth regulators, such as brassinosteroids (Br), alpha-tocopherol (Ve), methyl jasmonate (MeJA), ascorbic acid (Vc), and triazoles (Tr), that were used in our experiments are mainly associated with heat tolerance and plant protection against oxidative damage (Mohammed and Tarpley, 2011). Ascorbic acid is an antioxidant metabolite that plays a vital role in photosynthesis, cell division, gene regulation, the modulation of flowering time, senescence, and photoprotection (Hager and Holocher, 1994; Noctor and Foyer, 1998). It also induces drought, heat and cold stress tolerance in plants (Guo et al., 2005). It also decreases ROS production by slowing glutathione in the ascorbate glutathione cycle (Noctor et al., 2002). Similarly, vitamin E (a-tocopherol) is the most effective and strong antioxidant (Munne-Bosch and Alegre, 2002). Tolerant plants maintain high levels of tocopherol, whereas sensitive species reduce tocopherol production under stress, thus resulting in cell destruction and oxidative damage (Munné-Bosch and Alegre, 2003). As growth regulators, BRs have a significant role in promoting photomorphogenesis, cell elongation, seed germination and xylem differentiation (Krishna, 2003; Sasse, 2003; Koh et al., 2007). Additionally, BR induces heat, drought, cold, and salinity tolerance in plants via genetic modification in genes such as RD29A, ERD10, and heat shock protein (hsp) genes (Kagale et al., 2007). Similarly, MeJA is a cell regulator (Wasternack and Hause, 2002) that enhances the ability of plants to tolerate abiotic stresses (Brossa et al., 2011). According to Chen et al. (2011), MeJA-treated plants exhibit a modified protein profile, which improves plant physiological processes such as photosynthesis and carbohydrate anabolism (Percival and Noviss, 2008).

The application of growth regulators such as Vc, Ve, Br, MeJA, and Tr is an appropriate and economical approach for improving crop tolerance and performance under heat stress (Bavita et al., 2012; Zhu et al., 2013). However, their effectivity depends upon the type, species and plant growth stage. Therefore, the current study investigated the metabolic, hormonal, enzymatic, and non-enzymatic responses of different plant parts of two contrasting rice cultivars (sensitive and tolerant cultivars) under heat stresses imposed at day and night.



MATERIALS AND METHODS


Experimental Procedure

Seeds of heat-sensitive (IR-64) and heat tolerant [Huanghuazhan (HHZ)] rice cultivars with the same architecture were placed in moist towels for 2 days and then planted (from 15 May 15 to 25 September) in seedling trays (at the rate of one seed per cell) under natural conditions. At 21 days after sowing, the seedlings were transplanted into plastic plots (12.6, 27.2, and 27.2 cm3 at lower inside, outside diameter and height, respectively) containing 12 kg of soil. The cultivar IR-64 was cultivated two weeks earlier than HHZ to match their heading times. A total of 10 g of compound NPK fertilizer was uniformly applied to all of the pots. Standard agronomic and cultural practices that were suitable for pot experiments were adopted throughout the duration of the experiment.



Treatment Details

In this pot experiment, we examined the metabolic, hormonal, enzymatic and non-enzymatic responses of two contrasting rice cultivars [IR-64 (heat sensitive) and Huanghuazhan (heat tolerant)] to plant growth regulators (Vc, MeJA, Br, Ve, Tr, and control) under heat stress [high day (HDT), high night (HNT), and ambient temperature (AT)] under greenhouse conditions. The growth regulators Vc, Br, Ve, MeJA, and Tr were used at concentrations of 1.4, 4.0, 6.9, 1.0, and 0.55 mg L–1 in solution, respectively, in five different combinations, including (1) Vc + Br + Ve + MeJA, (2) Br + MeJA + Tr, (3) Vc + Ve, (4) MeJA alone, and (5) absolute control (AC). These combinations were used three times at 28, 35, and 42 days after germination prior to imposing the high temperature stresses. To impose heat stress, three growth chambers were adjusted at three different temperatures, including AT (28°C ± 2 for 24 h a day), HNT (32°C ± 2 from 7:00 pm to 7:00 am for 12 h), and HDT (35°C ± 2 from 7:00 am to 7:00 pm for 12 h). Plants were subjected to the abovementioned heat treatments from the booting stage until physiological maturity. The humidity was maintained at 75%, whereas the light was maintained at 1,000 μM m–2 s–1 inside the growth chamber throughout the experiment. The pots were regularly randomized at 15-day intervals inside the growth chamber to provide homogeneous environmental conditions.



Xylem Sap Extraction

Plant xylem sap was extracted by using the procedures of Dodd et al. (2004) and Rahayu et al. (2005), with slight modifications. Therefore, the plant stem was cut 2 cm above the soil surface, washed and stored in a bottle with filter paper. Afterward, the sap was pumped into a silicon tube by applying root pressure for 3 h and maintained on ice for short intervals to avoid tube overflow. Finally, the sap was stored at −20°C for analysis.



Observations

Total soluble sugars (TSS) in the xylem sap and leaves were measured via the phenol-sulfuric acid method (Dubois et al., 1956). For protein and proline determinations in xylem sap, we used the procedure of Bradford (1976), Gilmour et al. (2000), respectively. The Malondialdehyde (MDA) content in xylem sap that was collected from all of the treatment plants was measured by using the procedure of Hendry et al. (1993). The H2O2 concentration in sap was measured by using the procedure of Velikova et al. (2000). We adopted the Bai et al. (2009) method for measuring SOD, POD, and CAT activities, whereas APX activity was measured by using the Nakano and Asada (1981) procedure. Glutathione reductase (GR) was quantified by using the procedure of Foster and Hess (1980). Glutathione (GSH) and glutathione disulfide (GSSG) contents were measured by using the method of Smith (1985). Similarly, to measure ascorbate (ASC), we adopted the method used by Foyer et al. (1983). The changes between the total ascorbate and ascorbate contents were considered as dehydroascorbate (DHA). Dehydroascorbate reductase (DHAR) activity was examined by using the Hossain et al. (1984) procedure.

The ABA, IAA, and different types of cytokinin contents, including dihydrozeatin riboside (diHZR), dihydrozeatin (diZ), isopentenyl adenosine 5′-monophosphate (iPMP), isopentenyl adenine 9-glucoside (iP9G), isopentenyl adenosine (iPA), and isopentenyl adenine (iP), as well as trans-zeatin 9-glucoside (tZ9G), zeatin (Z), and zeatin riboside (ZR), in the xylem sap, were determined by using the protocols of Kettner and Doerffling (1995); Takei et al. (2001), and Walch-Liu et al. (2000), with slight changes as described by Lu et al. (2007).



Statistical Analysis

The replicated (4) data were processed by using a factorial (2) complete randomized design (CRD) for analysis of variance (ANOVA), followed by the least significant difference (LSD) test for further comparisons among the means through the use of the statistical software Statistix 9.0.




RESULTS


Metabolites and Reactive Oxygen Species

Total protein, proline, and soluble sugars (TSS) in leaves (Table 1) and xylem sap (Table 2) of both rice cultivars were considerably influenced by heat stress and PGR application (p ≤ 0.05). However, their interaction was non-significant, except for xylem sap and total proteins in cultivar IR-64 (Table 2). The cultivar IR-64 produced lower soluble sugar, total protein and proline contents in both plant parts than Huanghuazhan (Tables 1, 2). In both tested cultivars, the production of all of these metabolites in leaves was higher than that in xylem sap. Similarly, the TSS, protein and proline contents in both cultivars decreased with exposure to HDT and HNT (Tables 1, 2); however, the impact of HNT on these traits was more prominent than that of HDT. PGRs were helpful in minimizing the ill effects of heat stress on these features. Furthermore, higher TSS, protein and proline concentrations in leaves (Table 1) and xylem sap (Table 2) of both rice cultivars were recorded in plants treated with Vc + Br + Ve + MeJA, followed by Vc + Ve, Br + MeJA + Tr and MeJA, whereas the lowest values were observed under the control treatment, for both rice cultivars.


TABLE 1. Total soluble sugars (TSS), proteins, proline, H2O2, and MDA accumulation in the leaves of two rice cultivar as affected by plant growth regulators under heat stress at heading.
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TABLE 2. Total soluble sugars (TSS), proteins, proline, H2O2, and MDA accumulation in xylem sap of two rice cultivar as affected by plant growth regulators under heat stress at heading.
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Heat stress considerably enhanced MDA and H2O2 contents in both plant parts of the tested rice cultivars (Tables 1, 2). Nevertheless, such an increase was more pronounced under HNT than under HDT. When comparing the cultivars, IR-64 demonstrated higher MDA and H2O2 contents than Huanghuazhan under high temperature; however, MDA and H2O2 contents were higher in Huanghuazhan under AT. All of the PGRs demonstrated pronounced reductions in MDA and H2O2 contents in both plant parts, particularly under high-temperature stress. When averaged across different temperature treatments and two cultivars, minimum MDA and H2O2 contents were observed in plants supplemented with Vc + Ve + MeJA + Br, followed by Vc + Ve (Tables 1, 2).



POD, SOD, CAT, and APX

Catalase, SOD, POD, and APX activities in leaves (Figure 1) and xylem sap (Figure 2) at the heading stage significantly varied among the tested cultivars under heat stress, whereas their interaction effect was non-significant (Figures 1, 2). The effect of PGRs was only significant for SOD and POD activities in both plant parts. Irrespective of PGR application, the highest CAT, SOD, POD and APX activities in the leaves and xylem sap of susceptible cv. IR-64 were recorded under AT, which were then decreased upon exposure to HDT or HNT. In contrast, the maximum SOD, POD, APX, and CAT activities for tolerant cv. Huanghuazhan were observed under HNT. In Huanghuazhan, exposure to HDT or HNT resulted in higher CAT, SOD, POD, and APX activities in leaves and antioxidants, whereas a comparatively lower antioxidant activity was produced in IR-64 under heat stress, compared to AT. Generally, greater CAT, SOD, POD, and APX activities were observed in the leaves of both rice cultivars than in xylem sap. Similarly, PGR supplementation considerably improved SOD and POD activities in leaves (Figure 1) and xylem sap (Figure 2), thus showing their maximum rates in Vc + Ve + MeJA + Br-treated plants. None of the PGR treatments significantly enhanced CAT and APX activities in either rice cultivar. Moreover, the application of MeJA alone was least effective.
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FIGURE 1. Catalase (CAT), ascorbate peroxidase (APX), superoxide dismutase (SOD), peroxidase (POD) accumulation in rice leaves as influenced by growth regulators under heat stress. HDT, HNT, and AT stand for high day, high night, and ambient temperature, respectively. The lines on bars represent LSD value for the interaction of PGRs and heat stress (heat stress × PGR) at α = 0.05.
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FIGURE 2. Catalase (CAT), ascorbate peroxidase (APX), superoxide dismutase (SOD), peroxidase (POD) accumulation in the xylem sap of rice as influenced by growth regulators under heat stress. HDT, HNT and AT stand for high day, high night, and ambient temperature, respectively. The lines on bars represent LSD value for the interaction of PGRs and heat stress (heat stress × PGR) at α = 0.05.




GR, GSH, and GSSC

High-temperature stress and exogenous application of PGRs resulted in significant alterations in the activities of GR, GSH, and GSSG in leaves (Figure 3) and xylem sap (Figure 4) for both rice cultivars (p ≤ 0.05). The responses of the two cultivars were also variable to high-temperature stress due to different sensitivity levels. In IR64, exposure to HDT or HNT resulted in significantly lower activities of GR and GSH in leaves (Figure 3), as well as in xylem sap (Figure 4), compared with AT. Nonetheless, the activity of both of these antioxidants was increased in both plant parts of Huanghuazhan upon exposure to high temperatures (Figures 3, 4). Furthermore, HDT and HNT stress resulted in higher GSSG activity in IR-64 and Huanghuazhan than in AT. When compared between plant parts, higher GR, GSH, and GSSC activities were noted in leaves than in xylem sap.
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FIGURE 3. Glutathione (GSH), glutathione reductase (GR), and glutathione disulfide (GSSG) levels in rice leaves as affected by growth regulators under heat stress. HDT, HNT, and AT stand for high day, high night, and ambient temperature, respectively. The lines on bars represent LSD value for the interaction of PGRs and heat stress (heat stress × PGR) at α = 0.05.
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FIGURE 4. Glutathione (GSH), glutathione reductase (GR), and glutathione disulfide (GSSG) concentration in the xylem sap as affected by growth regulators under heat stress. HDT, HNT, and AT stand for high day, high night, and ambient temperature, respectively. The lines on bars represent LSD value for the interaction of PGRs and heat stress (heat stress × PGR) at α = 0.05.


PGR application pronouncedly improved GR and GSH activities in leaves and xylem sap compared with the control (Figures 3, 4). However, significant reductions in GSSC activity were noted under the influence of exogenously applied PGRs. Mainly, the highest activities of GR and GSH were observed in both tested plant parts under the application of Vc + Ve + MeJA + Br. This PGR combination was also the most effective for reducing GSSC activity, irrespective of cultivar type. Moreover, Ve + Vc was the 2nd best PGR formulation after Vc + Ve + MeJA + Br. MeJA alone had less influence on these antioxidants than all of the other PGR combinations (Figures 3, 4).



ASC, DHA, DHAR, and MDHAR

Data concerning DHA, DHAR and MDHAR activities in the leaves and xylem sap are presented in Figures 5, 6, respectively. All of these antioxidants showed variable responses to different temperature and PGR treatments in both plant parts. The responses of heat-sensitive and heat-tolerant cultivars were also different in response to high day and night temperatures for these antioxidants. When averaged across different PGR combinations, the maximum DHA, DHAR, and MDHAR activities in the leaves, as well as the ASC, DHA, DHAR, and MDHAR activities in xylem sap of susceptible cv. IR-64, were recorded under AT (Figures 5, 6), which severely declined under HDT and HNT. In contrast, the maximum values for these antioxidants in tolerant cv. Huanghuazhan were noted under HNT, followed by HDT. In Huanghuazhan, exposure to high-temperature stress led to higher DHA, DHAR, and MDHAR activities; in IR-64, high temperature reduced the activities of these antioxidants, compared with AT.
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FIGURE 5. Monodehydroascorbate reductase (MDHAR), dehydroascorbate (DHA), and dehydroascorbate reductase (DHAR) concentration in rice leaves as affected by growth regulators under heat stress. HDT, HNT, and AT stand for high day, high night, and ambient temperature, respectively. The lines on bars represent LSD value for the interaction of PGRs and heat stress (heat stress × PGR) at α = 0.05.
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FIGURE 6. Monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR) and dehydroascorbate (DHA) activities in rice xylem sap in response to growth regulators under heat stress. HDT, HNT, and AT stand for high day, high night, and ambient temperature, respectively. The lines on bars represent LSD value for the interaction of PGRs and heat stress (heat stress × PGR) at α = 0.05.


The effect of various PGRs on DHA, DHAR, and MDHAR activities in both plant parts was significant in the tested cultivars. When compared with AC, PGR application considerably increased DHA, DHAR, and MDHAR activities in the analyzed plant parts of both cultivars (Figures 5, 6). Furthermore, the ASC activities in xylem sap were also increased under PGR supplementation in both varieties. In both plant parts, the maximum values of these antioxidants were observed when the Vc + Ve + MeJA + Br combination was applied. In leaves, this treatment was followed by the Br + Tr + MeJA application. For ASC and DHAR in xylem sap, Vc + Ve was the 2nd best treatment. Furthermore, MeJA alone was the less effective treatment in both plant parts, compared with all of the other PGR combinations.



Hormone Contents

The cytokinin contents in different plant parts [viz., leaf (Table 3), root (Table 4), and xylem sap (Table 5)] of the two rice cultivars significantly varied in response to high-temperature stresses and PGR applications in the tested cultivars (p ≤ 0.05). Heat stress at night considerably reduced the concentrations of ZR, diHZR, diZ, Z, iP, iPA, and iPMP, whereas it increased in the tZ9G and iP9G concentrations in all of the plant parts. The lowest concentrations of ZR, diHZR, diZ, Z, iP, iPA, and iPMP were recorded for the plants under HNT. However, rice plants growing under AT showed the lowest values of tZ9G and iP9G. The cultivar IR-64 was comparatively more sensitive to heat stress than HZZ; therefore, it had lower concentrations of ZR, diHZR, diZ, Z, iP, iPA, and iPMP than Huanghuazhan. The tZ9G and iP9G responded differently than the rest of the cytokinins, and higher concentrations of tZ9G and iP9G were observed for IR-64 in all of the plant parts, compared with Huanghuazhan. The cytokinin contents also varied among the different plant parts of rice, and the highest concentrations were observed in the roots of both rice cultivars, followed by the leaves and xylem sap.


TABLE 3. Impact of plant growth regulators on hormones content in rice leaves under heat stress at heading stage.

[image: Table 3]

TABLE 4. Impact of plant growth regulators on hormones content in rice root under heat stress at heading stage.
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TABLE 5. Impact of plant growth regulators on hormones content in xylem sap of rice under heat stress at heading stage.
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Significant variations in the responses of ABA and IAA contents were also observed under the influence of HDT and HNT in leaves (Figure 7), roots (Figure 8), and xylem sap (Figure 9) of both rice cultivars. The ABA contents in all of the plant parts of the tested rice cultivars were significantly increased under heat stress. Nevertheless, HNT demonstrated more increments in ABA concentrations. Moreover, the response of IAA was the inverse of that of ABA at high temperatures. Both HDT and HNT significantly reduced the IAA contents in leaves, roots and xylem sap of both rice cultivars. Furthermore, the heat-susceptible cv. IR-64 recorded higher ABA contents and lower IAA contents under high temperature in all of the plant parts, compared with the tolerant cv. Huanghuazhan. When compared among the different plant parts, the highest ABA and IAA contents were recorded in roots, whereas the lowest values for these hormones were observed in the xylem sap of both cultivars.
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FIGURE 7. Impact of PGRs on the concentration of abscisic acid (ABA) and indole-acetic acid (IAA) in rice leaves.
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FIGURE 8. Impact of PGRs on the concentration of abscisic acid (ABA) and indole-acetic acid (IAA) in rice roots.
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FIGURE 9. Impact of PGRs on the concentration of abscisic acid (ABA) and indole-acetic acid (IAA) in rice xylem sap.


The effects of PGRs were also significant on hormone concentrations in the different plant parts of rice cultivars, excluding Z and ZR in the leaves and xylem sap. However, their interaction was non-significant for all of the hormones. When compared with AC, the highest increases in ZR, diHZR, diZ, Z, iP, iPA, iPMP, and IAA concentrations were observed in different plant parts of both tested cultivars when Vc + Ve + MeJA + Br was exogenously applied. Moreover, this treatment demonstrated the lowest values for tZ9G, iP9G, and ABA contents in leaves, roots and xylem sap, and it was the most effective PGR combination under high-temperature stress.




DISCUSSION

Global warming is becoming a major challenge to food security throughout the world, as high temperatures diminish the performance of rice crops. Plant mechanisms to adapt/tolerate heat stress, such as antioxidative defense systems, metabolite synthesis and hormonal metabolism, have gained much attention, as they are mainly involved in protecting plants from heat injuries.

In the present study, we studied the influence of high-temperature stress on enzymatic and non-enzymatic antioxidants, metabolite synthesis, ROS generation and hormonal metabolism in different plant parts of two contrasting cultivars. Moreover, we investigated whether various PGRs applied in different combinations could induce heat tolerance in rice. HNT stress greatly reduced the concentrations of TSS, protein and free proline in both xylem sap and leaves, which has also been reported by Jain et al. (2007) and Bita and Gerats (2013). PGR supplementation was helpful in increasing metabolite synthesis in both rice cultivars. We observed higher metabolite synthesis in tolerant cv. Huanghuazhan compared with that in susceptible cv. IR-64. During investigations in sweet pepper, Saha et al. (2010) detected higher proline accumulation in heat-tolerant cultivars under heat stress than in heat-sensitive cultivars, which was further attributed to the higher and lower activities of proline biosynthesis and oxidizing enzymes, respectively.

In the present study, high-temperature stress (HDT and HNT) significantly increased lipid peroxidation, as well as H2O2 contents, in both tested rice cultivars. The production of ROS was lower in Huanghuazhan than in IR-64 under HDT and HNT, thus suggesting that Huanghuazhan cv. has an efficient radical scavenging system. Furthermore, this can also be related to higher protection against oxidative damage in Huanghuazhan via rapid scavenging or the removal of ROS. According to numerous researchers (Fahad et al., 2018, 2020, 2021a, 2021b, 2021c, 2021d, 2021e, 2021f), a higher accumulation of MDA is the most common cause of oxidative damage under high-temperature stress because high temperature induces ROS production, thus enhancing oxidative stress. We observed that MDA and H2O2 increased with heat stress compared to AT and showed a severe response under HNT treatments.

Tolerant plants have a well-established antioxidative defense system to counteract ROS-induced damage. These antioxidants are also involved in maintaining plant redox potential in plants. In the present study, we detected substantial variations in antioxidant activities in the tested plant parts of both studied cultivars due to heat stress. The cultivar Huanghuazhan exhibited higher GR, GSH, SODAPX, ASC, DHAR, POD, CAT, and MDHAR activities in the tested plant organs, whereas IR-64 exhibited lower antioxidant activity under heat stress. The higher tolerance in Huanghuazhan could be related to higher antioxidant activity even under stress conditions, whereas IR-64 is sensitive due to poor antioxidation. Moreover, greater antioxidant activity in the xylem sap and leaves of Huanghuazhan demonstrated that ROS production in Huanghuazhan was lower than that in IR-64, or that Huanghuazhan plants maintained higher antioxidant activities during HNT and HDT stress for cleansing ROS. Several studies have further confirmed the elevated POD and CAT in different crops under heat stress (Almeselmani et al., 2006).

High-temperature stress (particularly HNT) altered hormone production in leaves, roots and xylem sap in both tested cultivars. Reductions in iP, iPA, iP9G, Z, diZ, diHZR, ZR, and IAA and improvements in iPMP, tZ9G, and ABA were observed under stress. Yakushikina and Tarasov (1982), Fahad et al. (2017), have reported that endogenous levels of IAA and cytokinins were decreased and ABA concentration was augmented under heat stress. The level of CKTs is of prime importance for plant thermotolerance (Liu et al., 2002). Our study demonstrated increased production of ABA under heat stress. ABA has a significant role in stress sensing and signaling for plant protective measures (Larkindale and Huang, 2004). Moreover, ABA is a significant component of thermotolerance under field conditions, thus signifying its role in different pathways essential for thermotolerance in plants (Maestri et al., 2002). However, the responses of cytokinins and IAA to heat stress are in contrast to those of ABA. In bentgrass, the levels of different cytokinin types, such as ZR, Z, DHZR, and iPA, showed a significant decline in roots and shoots due to less dry matter production (Liu and Huang, 2005). Similarly, cytokinins regulate many important physiological and biochemical processes in plants (Fahad et al., 2015b). Specifically, they are involved in plant senescence (Yang et al., 2002), but inadequate evidence is available about the involvement of cytokinins in inducing heat stress in rice (Zhang et al., 2010). We observed increased glucoside cytokinins and a decrease in free bases and ribosides in all of the plant parts of rice upon the imposition of heat stress. Cytokinins have been used as plant tolerance indicators to abiotic stresses (Székács et al., 2000). Furthermore, wheat (Farkhutdinov et al., 1997), tomato and tobacco lines (Székács et al., 2000), as well as pea (Atanassova et al., 1996) plants, with higher cytokinin contents exhibited more tolerance to several stress factors.

In the present study, considerable variations among plant parts were recorded regarding cytokinin contents, and the highest concentrations were observed in roots, followed by leaves and xylem sap. Wagner and Beck (1993) observed higher cytokinins in roots than in the leaves and stems of Urtica dioica under heat stress. Additionally, they observed higher cytokinins in the roots than in stems and leaves. In addition, they also found cytokinins in the phloem sap of several plants (Wagner and Beck, 1993). This could be due to its higher supply by the roots to the shoots and leaves. Farkhutdinov et al. (1997) have reported decreased cytokinin accumulation in wheat seedlings under heat stress.

We observed that PGR application improved metabolite synthesis, antioxidant activities, IAA and cytokinin contents while reducing ABA levels and ROS production in different plant parts of both rice cultivars. Our findings are consistent with many researchers (Mohammed and Tarpley, 2009) who observed improved antioxidant and metabolite synthesis and reduced ROS production under PGR supplementation. Such improvements were due to enhanced antioxidant enzyme activities (Fahad et al., 2017). Mohammed and Tarpley (2009) observed a significant increase in antioxidant levels in response to PGRs such as vitamin E, salicylic acid and glycine betaine, thus avoiding membrane oxidative damage in plants. We observed a prominent positive effect of Vc + MeJA + Ve + Br in inducing heat tolerance in rice. The sole application of MeJA (Clarke et al., 2009), Vitamin C (Shah et al., 2001), Vitamin E (Munne-Bosch and Alegre, 2002), and Br (Zhang et al., 2007; Fahad et al., 2014a,2016a,2016c) in combating abiotic stresses has been previously reported. Our findings signify the role of PGRs as ROS scavengers, thus enhancing plant stability under stress and improving rice performance under heat stress. Antioxidant accumulation prevents enzyme degradation by ROS and promotes membrane stability. Furthermore, PGR application enhances the ability of plants to produce cytokinins and metabolites, thus improving plant tolerance to heat stress.



CONCLUSION

Heat stress, especially high nighttime temperature, significantly reduced metabolite and hormone production, altered antioxidant activities and enhanced the production of ROS in different plant parts in both rice cultivars. More severe reductions in metabolites, IAA and different cytokinins (except iP9G and tZ9G) were observed in susceptible cv IR 64 compared with Huanghuazhan. Additionally, HDT and HNT increased non-enzymatic and enzymatic antioxidant activities in Huanghuazhan cultivars but reduced the activities of these antioxidants in IR-64 compared with AT. Furthermore, heat stress enhanced ABA accumulation in rice, especially in IR-64. The highest concentrations of hormones were recorded in the roots, followed by leaves and xylem sap, in both cultivars. Furthermore, PGR supplementation, especially Vc + Ve + MeJA + Br, significantly alleviated heat stress-related adversities in both susceptible and tolerant rice cultivars. Therefore, the application of PGRs (Vc + Ve + MeJA + Br) is recommended for obtaining the optimum yield of rice under changing climatic conditions.
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One of the most important growth factors in cannabis cultivation is light which plays a big role in its successful growth. However, understanding that how light controls the industrial hemp growth and development is poor and needs advanced research. Therefore, a pot study was conducted to investigate the effects of different colors of light, that is, white light (WL), blue light (BL), red light (RL), and 50% red with 50% blue mix light (RBL) on morphology, gaseous exchange and antioxidant capacity of industrial hemp. Compared with WL, BL significantly increase hemp growth in terms of shoot fresh biomass (15.1%), shoot dry biomass (27.0%), number of leaves per plant (13.7%), stem diameter (10.2%), root length (6.8%) and chlorophyll content (7.4%). In addition, BL promoted net photosynthesis, stomatal conductance, and transpiration, while reduces the lipid peroxidation and superoxide dismutase and peroxidase activities. However, RL and RBL significantly reduced the plant biomass, gas exchange parameters with enhanced antioxidant enzymes activities. Thus, blue light is useful for large-scale sustainable production of industrial hemp.

Keywords: antioxidant capacity, gaseous exchange, industrial hemp, light quality, morphophysiological traits


INTRODUCTION

Industrial hemp (Cannabis sativa L.) is an ancient and versatile crop valued for its uses in food, fiber, and medicinal industry (Rehman et al., 2021a). Environmental stress lead to slower growth of hemp (Jiang et al., 2021). Therefore, it is necessary to find out most favorable conditions for optimal production of industrial hemp.

Light is one of the essential environmental factors for plant growth and development. Varying light quality affects the plant growth (Rehman et al., 2017, 2020). During photosynthesis, green plants capture light energy and transform it into chemical energy (Fukuda et al., 2008). However, shifting wavelengths can affect plant morphology, anatomy, and physiology, identified by phytochromes (Kami et al., 2010; Saleem et al., 2019). For example, The blue and red light wavelengths are identified to affect many plant physiological processes during growth and development, mainly photosynthesis. (Li et al., 2020). In a previous study, blue light increased the rate of germination, leaves number per plant, number of roots, and frequency of stomata and pigment contents in Stevia rebaudiana Bertoni (Simlat et al., 2016). Blue light have an effect on chlorophyll biosynthesis, plant height, and stomatal opening (Heo et al., 2002; Jao et al., 2005; Shimazaki et al., 2007). Tomato grown under BL showed high yield and quality of fruit with resistance to disease (Xu et al., 2012). Blue light can also promote the accumulation of phenylpropanoid-based compounds without affecting the plant morpho-anatomical traits, while red light alters the plant morphology and physiology without showing a positive effect on secondary metabolism (Landi et al., 2020). Red light wavelength promote stem growth and flowering (Rehman et al., 2017). According to Naznin et al. (2019) Blue and red light proportion is important improve growth, pigment, and antioxidant capacity in vegetable plants under controlled conditions but the proportion of blue light with red light is species dependent. Furthermore, previous literature suggests species-specific response toward light stress in plants (Cope and Bugbee, 2013; Rehman et al., 2020) and this response of plants to light is mediated by different photoreceptors. For example, cucumber is more responsive to spectral distribution than tomato in greenhouse (Trouwborst et al., 2010; Hernández and Kubota, 2012).

Light being an important environmental factor also influences the gas exchange characteristics of a plant. For example, guard cells respond directly to blue light (Mott, 2009). Red light showed higher photosynthetic activity in B. nivea (Rehman et al., 2020). Red light increases stomatal conductance, net photosynthesis, intercellular CO2, and transpiration rate, while blue light reduce these gas exchange parameters (Saleem et al., 2020). Reduction in gas exchange attributes under blue light revealed a reduction in photosynthesis associated with stomatal closure, thus reducing transpiration rate and intercellular CO2 (Hogewoning et al., 2010).

Stressful environmental conditions trigger excessive production of reactive oxygen species (ROS), such as superoxide radical (O2−), hydrogen peroxide H2O2, hydroxyl radicals (OH), and singlet oxygen (O2; Maurya et al., 2020; Turan, 2020; Rehman et al., 2021b). According to Asada and Takahashi (1987), 1 % of oxygen is diverted to produce ROS in plants. ROS can damage cellular components through oxidation of carbohydrates, lipids, proteins, and DNA which cause plant death (Shah et al., 2019; Bhuyan et al., 2020). To avoid this loss, plants regulate the production of ROS by recruiting enzymic and non-enzymic antioxidants (Kurutas, 2016; Sachdev et al., 2021). Antioxidant enzymes activity under varying light spectra is more complex for example callus grown in dark showed higher antioxidant enzymes activities (Adil et al., 2019). Exposure of higher proportion of blue light with red light caused an increase in antioxidant activity in lettuce (Son and Oh, 2013). Blue light showed significantly greater antioxidant enzymes activity in Anoectochilus roxburghii (Ye et al., 2017). Similar observations of higher SOD and CAT activity in tomato leaves were recorded under blue light as compared to red light (Kim et al., 2013). Conversely, the antioxidant activity in Rubus hongnoensis was promoted under red light treatment (Oh et al., 2021). Accumulation of MDA and proline contents in leaf indicate oxidative stress (Deng et al., 2012; Rehman et al., 2019). Proline protects the plants from stresses as well as helps to recover from stress (Hayat et al., 2012). Above literature suggests that light quality evoke diverse morpho-physiological response in plants with contrasting results. Therefore, impacts of different color light wavelengths on plant response and their underlying mechanisms remain elusive and required further investigation.

Present study was designed to investigate the effects of light colors on industrial hemp growth, gaseous exchange, and antioxidant capacity with an objective to find the best suitable light spectrum for optimized hemp production. Findings of present study would provide an improved understanding of the physiological and photosynthetic responses of hemp to light quality.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

A pot experiment was conducted under glasshouse, at Kunming University, Yunnan, P.R. China during 2020. The seeds of C. sativa variety Bamahuoma (BM) were sown in pots of 30 cm length and 40 cm width in triplicate. Seeds of BM were provided by the Institute of Economic Crops, Yunnan Academy of Agricultural Sciences. Every pot was filled with 15 kg of soil. The soil was collected from experimental station of Yunnan University. Physio-chemical properties of the soil were: pH 7.18, 52.65 g kg−1 of organic matter, 224.16 mg kg−1 of available nitrogen, 163.09 mg kg−1 of available phosphorus, and 758.30 g kg−1 of available potassium. After emergence, the plants were thinned to five plants of uniform size per pot and placed in natural light till their height of 10 cm, then moved under color LEDs. Treatments were different color LED lights included white light as control (WL), blue (BL), red (RL), and 50% blue with 50% red mix light (RBL). LEDs were mixed at the height of 1.5 m. Red and Blue LEDs light wavelengths were as 650 and 450 nm, respectively. Recommended rate of fertilizer NPK in 3:1:2 was applied. Removal of weeds and irrigation was done when needed. Finally, pots were placed in the cabins made of porous black sheet within the glasshouse. A humidity level of 70–90% and ambient day/night temperatures of 25°/20°C (±1°C) were maintained. Sinopharm Chemical Reagent Co., Ltd. analytical grade chemicals were used in laboratory work.



Sampling and Data Collection

Thirty days after shifting under LED lights the young and fully expanded top leaves per treatment were collected at 09:00–10:00 AM, using liquid nitrogen, and stored at −80°C for analysis in the laboratory. Sixty days after shifting under light spectra, three plants from each treatment were harvested carefully by cutting the stems at a height of 5 cm from the soil surface. Fresh biomass per plant was calculated in grams. Total number of leaves per plant, plant height (cm), and root length (cm) were measured by meter scale. Digital vernier caliper (ST22302, SG Tools, Hangzhou, China) was used to measure stem diameter, 15 cm above the root neck. Stem and leaves were then separated and dried for 72 h in oven at 80°C to get their dry weight.



Chlorophyll Content and Gas Exchange

Chlorophyll content of the young and fully expanded top leaf per treatment was measured using Soil Plant Analysis Development meter SPAD-502 plus (Konica Minolta, Inc., Japan) during 09:30–10:30 h. Nine leaves per treatment were used to measurement net photosynthesis (P
n), stomatal conductance (Gs), transpiration rate (Tr
), and intercellular CO2 concentration (C
i), using portable photosynthesis system Li-6,400 (Li-COR, Lincoln, NE, United States) during 9:30–10:30 h.



Antioxidant Capacity

Half (0.5) gram industrial hemp leaf samples were collected from each treatment. Superoxide dismutase (SOD) and peroxidase (POD) activities were determined following Chen and Pan (1996) and Sakharov and Aridilla (1999), respectively. Lipid peroxidation in leaves was measured by thiobarbituric acid (TBA) test, which determines the content of malondialdehyde (MDA), an end product of lipid peroxidation (Heath and Packer, 1968). Leaf proline content was measured according to the method of Bates et al. (1973).



Statistical Analysis

The data were subjected to one-way ANOVA using Statistix 8.1 (Analytical Software, Tallahassee, United States). Least significant difference (LSD) test was applied to identify differences between means (p ≤ 0.05). Values shown in tables or figures are mean ± standard deviation (SD). Sigma plot software was used for the graphical presentation. Pearson’s correlation was used to quantify relationships between different variables. Pearson Correlation Coefficients and Principal Component Analysis between variables of industrial hemp were calculated using R Studio.




RESULTS


Influence of Light Quality on Plant Growth

Shoot fresh biomass, Shoot dry biomass, plant height, number of leaves per plant, stem diameter, and root length were highest in plants under BL, and lowest values for the same parameters were observed under RL compared with WL (Table 1). Shoot fresh biomass and shoot dry biomasses under BL were increased by 15.1 and 27%, respectively, as compared to WL. In the same way, number of leaves per plant, stem diameter and root length were increased by 13.7, 10.2, and 6.8% under BL, respectively, as compared to WL (Table 2). Plant height was increased by 2.3% in BL treatment, which was at par with plant height under WL, while RL and RBL treatments resulted in reduction of 39.2 and 20.6% in plant height, respectively, as compared to WL. Maximum reduction of 39.7% in shoot fresh biomass, 45.5% in shoot dry biomass, 52.4% in number of leaves per plant, 36% in stem diameter, and 9% in root length were recorded under RL, compared with WL.



TABLE 1. Changes in biomass and plant height of industrial hemp grown under varying colors of light.
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Influence of Light Quality on Chlorophyll Content and Gas Exchange

Chlorophyll change (SPAD unit) was determined in industrial hemp leaves grown under different color light-emitting diodes (Figure 1). Blue light improved the Chl contents by 7.4%; however, Chl contents were declined by 16.8 and 10.9% under RL and RBL, respectively, as compared to WL. Blue light promoted gas exchange traits in industrial hemp as represented by significant increase in net photosynthesis (Pn), stomatal conductance (Gs), transpiration rate (Tr), and intercellular CO2 (Ci) by 13.3, 44.1, and 12.8 and 8.8%, respectively, as compared to WL. Conversely, RL caused significant decrease in net photosynthesis (47.3%), stomatal conductance (54.2%), transpiration rate (52.7%), and intercellular CO2 (43.9%) compared with the WL. Furthermore, mix light RBL also showed decreased in gas exchange trait compared with WL (Figure 2).

[image: Figure 1]

FIGURE 1. Effects of differential light quality on SPAD (Soil Plant Analysis Development) value of industrial hemp grown under different color light-emitting diodes. Bars indicated the mean ± SD (n = 3). Different letters on bars indicated significant difference between treatments at p ≤ 0.05. Different abbreviations used in the figure are as follows: WL, white light LED (control); BL, blue light LED, RL, red light LED; RBL, 50% red and 50% blue Light LED.
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FIGURE 2. Effects of differential light quality on net photosynthesis (A), stomatal conductance (B), transpiration rate (C), and intercellular CO2 concentration (D) in industrial hemp grown under different color light-emitting diodes. Bars indicated the mean ± SD (n = 3). Different letters on bars indicated significant difference between treatments at p ≤ 0.05. Different abbreviations used in the figure are as follows: WL, white light LED (control); BL, blue light LED, RL, red light LED; RBL, 50% red and 50% blue Light LED.




Antioxidant Capacity

The activities of antioxidant enzymes superoxide dismutase and peroxidase in industrial hemp were affected by differential light quality (Figure 3). Blue light reduced POD activity by 16.6%, respectively, compared with WL. However, SOD activity under BL was statistically similar to WL. Furthermore, SOD and POD activities were increased under both RL and RBL compared with WL. Red light caused lipid peroxidation in industrial hemp, compared with WL. Malondialdehyde contents were reduced by 12.3% under BL compared with WL. Proline contents in the leaves were also reduced under BL but were statistically similar to WL. Mix light RBL resulted in increase of MDA and proline contents compared with WL.

[image: Figure 3]

FIGURE 3. Effects of differential light quality on superoxide dismutase (SOD) activity (A), peroxidase (POD) activity (B), malondialdehyde (MDA) content (C), and proline content (D) in the leaves of industrial hemp grown under different color light-emitting diodes. Bars indicated the mean ± SD (n = 3). Different letters on bars indicated significant difference between treatments at p ≤ 0.05. Different abbreviations used in the figure are as follows: WL, white light LED (control); BL, blue light LED, RL, red light LED; RBL, 50% red and 50% blue Light LED.




Correlation and Principal Component Analysis

Correlation between different studied parameters of plant growth, chlorophyll content, gas exchange, and antioxidant capacity of industrial hemp grown under different colors of LEDs is shown in Figure 4. Correlation showed shoot fresh biomass and shoot dry biomass, plant height, leaf number per plant, stem diameter, and root length were positively correlated with chlorophyll content, Pn, Gs, Tr, and Ci, while negatively correlated with malondialdehyde (MDA), and proline (Pro) contents and SOD and POD activities in leaves of industrial hemp. This correlation suggested a close relation between observed parameters of hemp. The loading plots of principal component analysis (PCA) to evaluate the effect of different light wavelengths on different studied attributes of C. sativa are presented in Figure 5.
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FIGURE 4. Correlation of different studied parameters in industrial hemp. Different abbreviations used in the figure are as follows: SFM, shoot fresh weight; SDM, shoot dry weight; NL, number of leaves per plant; PH, plant height; SD, stem diameter; RL, root length, SPAD, Chlorophyll; Pn, net photosynthesis; Gs, stomatal conductance; Tr, transpiration rate; C
i, intercellular CO2 concentration; SOD, superoxide dismutase; POD, peroxidase; MDA, malondialdehyde; Pro, proline.
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FIGURE 5. Loading plots of principal component analysis (PCA) on different studied attributes of industrial hemp grown under different color light-emitting diodes. Different abbreviations used in the figure are as follows: SFM, shoot fresh weight; SDM, shoot dry weight; NL, number of leaves per plant; PH, plant height; SD, stem diameter; RL, root length, SPAD, Chlorophyll; Pn, net photosynthesis; Gs, stomatal conductance; Tr, transpiration rate; C
i, intercellular CO2 concentration; SOD, superoxide dismutase; POD, peroxidase; MDA, malondialdehyde; Pro, proline.





DISCUSSION

Light is essential for plant growth and development (Kim et al., 2002). Plants respond to light variations for the completion of their life cycle (Ye et al., 2017). However, different colors of light influenced differently on plant growth (Fukuda et al., 2008). Seed germination, photosynthesis, biomass accumulation, stomatal opening, and closing can be optimized by adjusting light wavelengths (Taiz and Zeiger, 2002; Pinho, 2008; Vänninen et al., 2010; Saleem et al., 2019, 2020; Rehman et al., 2020).

The light-emitting diode (LED) is today’s most energy-efficient and rapidly developing lighting technology. Present study investigates the effects of different color LEDs (White, blue, red, 50% red with 50% blue mix light) on the growth, chlorophyll content, gaseous exchange, and antioxidant capacity of industrial hemp, to screen out the best suitable light spectrum higher growth of plants. Our results showed that BL significantly increase the industrial hemp growth in terms of shoot fresh and dry biomass, plant height, number of leaves per plant, stem diameter, and root length. Similar results were reported by Oana et al. (2019) that BL determined a high level of rate and fresh weight of hemp sprouts. In another study, Nanya et al. (2012) reported that stem height in tomato seedlings depend on proportion of BL. Reduction in stem height and improvement in plant extension growth was observed in cucumber grown under blue radiation which, shows a species-specific response (Hernández and Kubota, 2012). Red light and RBL reduced the growth of plants as shown by low shoot fresh biomass and shoot dry biomass, leaf number per plant, plant height, stem diameter, and root length compared with control (Tables 1, 2). Goins et al. (1997) and Yorio et al. (2001) also reported a lower dry weight accumulation in wheat, spinach, lettuce, and radish grown under red light compared with white fluorescent tubes. Thus an optimized light spectrum develop the value and quality of cannabis (Magagnini et al., 2018).



TABLE 2. Changes in number of leaves, stem diameter, and root length of industrial hemp grown under varying colors of light.
[image: Table2]

The blue light has been associated with leaf characteristics (Hogewoning et al., 2010). Chloroplast is an organelle where chlorophyll pigment captures light energy and converts in energy storing molecules (Kirchhoff, 2019). However, ultrastructure of chloroplast is influenced by light exposure (Chen et al., 2018). Our results revealed higher chlorophyll content in C. sativa leaves under BL. Similar results of higher chlorophyll content in lettuce leaves under blue light in comparison with red light were reported by (Kobayashi et al., 2013). In the current study, boost in industrial hemp biomass grown under BL might associated with higher photosynthetic rate in leaves. Blue light influenced gas exchange traits (Figure 2) and signifying an increase in photosynthesis in hemp plants. However, different species showed different photosynthetic responses under BL, and this response also vary with an increase or decrease in BL portion within a spectrum. Conversely, Matsuda et al. (2004) reported reduced photosynthetic rate in rice grown under RL, which is similar to our results. Blue light also regulates the opening and closing of stomata. Stomatal function affects the photosynthesis rate by exchange of CO2 and H2O between atmosphere and plant leaf, and the influence on stomata physiology is a well-known process regulated by BL (Lanoue et al., 2017).

Reactive oxygen species (ROS) are produced in plant cells under abiotic stress conditions. However, ROS production varies to a great extent with species of plants, their genotypes, level of stress tolerance, and the stress duration (Hasanuzzaman et al., 2020). In present study, industrial hemp grown under RL and RBL exhibit the high SOD and POD activities, while BL showed declined activity of antioxidant enzymes as compared to control (Figure 3). In contrary, a previous study on S. rebaudiana Bertoni showed higher POD activity when grown under BL however, RL exhibit reverse trend (Simlat et al., 2016). Uneven antioxidative response might be due to changes in protein functions in various tissues of the plants. Consequently, ROS scavenging enzymes SOD and POD are involved in the mechanisms of protection of protoplasm and cell integrity (Rehem et al., 2012). Furthermore, current research demonstrates that the plants under RL, RBL exhibit higher accumulation of MDA and proline contents, represent an oxidative damage to lipid membranes (Figure 5), while BL helps to reduce oxidative stress in industrial hemp plants. Furthermore, it was reported that hemp grown using LEDs had higher concentrations of CBD, THCV, CBG, and cannabinoids (Magagnini et al., 2018). However, the mechanisms underlying the effect of blue wavelengths on the cannabinoid pathways will require further research. Present results further confirmed that blue light benefits industrial hemp production.



CONCLUSION

The results of this experiment confirm that blue light has a significant promotive effect on industrial hemp growth, biomass, gas exchange characteristics, and chlorophyll content. Moreover, blue light reduce oxidative stress on plants. However, red light and red blue mix light lessen the plant growth and photosynthesis along with higher MDA and proline contents accumulation in hemp leaves, which may damage cellular organelle membranes. Furthermore, findings of present study showed a close link between quality of light and investigated morphophysiological attributes in industrial hemp. Thus blue light can successfully be used for hemp production in industry. Keeping in view the economic significance, present technique is beneficial due to its low-cost over large-scale cultivation. However, potential of blue light spectrum for industrial hemp production should be tested at higher level.
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WRKY transcription factors (TFs) are essential players in different signaling cascades and regulatory networks involved in defense responses to various stressors. This study systematically analyzed and characterized WRKY family genes in the Saccharum spp. hybrid R570 and their expression in two sugarcane cultivars LCP85-384 (resistant to leaf scald) and ROC20 (susceptible to leaf scald) in response to bacterial pathogen infection and nitrogen implantation dosage. A total of 53 ShWRKY genes with 66 alleles were systematically identified in R570 based on the query sequence SsWRKY in S. spontaneum AP85-441. All ShRWKY alleles were further classified into four groups with 11 (16.7%) genes in group I, 36 (54.5%) genes in group II, 18 (27.3%) genes in group III, and 1 (1.5%) gene in group IV. Among them, 4 and 11 ShWRKY gene pairs displayed tandem and segmental duplication events, respectively. The ShWRKY genes exhibited conserved DNA-binding domains, which were accompanied by variations in introns, exons, and motifs. RT-qPCR analysis of two sugarcane cultivars triggered by Xanthomonas albilineans (Xa) revealed that four genes, ShWRKY13-2/39-1/49-3/125-3, exhibited significant upregulation in leaf scald-resistant LCP85-384. These WRKY genes were downregulated or unchanged in ROC20 at 24–72 h post-inoculation, suggesting that they play an important role in defense responses to Xa infection. Most of the 12 tested ShWRKYs, ShWRKY22-1/49-3/52-1 in particular, functioned as negative regulators in the two cultivars in response to a range of nitrogen (N) implantation doses. A total of 11 ShWRKY proteins were predicted to interact with each other. ShWRKY43 and ShWRKY49-3 are predicted to play core roles in the interaction network, as indicated by their interaction with six other ShWRKY proteins. Our results provide important candidate gene resources for the genetic improvement of sugarcane and lay the foundation for further functional characterization of ShWRKY genes in response to coupling effects of Xa infection and different N levels.

Keywords: Saccharum spp., WRKY transcription factors, gene regulation, Xanthomonas albilineans, nitrogen dosage


INTRODUCTION

Sugarcane (Saccharum spp.) is an important industrial C4 crop that accounts for 80% of sugar and 40% of bioethanol production globally (Aono et al., 2021). Various biotic stresses are major factors that can impede the whole growth and development period of sugarcane, resulting in 10–15% yield losses worldwide (Barnabas et al., 2015). Leaf scald caused by Xanthomonas albilineans (Xa) is a main bacterial disease in sugarcane and produces severe abnormalities, such as stunted growth, chlorosis, necrosis in leaves, and even death of the entire plant (Hong et al., 2021). On the other hand, stress induced by nitrogen (N) imbalance is a curial abiotic factor for plant growth and production of crops, including sugarcane (Yang et al., 2019; Vidal et al., 2020). Insufficient or ill-timed application of N fertilizer leads to poor growth, whereas excessive application of synthetic N fertilizer, especially during the later growth stage, delays the phase transition from vegetative to reproductive growth and ultimately decreases the sugar content (Yang et al., 2019). Excessive application of N fertilizer also increases the frequency of disease and pest infestation of crops and results in acidic soil, eutrophic water, and non-point pollution as well as increased production costs (Shrivastava and Srivastava, 2012; Yang et al., 2019).

Transcription factors (TFs) activate different signal transduction cascades and modulate the transcriptional efficiency of targeted genes to play a crucial role in adapting crops to different environmental constraints (Baillo et al., 2019; Javed et al., 2020; Hu and Sperotto, 2021). WRKY TFs that are important plant-specific regulatory genes are characterized by one or two conserved WRKY domains (WDs) in the N terminus that are usually followed by a zinc-finger motif at the C terminus (Wani et al., 2021). These two motifs play a crucial role in the WRKY DNA-binding domain (DBD) (Chen et al., 2017; Wani et al., 2021). WRKY TFs bind to (T)(T)TGAC(C/T) (i.e., W-box) cis-acting elements in the promoter of target genes and subsequently modulate gene expression (Chen et al., 2017). Meanwhile, the zinc-finger-like motif plays a critical role in the evolution of plants (Eulgem et al., 2000; Chen et al., 2019). Based on the number of WDs and the type of zinc-finger motifs, WRKY proteins can be divided into four major groups: Group I comprises two WDs and a single C2H2 zinc finger; groups II and III have one WD with a C2H2 zinc finger and C2HC zinc finger, respectively (Chen et al., 2019). Group IV having an incomplete/partial WD (only the WRKYGQK motif was observed) and lacking a zinc-finger motif was proposed for S. spontaneum AP85-441, suggesting that members of this group may have lost their function as WRKY TFs (Li et al., 2020). The WRKY groups have several subgroups. For example, the group I can be classified into two subgroups Ia and Ib, which have two WDs with C2H2 zinc fingers at the N and C terminus, respectively (Chen et al., 2019; Li et al., 2020). Group II is divided into five subgroups (IIa-IIe) according to additional conserved motifs located adjacent to the WD, whereas group III is separated into subgroups IIIa and IIIb based on the zinc-finger motif structure (Eulgem et al., 2000; Chen et al., 2019).

An increasing number of studies revealed that WRKY TFs play a pivotal role in the response of plants to pathogen infection and stressful nutrient conditions (Phukan et al., 2016; Wani et al., 2021). For instance, comparative transcriptome analysis of resistant and susceptible cultivars evidenced the upregulated expression of WRKY33 alleles in sugarcane with Xa infection (Ntambo et al., 2019). Tomato plants overexpressing SlWRKY8 showed resistance against Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) by increasing transcription of two pathogen-related genes SlPR7 and SlPR1a1
(Gao et al., 2020). In rice, the gene OsWRKY93 has dual functions in both leaf senescence and in response to Magnaporthe oryzae infection (Li et al., 2021). Transgenic grapevine plants overexpressing VqWRKY31 have enhanced resistance to powdery mildew caused by the fungal pathogen Erysiphe necator by promoting salicylic acid signaling and specific metabolite synthesis (Yin et al., 2022). A recent study demonstrated that >64% of AktWRKY genes from Akebia trifoliata were differentially expressed during Colletotrichum acutatum infection in two varieties I02 (susceptible) and H05 (resistant) (Wen et al., 2022). In addition, WRKY TFs contribute to processes associated with nutrient deprivation. For instance, four WRKY genes (AtWRKY6/42/45/75) from Arabidopsis and two genes (OsWRKY74/80) from Oryza sativa are involved in plant nutrient utilization, including phosphorus, boron, and iron (Chen et al., 2017). N treatment was shown to enhance the production of sterols and withaferin A through transcriptional activation of the jasmonate pathway and WRKY TFs in Withania somnifera (Pal et al., 2017). An integrated analysis of the rice transcriptome and metabolome revealed the upregulation of six OsWRKYs in response to low N supply (Xin et al., 2019). The protective effects of silicon against low phosphorus stress in tomato plants might affect the expression of WRKY TFs (Zhang et al., 2021). Notably, recent observations support the involvement of WRKY-mediated crosstalk between abiotic and biotic stress responses (Wani et al., 2021). A codependent behavior was observed between septoria leaf blotch and low N availability that involved altered WRKY TF expression (Poll et al., 2020).

Recently, genome-wide identification of WRKY family genes was performed in the autopolyploid S. spontaneum AP85-441, and temporal and spatial patterns of these SsWRKYs were examined in different tissues at developmental stages based on RNA-seq data (Li et al., 2020). However, little is known about WRKY family genes in sugarcane in response to bacterial pathogen infection and N implantation dosage. This study identified and characterized WRKY family genes in the Saccharum spp. hybrid R570 and also included expression profiling of two cultivars LCP85-384 (leaf scald-resistant) and ROC20 (leaf scald-susceptible) with Xa infection and different N implantation dosages. Our results expand our understanding of how ShWRKY genes play dual functions between N and Xa-stress responses in sugarcane.



MATERIALS AND METHODS


Crop Husbandry

The two cultivars LCP85-384 (resistant to leaf scald) and ROC20 (susceptible to leaf scald) used for this study were procured from the National Engineering Research Center for Sugarcane, Fujian Agriculture and Forestry University, Fuzhou, China (26.0849° N, 119.2397° E). Sugarcane stems were cut as single-budded setts that were immersed under flowing water for 24 h at room temperature and then treated with hot water (50°C) for 2 h. The setts were dried at room temperature for 2 h before sowing. Peat soil (PINDSTRUP, Denmark) containing NH4NO3 (33 g/m3), pH (5.5), K2O (158 g/m3), and P2O5 (91 g/m3) was used for the experiments. Sugarcane seedlings were grown for 28 days (3–5 leaf stage) in a climatic chamber set at 28°C with a 16/8 h light/dark cycle and 60% relative humidity.



Xanthomonas albilineans Inoculation, Nitrogen Application, and Leaf Sampling

The bacterial strain Xa-FJ1 (Zhang et al., 2020) was suspended in 1 ml XAS solution at 28°C for 48 h with shaking at 200 rpm. Suspended cells (1 μl) were added to freshly prepared XAS solution (40 ml) and cultured for 10 h at 28°C. For plant inoculation, the bacterial cultures were diluted to 108 CFU/ml and inoculated using a leaf-cutting method (Ntambo et al., 2019). Urea (46% N) as an N source was procured from BIOFOUNT, China. For the three N treatments, 2.50 g (N1), 5.00 g (N2), or 7.50 g (N3) was added to the pots (Yang et al., 2019). Leaf samples for both Xa infection and N dosage were collected 0, 24, 48, and 72 h later. The harvested leaves were quickly placed in liquid nitrogen and stored at −80°C for subsequent analysis of RNA extraction, followed by RT-qPCR.



Identification of WRKY Genes in Saccharum spp. Hybrid R570

SsWRKY genes from S. spontaneum (Li et al., 2020) were used as query sequences to search for WRKY family genes in the genome database of Saccharum spp. hybrid R5701. The candidate sequences corresponding to query sequences that had ≥80% similarity and zero e-value were selected for domain checking using NCBI BLASTP2, Pfam3, and Simple Modular Architecture Research Tool (SMART) domain analysis software4 after manually removing redundant sequences. Sequences lacking the WRKYGQK domain were excluded manually before analysis. The nomenclature of WRKY family genes from the R570 genome corresponded to Li et al. (2020).



Physio-Chemical Properties

Physio-chemical attributes, such as protein molecular weight (MW), number of amino acids (aa), theoretical isoelectric point (pl), instability index (II), aliphatic index (AI), and grand average of hydropathicity (GRAVY), were computed using the ExPASy Proteomics Server5. To predict the subcellular localization of genes, the CELLO2GO web server6 was used.



Multiple Sequence Alignment and Phylogenetic Analysis

Multiple sequence alignment of WRKY proteins was carried out using the CLUSTALW algorithm with default parameters in MEGA 7.0 software (Kumar et al., 2018). The phylogeny of aligned sequences was constructed using MEGA 7.0 software with the neighbor-joining method and bootstraps of 1,000 replicates.



Protein-Protein Interaction, Gene Structure, and Cis-Regulatory Elements Analysis

Protein-protein interaction networking of WRKY family genes according to their orthologs in A. thaliana was predicted using the STRING database7. To determine the localization and lengths of introns, exons, and untranslated regions (UTRs), the Gene Structure Display Server8 was used. The MEME tool9 was used to determine conserved motifs, followed by visualization with TBtools (Toolbox for biologists) v0.6655 (Chen et al., 2020). The number and distribution of motif sites were set at 10 motifs and zero and one occurrence per sequence, respectively. The PlantCARE database was used to analyze cis-regulatory elements for each gene analyzed beginning from the start codon to 1.5 kb upstream10.



Chromosomal Distribution, Gene Duplication, Collinearity, and Ka/ks Analysis

To determine the chromosomal distribution of WRKY family genes, gff3-files extracted from the Sorghum bicolor genome11 were used to map the genes to respective chromosomes with TBtools v0.6655. Later, the renamed file from the R570 genome was used according to the nomenclature. TBtools v0.6655 was also used to determine gene duplication events and to conduct collinearity analysis among WRKY family genes from S. spontaneum AP85-441 and Saccharum spp. hybrid R570. The easy_KaKs calculation program was used to determine non-synonymous (Ka) and synonymous (Ks) substitution ratios12.



Expression Profiling Using RNA-Seq Data

A previously published RNA-seq dataset (accession number PRJNA549590) was used to determine WRKY gene expression in two sugarcane cultivars (Ntambo et al., 2019). The fragments per kilobase of transcript per million fragments mapped (FPKM) value for each gene was calculated and then transformed to log2 (Fold Change) values for the generation of a heatmap with TBtools v0.6655.



WRKY Gene Expression Analysis by RT-qPCR

Megazol reagent (Invitrogen, United States) was used to extract RNA from leaf samples according to the manufacturer’s instructions. After checking RNA quality and concentration, the PrimeScript™ RT Reagent Kit was used for reverse transcription following the manufacturer’s protocol. The synthesized cDNA was diluted to 100 ng/μl for qPCR. Gene-specific primer pairs were designed using the GeneScript® tool13 (Supplementary Table 1). RT-qPCR was carried out using ChamQ Universal SYBR qPCR master mix (Vazyme, China) on a QuantStudio® Real-Time PCR system (Applied Biosystems, United States). The reaction mixture contained 10 μl 2× ChamQ master mix, 0.4 μl forward primer, 0.4 μl reverse primer, 1 μl cDNA template, and ddH2O to reach a 20 μl reaction volume. The following conditions were used for RT-qPCR: denaturation at 95°C for 30 s, followed by 40 cycles at 95°C for 10 s, and 60°C for 30 s. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a reference gene. Gene expression was determined by the quantification method (2–ΔΔCt). Three biological replicates and three technical replicates were carried out for each sample.



Statistical Analysis

The means of different time points were compared using the least significance difference (LSD) test at a 5% probability level (p ≤ 0.05) with a statistical software package Statistix 8.114.




RESULTS


Identification, Phylogeny, and Physio-Chemical Properties of WRKY Family Genes in Saccharum spp. Hybrid R570

WRKY proteins from S. spontaneum AP85-441 (SsWRKYs) were used as query sequences against the R570 protein database to identify WRKY family genes. After excluding redundant sequences and domain confirmation, 53 WRKY genes (ShWRKYs) with 66 alleles were finalized in the R570 genome (Supplementary Table 2). Of these, 13 (24.5%) ShWRKYs had one allelic gene. Based on the WD and zinc-finger type, 11 ShWRKYs belonged to group I with two WDs, whereas 36 ShWRKYs with one WD and one C2H2 zinc finger belonged to group II. In addition, 18 ShWRKYs with one WD and C2HC zinc finger belonged to group III. Interestingly, one ShWRKY gene (ShWRKY107) with a partial WD was assigned to group IV (Figure 1 and Supplementary Table 2). The group II ShWRKYs were further divided into five subgroups (IIa-IIe): Subgroup IIa was the smallest group with only two ShWRKYs that had a CX5CPVKKKVQ motif; whereas IIb and IIc were larger with ShWRKYs (9–10 alleles) having a CX5CPVRKQVQ and CX4C motif, respectively; Subgroup IId had seven ShWRKYs with a CX5CPARKHVER motif; Subgroup IIe comprised eight ShWRKYs with a CX5C(P/A/M)ARK(Q/L)VER motif (Supplementary Figure 1). Notably, the group I included some SsWRKYs from group III that were identified in the AP85-441 genome (Supplementary Figure 2).
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FIGURE 1. Phylogenetic tree of ShWRKYs. The unrooted NJ tree was constructed based on the WRKY domains from Saccharum spp. hybrid R570 using MEGA7.0 with bootstraps of 1,000 replicates. Group and subgroup names are on the outer ring and are depicted in different colors. Black stars, red boxes, blue triangles, and green circles represent different ShWRKY groups I, II, III, and IV, respectively.


Detailed information about the physio-chemical properties [e.g., length of amino acids, molecular weight, isoelectric point, instability index, aliphatic index, and grand average of hydropathicity, (GRAVY)] of the ShWRKY genes are presented in Supplementary Table 2. The ShWRKY proteins had between 249 and 843 amino acids and molecular weights that ranged from 27,131.85 to 95,533.93 kDa, isoelectric points between 4.68 and 10.18, instability indexes ranging from 37.76 to 85.57, and aliphatic indexes between 39.69 and 82.0. Interestingly, the GRAVY values for all WRKY proteins were negative, suggesting the hydrophilic nature of ShWRKYs. The prediction of subcellular localization suggested the presence of ShWRKYs in the nucleus except for ShWRKY69-1, which was located in the chloroplast (Supplementary Table 2).



Gene Structure and Cis-Regulatory Elements Analysis

Among the 53 ShWRKYs (66 alleles), gene structure analysis suggested that the number of introns ranged from 1 (ShWRKY64-1/69-1/96-1) to 5 (ShWRKY27-3/52-1/130), whereas the number of exons ranged from 2 (ShWRKY64-1/69-1/96-1) to 6 (ShWRKY27-3/52-1/130). The longest intron structure was observed in ShWRKY3-2, followed by ShWRKY154-2 and ShWRKY147. Similar intron (2) and exon (3) distribution patterns were observed in each gene of group III except for ShWRKY96-1, which had 1 intron and 2 exons (Figure 2A). Converse motif numbers ranged from 2 (ShWRKY107) to 10 (ShWRKY29-1/42-3/43/124-1/154-1). Motif 1 was present in all ShWRKYs and > 90% had motif 2, which was absent in five genes, ShWRKY55/64-1/107/126/138 (Figure 2B). A total of 27 cis-regulatory elements related to metabolism, seed, endosperm, meristem, stress, light, and hormone responsiveness were predicted to exist in the region 1.5 kb upstream of ShWRKYs (Supplementary Figure 3). Importantly, ShWRKYs had the highest number of stress-responsive cis-elements ranging from 3 (ShWRKY45-1/145-2) to 13 (ShWRKY29-1/147/127-1) (Supplementary Figure 3), while MYC, MYB, TATA-box, and STRE cis-regulatory elements were found in more than 96, 94, 94, and 83% of ShWRKYs, respectively (Figure 3).
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FIGURE 2. (A) Locations and lengths of ShWRKY exons and introns which are shown as filled yellow bars and thin gray single lines, respectively. UTRs are represented by dark blue bars at the ends of the lines. Gene structures were drawn using the GSDS online database. (B) Conserved motif analysis of ShWRKYs. All motifs were identified using the MEME online database and visualized with Tbtools software. A total of ten predicted motifs are represented by different colored boxes and motif sizes can be estimated using the scale at the bottom.
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FIGURE 3. Heatmap of cis-regulatory elements in the ShWRKY genes. Blue: Present, Yellow: Absent.




Chromosomal Distribution, Gene Duplication, Collinearity, MicroRNA Targeting Site Prediction, and Ka/ks Analysis

Chromosomal distribution revealed that all ShWRKYs were mapped on 10 chromosomes of the R570 genome (Supplementary Figure 4). Chromosome 3 had the most ShWRKYs (17), and individual chromosomes 1 and 2 each had 7. Chromosomes 5 and 7 had the fewest ShWRKYs (ShWRKY115/96-1 and ShWRKY107/105, respectively). Another 3-7 ShWRKYs were distributed on other chromosomes (Supplementary Figure 4). Gene duplication (tandem/segmental) events for ShWRKY genes are shown in Figure 4. Four gene pairs (ShWRKY118-1 and ShWRKY118-2, ShWRKY44-1 and ShWRKY44-2, ShWRKY58 and ShWRKY59-1, ShWRKY124-2 and ShWRKY125-3) displayed tandem duplication on their respective chromosomes, whereas 11 gene pairs were segmentally duplicated (Figure 4). Collinearity analysis was used to examine the evolutionary relationship of WRKY family genes among S. spontaneum AP85-441 and Saccharum spp. hybrid R570 revealed robust orthologs of ShWRKY genes (Supplementary Figure 5). For example, ShWRKY42 displayed syntenic association with two SsWRKY42 genes (Sspon.03G0003610 and Sspon.03G0029850) from AP85-441. Moreover, ShWRKY29-1/61-3/69-1/96-1 also displayed a syntenic relationship with one different gene from AP85-441. Taken together, 101 SsWRKY genes from AP85-441 were lost in R570 (Supplementary Table 3).
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FIGURE 4. Chromosomal distribution of ShWRKY genes in Saccharum spp. hybrid R570. Ribbon links (Red lines) indicate segmental duplication events between genes. Chromosome numbers are indicated inside the yellow segments. Chr01 to Chr10 are currently based on Sorghum bicolor genome scaffolds (https://phytozome-next.jgi.doe.gov/info/SbicolorSC187_v1_1). The Saccharum spp. R570 gff3 file contains these 10 chromosomes and all BAC clones that could not be placed. The gene names on each chromosome are indicated in the outer circle.


Five miRNAs (ssp-miR159a, ssp-miR827, ssp-miR528, ssp-miR167-b, and ssp-miR444c-3p) were forecasted to target five ShWRKY genes (Supplementary Figure 6). Two miRNAs (ssp-miR159a and ssp-miR827) identified in the AP85-441 genome targeted one ShWRKY107 gene, and ssp-miR528 targeted two ShWRKY genes (ShWRKY136-1/72-2). Moreover, ssp-miR167b targeted the ShWRKY154-1 gene and ssp-miR444c-3p targeted ShWRKY130. Ka/Ks ratios calculated to analyze evolutionary relationships among ShWRKYs were mainly < 1, suggesting that they were under purifying selection, but ratios >1 determined for ShWRKY118-1/118-2 indicated positive selection (Supplementary Table 4).



Transcript Expression of ShWRKY Gene Responses to Xanthomonas albilineans Infection

The published RNA-seq dataset from two cultivars LCP85-384 and ROC20 trigged by Xa was used to assess ShWRKY gene expression patterns. Overall, three expression patterns were observed among 66 ShWRKY alleles. First, 26 ShWRKY alleles had irregular expression profiles in two cultivars at different time points (e.g., ShWRKY49-3/52-1/93-3/138). Second, transcript levels of 17 ShWRKY alleles (e.g., ShWRKY45-1/54-1/69-1/69-1/130) were significantly increased [>1.5 (log2FC)] in two cultivars across all time points. Third, transcript levels of 23 ShWRKY alleles were significantly increased in LCP85-384 but significantly decreased or unchanged in ROC20. For instance, transcript levels (log2FC) of ShWRKY13-2/39-1/118-2/125-3 genes ranged from −5.46 to 0.58 in ROC20 but were between 1.38 and 7.16 in LCP85-384 at 24–72 hpi (Supplementary Figure 7).

To further assess the temporal expression patterns of ShWRKY genes in two cultivars in response to Xa infection, 12 candidate genes, ShWRKY43/124-2/125-3 in ShWRKY group I, ShWRKY52-1/93-3/138/143-3 in ShWRKY group II, and ShWRKY13-2/22-1/39-1/49-3/118-2 in ShWRKY group III were selected for RT-qPCR assay. Compared to controls (0 hpi), four candidate genes (ShWRKY13-2/39-1/49-3/125-3) were significantly upregulated in LCP85-384 but were significantly downregulated or unchanged in ROC20 at 24–72 hpi. The transcript levels of ShWRKY13-2/39-1/49-3 genes were increased by 3.7–5.6-fold in LCP85-384, while those for ShWRKY125-3 were increased by 10–60% (Figure 5). Some ShWRKY genes, such as ShWRKY43/52-1/118-2/138, were only upregulated at a specific time point. The transcript levels of these four ShWRKY genes were increased by 1.2-, 1.9-, 2.5-, and 1.2-fold at 24 hpi, respectively. Notably, ShWRKY124-2 was dramatically upregulated with an increase of >6.5-fold, whereas the expression of ShWRKY22-1/93-3/143-3 was downregulated at 24–72 hpi in the two cultivars (Figure 5).
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FIGURE 5. Expression profiling of twelve ShWRKY genes at different times post-Xa inoculation in LCP85-384 (black gars) and ROC20 (gray bars) cultivars. Values for relative expression levels are means ± standard errors. Means having the same letters above the vertical bars are not significantly different at a 5% level of probability.




Transcript Expression of ShWRKY Genes Responses to Nitrogen Implantation Dosage

To characterize ShWRKY genes responding to different N input dosages in two cultivars, the transcriptional expression of the 12 above-mentioned ShWRKYs was examined by RT-qPCR. Transcript levels of three ShWRKY genes (ShWRKY22-1/49-3/52-1) were significantly downregulated in two cultivars in response to three N implantation dosages (N1, N2, and N3) across 24–72 h post-application sampling (hpas), while similar transcriptional expression trends were observed for two other ShWRKY genes (ShWRKY125-3/143-3) in all treatments except for N implantation dosages N3 and N1 in ROC20 at 24 hpas. These results suggested that these ShWRKYs played negative roles in the response of the two cultivars to N implantation dosages. However, transcript levels of four ShWRKY genes (ShWRKY13-2/39-1/43/118-2) were increased in ROC20, but decreased in LCP85-384 under the N implantation dosages, suggesting that these genes play different roles in the two cultivars in response to the extra N applications. Notably, the overall transcript expression of ShWRKY138 was significantly upregulated in two cultivars at the highest input dosages at 24–72 hpas, suggesting that this gene is a positive regulator for the response of sugarcane to extra N applications. In addition, the expression patterns of some ShWRKY genes (e.g., ShWRKY93-3 and ShWRKY124-2) differed between the two cultivars in response to N implantation dosage at different time points (Figure 6).
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FIGURE 6. Expression profiling of twelve ShWRKY genes at different times after nitrogen implantation dosage in LCP85-384 and ROC20 cultivars. Values are means ± standard errors. Means having the same letters above the vertical bars are not significantly different at a 5% level of probability.




Protein-Protein Interactions Among ShWRKYs

Prediction of protein-protein interaction networking among ShWRKYs according to their orthologs in A. thaliana depicted the presence of strong interaction networking among seven ShWRKY proteins, namely, ShWRKY22-1, ShWRKY43, ShWRKY49-3, ShWRKY93-3, ShWRKY118-2, ShWRKY138, and ShWRKY143-3. ShWRKY43 and ShWRKY49-3 are core proteins that interacted with the other six ShWRKY proteins, followed by ShWRKY22 and ShWRKY138 which interacted with four other ShWRKY proteins. Point-to-point interactions were also observed between ShWRKY77-3 and ShWRKY147 as well as ShWRKY44-1 and ShWRKY58 (Figure 7). Detailed information about protein-protein interactions and functional annotations is given in Supplementary Table 5.
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FIGURE 7. Predicted protein-protein interactions of ShWRKYs according to their orthologs in A. thaliana. Only those pairs with >30% sequence identity between ShWRKYs and AtWRKYs and an interaction score >0.8 are shown in the network. Line and node colors indicate different kinds and degrees of interactions, respectively. Ribbon diagrams are shown in each node.





DISCUSSION

WRKY TFs are part of a diverse and versatile gene family that is found in many crop species with considerable diversity in terms of number, structure, and function (Li et al., 2020; Wani et al., 2021). The number of WRKY family members ranged from 42 genes in Akebia trifoliata (Wen et al., 2022) to 242 genes in Camelina sativa (Song et al., 2020). In this study, we showed that the Saccharum spp. hybrid R570 genome had 53 ShWRKYs, whereas S. spontaneum AP85-441 was previously shown to have 154 SsWRKY genes (Li et al., 2020). The number of ShWRKYs genes identified by us was far lower than the 94 genes in Sorghum bicolor (Baillo et al., 2020) and 140 genes in Zea mays (Hu et al., 2021). This reduction could be due to the BAC-based monoploid genome sequence of the R570 cultivar that was produced by exploiting the collinearity with sorghum and assembling a 382-Mb single tiling path of a high-quality sequence (25,316 protein-coding genes predicted) (Garsmeur et al., 2018). Meanwhile, the haploid S. spontaneum AP85-441 was assembled with a 2.9 Gbp genome bearing 35,525 genes with defined alleles (Zhang et al., 2018). Segmental duplication events of ShWRKYs were thus more than tandem duplication events in the R570 genome sequence. A similar evolutionary pattern for SsWRKYs was found in the AP85-441 genome (Li et al., 2020). Therefore, the high diversity/variability in the number of WRKYs among different plant species might be due to different evolutionary indices or duplication of entire genomes during the evolutionary phase. Specifically, the unique profiles of duplicated (tandem/segmental) genes following the duplication of whole genomes might also be responsible for long-term evolutionary transitions (Van De Peer et al., 2017). Overall, numerous studies also confirmed that segmental and tandem duplications, especially for the former events, might be key driving forces in the evolution and expansion of WRKYs in different crop plants (He et al., 2016; Xie et al., 2018).

In this study, high transcript levels of some ShWRKYs genes, such as (ShWRKY13-2/39-1/52-1/118-2/125-3), were observed in LCP85-384 at all or only specific time points, whereas those genes were found to be downregulated in ROC20 based on the transcriptome dataset and RT-qPCR assay. This result suggests that these genes might play a role in defenses against Xa infection. Arabidopsis WRKY46 (homolog of ShWRKY118-2), WRKY53 (homolog of ShWRKY39-1 or ShWRKY49-3), and WRKY70 (homolog of ShWRKY13-2) were previously shown to positively regulate basal defense responses against pathogen infection (Hu et al., 2012). More recently, Hu et al. (2021) also proposed that BnMED16 confers resistance against Sclerotinia sclerotiorum by regulating BnWRKY33 (homolog of ShWRKY124-2 or ShWRKY125-3)-activated defense signaling and BnMED25-mediated defense pathways in Brassica napus. Chen et al. (2021) reported constitutive involvement of WRKY70 (homolog of ShWRKY13-2) in defense responses against the bacterial pathogen P. syringae pv. maculicola. Interestingly, previous findings also supported the results of this study and revealed the involvement of PtrWRKY73 (homolog of ShWRKY43) against disease resistance in Arabidopsis (Duan et al., 2015). Wen et al. (2022) reported the involvement of AktWRKY33 (homolog of ShWRKY124-2 or ShWRKY125-3) in Akebia trifoliata plant disease (caused by Colletotrichum acutatum) resistance.

WRKY TFs also play a pivotal role in diverse responses to both abiotic and biotic stresses as well as nutrient imbalances (Wani et al., 2021). In this study, most tested ShWRKY genes had a negative role in sugarcane cultivars in response to different N implantation dosages, but ShWRKY138 had a positive role. Several ShWRKY genes were positively regulated in a particular cultivar under extra N supply. These results suggested that gene regulation of ShWRKYs depended on sugarcane genotypes that likely have diverse N use efficiency. Previous studies indeed demonstrated that WRKY responds to the N supply and metabolism. For example, 16 JcWRKY genes in Jatropha curcas responded to N starvation (Xiong et al., 2013). Some nitric oxide (NO)-responsive AtWRKYs were found in A. thaliana and AtWRKY62 (homolog of ShWRKY13-2) and were shown to be involved in NO metabolism as evidenced by the negative role of the atwrky62 mutant in plant growth; these plants showed significantly lower amounts of the NO donor S-Nitrosocysteine compared to wild-type plants (Imran et al., 2018). The AtWRKY46 (homolog of ShWRKY118-2) in A. thaliana was shown to inhibit ammonium (NH4+) efflux by directly binding to the promoters of genes involved in GDP-D-mannose pyrophosphohydrolase (NUDX9) and indole acetic acid (IAA) conjugation (Di et al., 2021). However, few studies had examined the responses and functions of WRKY family genes relative to N implantation dosage in different crop plants.

Interestingly, the results of this study indicated that some ShWRKY genes (e.g., ShWRKY13-2/39-1/43/49-3/52-1/118-2/125-3) exhibited positive regulation in the LCP85-384 cultivar (resistant to leaf scald) in response to Xa infection, whereas others had negative regulation in response to different N implantation dosages. Our results suggested that extra N supply in plants likely affects resistance to leaf scald. The ShWRKY43/49-3/52-1 genes were predicted to play crucial roles in the interaction network of ShWRKY proteins and could coordinate important crosstalk between defense responses to bacterial infection and extra N applications in sugarcane. High N dosages were associated with increased disease incidence (Shrivastava and Srivastava, 2012) and affected lateral roots development (O’Brien et al., 2016). Recently, Poll et al. (2020) suggested that reduced N dosage and septoria leaf blotch disease caused by Zymoseptoria tritici pathogen co-dependently altered expression of wheat WRKY TFs, and demonstrated that WRKY68a (homolog of ShWRKY11) may mediate a link between N dosage and increased tolerance to pathogen infection.



CONCLUSION

In this study, 53 WRKY family genes with 66 alleles were systematically explored in the Saccharum spp. hybrid R570 and further classified into four main groups. The gene duplication and collinearity analysis provided valuable information about the evolutionary history of ShWRKY genes. Further, the RNA-seq dataset and/or RT-qPCR analysis suggested that ShWRKY genes may play a pivotal role in response to bacterial pathogen infection and N implantation dosage. Overall, systematic analysis of ShWRKY genes in sugarcane provides a basis for functional characterization in response to coupling effects of bacterial pathogen infection and different N levels. However, understanding the detailed mechanism of how ShWRKY genes regulate diverse biological functions in sugarcane that are involved in pathogen-triggered immunity and N-triggered response requires additional investigation.
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Sugarcane yellow leaf disease severely affects sugarcane production. As a viral disease, the pathogen sugarcane yellow leaf virus can only be transmitted by aphid vectors rather than mechanical means. To understand the sugarcane responses to ScYLV infection, the corresponding transcriptomic profile of ScYLV-infected and ScYLV-free plants were analyzed with RNA-Seq technology. In this study, Melanaphis sacchari was used as the vector to transmit ScYLV to the susceptible sugarcane cultivar CP72-1210 and transcriptome was sequenced as well as differentially expressed genes between disease-infected and non-infected sugarcane plants were investigated. A total of 1,22,593 genes were assembled, of which 1,630 genes were differentially expressed. Among DEGs, 1,622 were upregulated and eight were downregulated that were further annotated with GO, KEGG, KOG, PFAM, SwissProt, and Nr databases. The expression levels of DEGs in the three KEGG pathways, namely endocytosis, PEX protein synthesis, and endoplasmic reticulum stress response to viral protein synthesis were observed. Interestingly, it was found that the yellow leaf virus could induce the formation of autophagosomes by LC3, promoted by ER stress, and may be related to the replication of viral RNA. We tested 63 DEGs in this research. The qRT-PCR results showed that two were downregulated and 45 were upregulated in response to the ScYLV infection. This study will not only offer an overall comprehension of sugarcane responses to ScYLV infection at the gene expression level but also increase the chances to block the transmission of ScYLV for use in further molecular biology techniques and will aid in increasing the resistance of plants against ScYLV.
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INTRODUCTION

Sugarcane yellow leaf disease (ScYLD) also known as sugarcane yellow leaf syndrome (ScYLS), has an incidence ranging from 10 to 96% in sugarcane growing countries worldwide. The disease is also quite common and intense in sugarcane planting areas of China resulting in a 40–60% loss in sugarcane production. CP varieties are the main cross parents in sugarcane breeding programs in China, but the CP series are highly susceptible to yellow leaf disease and their progeny has also shown susceptibility toward this disease. Overall, the symptoms of this disease include intense yellowing of the lower side of the sugarcane leaf midrib and necrosis proceeding from the tip toward the base of the leaf (Bertani et al., 2014). The typical symptom of diseased leaves is the change from green to yellow coloration from the lower part of the midrib. The upper surface of the midrib remains normal white or white with green, pink, or reddish coloration. However, the pink color of the midrib is not constant. The midrib eventually turns yellow when the new leaf grows. In addition, the symptoms of the disease vary depending on the genetic background of the species. The symptoms of ScYLD first reported in the Hawaiian Islands involved yellowing of the midribs and necrosis of leaf tips that continue to spread throughout the leaf blade until the entire leaf appears yellow or even necrotic (Grisham et al., 2010). Red spots on the midrib of some plant leaves have also been observed. The entire leaves of some species have also appeared yellow after infection with yellow leaf syndrome. Yellowing spreads from midrib to both sides of the leaf blade in some varieties growing in the fall and winter seasons. The degree of yellowing also increases with the change in temperature and time (ElSayed et al., 2010).

Sugarcane yellow leaf virus (ScYLV) is the causative agent of ScYLD that spreads systematically. The ScYLV granules are icosahedrons with a diameter of 24–29 nm and buoyancy density of 1.30 g/m3. It has ssRNA composed of a protein that wrapped single-stranded RNA (Madugula and Gali, 2017). This research indicates that six open reading frames, namely ORF0 to ORF5, have a significant impact on the virus infecting a host. The ORF0 locates at the 5′ end of the genome and encodes the P0 protein. Research on the P0 protein has focused on exploring its function as a silencing suppressor. The F-box domain in the P0 protein is the target protein that inhibits the gene silencing of the active site F-box domain. The target protein is the plant AGO1 which causes the components of the silencing complex to fail to assemble appropriately and eventually. The AGO1 protein cannot function and is degraded by the ubiquitin degradation system of plants. The ORF3 encodes a capsid protein CP or P3, while ORF5 encodes a read-through protein and the genomic RNA of the YLV is coated with these two structural proteins to form an icosahedron with a diameter of 22–23 nm regular sphere observed under an electron microscope (ElSayed and Komor, 2013). On the surface of intact virions, most of them are CP and a few are CP-RTP. Viruses of the Luteoviridae family complete the long/short-distance movement in the phloem of the plant and the transmembrane transport in the larvae in the form of intact virions. The process of virus particle assembly and initial infestation of plants does not require CP-RTP, but CP-RTP only binds to synthetic virions that belong to the cis group. When the virus infects the plant, the N-terminal region of RTP participates in the systematic transport of the virus, the accumulation of the C-terminal region, the number of virus particles, and restricts the activity range of the virus particles to be only in the vascular bundles. Although the roles of various regions of RTP are obvious, the mutation experiments of the three viruses of the family Luteoviridae, namely BWYV, BYDVPAV, and PLRV have shown that only complete CP-RTP can ensure the morphological structure of the virus particles to be stable, thus ensuring its normal accumulation in the plants and the spread to uninfected areas have long been studied. It has further been shown that the CP-RTP binding protein of the YLV plays an important role not only in the transportation within plants but also in the body of aphid mediators (Fartek et al., 2014).

Research showed that ScYLV is transmitted without mechanical friction and can be transmitted persistently by Melanaphis sacchari and Ceratovacuna lanigera. Siha flavor and Schizaphis graminum cannot be infected under natural conditions. ScYLV only exists in some species of the sugarcane genus but under artificial inoculation conditions, it can successfully transmit from sorghum to some strains of wheat, oats, barley, rice, corn, and sugarcane that are closely related. R. rufiabdominalis can transmit the virus among wheat plants (Zhu et al., 2011). Vector or insect-borne plant viruses can be classified as non-persistent, persistent, and semi-persistent viruses based on the length of the virus that the mediator insects use to spread the virus. Among them, persistent viruses can be divided into persistent non-proliferative viruses and persistent proliferative viruses (Brault et al., 2010). After the vector insects feed on the virus-infected host plants, the virus particles enter the insect esophagus from the mouth with the plant sap, pass through the foregut to the mid-gut, and combine with the carrier to penetrate the epithelial cells of the mid-gut or hindgut into the hemolymph. They enter in the salivary glands of the vector through hemolymph membrane. When the insects feed again, the virus is released with saliva to the new host phloem tissue to complete effective transmission as shown in Figure 1A (ElSayed et al., 2016).
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FIGURE 1. (A) The path of the virus in aphids. (B) The aphid’s vector of ScYLV. Left: back view of the aphid. Right: abdomen view of the aphid.


Studies have shown that there are 621 species of plant viruses known worldwide, but only 272 species are known to be vectored by the insects. Most of the insect vectors are concentrated in the family Homoptera, most of which are aphids. So, the most common types of viruses are transmitted through the aphids. Ticks are also important as mediators of plant pathogenic viruses (Giordanengo et al., 2010). Some aphid species can spread several hundreds of viruses. For example, Myzus persicae can transmit 115 different kinds of viruses while M. sacchari can spread 58 viruses and cause plant diseases. Different kinds of aphids have different efficiency levels for the transmission of the YLV (Pirone and Harris, 1977). In this regard, M. sacchari has the highest transmission efficiency as a vector to transmit non-persistent viruses. Different sugarcane plants also have different resistance to YLV. For instance, CP species from the United States are highly susceptible to YLV. However, ROC-24 is highly resistant to the yellow leaf virus (Zhou and Li, 2012). So, why are only aphids able to transmit ScYLV, rather than other ways, like mechanical means? What genes are involved in the recognition of sugarcane plants to ScYLV? Therefore, in this research study, a susceptible sugarcane variety CP72-1210 was infected by ScYLV with the help of aphids and the total RNAs were sequenced to understand the response of sugarcane plants to ScYLV infection at the gene expression level. Moreover, some genes playing an essential role in the virus infection process will be identified to create transgenic plants resistant to SCYLV infection and to control the further spread of the disease.



MATERIALS AND METHODS


Aphid Collection and Inoculation With ScYLV

Melanaphis sacchari (Z) was obtained from the National Engineering Research Center of Sugarcane, Fujian Agriculture and Forestry University, Fuzhou, China (26.0849°N, 119.2397°E). The sugarcane leaves with a single colony of M. sacchari were cut off and kept in glass bottles with pure water at the bottom, then maintained at 20°C and 70% humidity and a 16 h light: 8 h dark period in an artificial climate incubator (Ningbo Haishu Saifu Experimental Instrument Factory, PRX-450A, China). The collected aphids were oval (Figure 1B), light yellow to black, the antennae were slender with 6 knots and the compound eyes were large and brownish-red. In the central part of the abdomen, 3–6 internodes had large rectangular spots, and the abdominal tube was brown and cylindrical. The tailpiece was conical, blunt, and slightly thicker in the middle (Salokhe, 2021). Some of the colonies were fed with leaves of ScYLV-free CP72-1210 which were considered controls, and some were fed with ScYLV-infected leaves. The successful infection of aphids with ScYLV was confirmed by PCR.



Heat Treatment of CP72-1210 for Clean Cane

The sugarcane variety CP72-1210 was obtained from the National Engineering Research Center of Sugarcane (Fujian Agriculture and Forestry University) and was selected as a host for artificial inoculation because of its susceptibility to the ScYLV. The variety is also one of the main crossing parents in sugarcane breeding programs in China. According to the relevant literature, heat treatment is an excellent method to get virus-free seedlings since sugarcane cultivars are usually infected by pathogens. The detoxification treatment of stalks at 52°C for 30 min proved to be a better treatment to ensure the average germination rate of the stems above 60% and no yellow leaf virus was detected at the growth point of sugarcane buds (ElSayed et al., 2014). One complete stem of CP72-1210 was cut into short stalks with two nodes and heat-treated following the protocol described above and then placed in an incubator at 38°C for 1 week germination. The germinated seedlings were then planted in pots with soil (PINDSTRUP SUBSTRATE, 06120806) in a greenhouse maintained at 24°C and 75% humidity and a 16 h light: 8 h dark period. Half of the germinated seedlings from the same single stem at the four-leaf stage were inoculated with 15–20 ScYLV-infected aphids for 3 days. Meanwhile, the rest half of the seedlings were inoculated with the same number of ScYLV-free aphids. After 2 weeks, all the seedlings were detected through RT-PCR to check the presence of ScYLV.



RNA Extraction and Reverse Transcription

Total RNAs were extracted from all the infected and non-infected seedlings and aphids using the Plant RNA Kit R6827 (OMEGA biotek, China). Meanwhile, all aphids’ samples involved were also subject to total RNA extraction using UNlQ-10 Column Trizol Total RNA Isolation Kit (Sangon Biotech, China) method. Then concentration and purity of all RNA samples were measured on NanoDrop 2000 (ThermoFisher, NanoDrop One, United States) and the integrity of the RNAs was checked on the FUSION FX6 XT (VILBER, VILBER LOURMAT, France). The RNA samples with three bands of 5S, 18S, and 28S were reverse transcribed into cDNA using M-MuLV First Strand cDNA Synthesis Kit (Sangon Biotech, China) and stored at 4°C refrigerators.



Detection of RNA Quality

The RNA was extracted by the RNA extraction kit and run on an agarose gel electrophoresis for its quality determination which showed three clear and bright bands of equal width with no towing phenomenon. Additionally, the UV spectrophotometer showed a ratio of 260/280 higher than 1.9, a ratio of 260/230 higher than 2.0, and a concentration higher than 500 ng/μl, revealing it is suitable for further reverse transcription.



Detection of ScYLV in Aphids and CP72-1210

The cDNA samples were tested using the specific PCR primers of YLSF111:5′-TCTCACTTTCACGGTTGACG-3′ and YLSR462:5′-GTCTCCATTCCCTTTGTACACG-3′ to produce a fragment size of 352 bp. PCR master mixture consists of Max Taq DNase 10 μl, 1 μl of primers, 7 μl of pure water, and 2 μl of cDNA. The PCR program was set at 94°C for 2 min followed by 30 cycles of 94°C for the 30 s, 54°C for 30 s, and 72°C for 90 s followed by a final extension for 5 min at 72°C (Hudson, 2008). PCR product amplifications were conducted on PCR System (9700 Applied Biosystems, Inc., Foster City, CA, United States). PCR products were separated by electrophoreses on 1.5% agarose gels containing ethidium bromide (0.5 g/ml) in 0.5 TBE buffer and visualized on a UV. The target fragment was purified, cloned, sequenced, and blast on NCBI.



Assembly and Annotation of Transcriptomes

Transcriptome sequencing (RNA-Seq) is the use of large-scale sequencing technology to directly sequence cDNA sequences, producing tens of millions of reads, so that the transcription level of a particular genomic region can be directly compared to the genome (Li et al., 2015). Many reads and EST sequences obtained by sequencing in this experiment were processed and spliced to obtain unigenes. By comparing and annotating with public databases, software such as BLAST can be utilized to obtain candidate genes with reference annotation functions or to discover new genes. The DESeq, p-value, and Fold Change value were applied to evaluate the biological replicates and to identify DEGs that were significantly different compared to the controls. The data samples were merged and assembled, and contigs were obtained through an overlap of the assembled sequences (Sangon biotech). Then the contigs were clustered according to the paired-end information of sequences and the similarity of contigs. Local assembly was conducted to generate transcripts. The longest transcript in each local region was selected for use as a unigene. For functional annotations, all unigene sequences were first searched against various protein databases such as Nr, SwissProt, COG, and KEGG. To avoid inconsistencies between the unigene alignment results from different databases, the priority was given to SwissProt, KEGG, and COG data sequentially (Mortazavi et al., 2008) setting q-value < 0.05, | log2 FoldChange| > 1, further screening DEGs and combining CDD, KOG, COG, NR, NT, PFAM, SwissProt, and TrEMBL databases for gene annotation and biological function annotations and prediction (Mortazavi et al., 2008). The annotated upregulated genes in various metabolic pathways were selected for subsequent functional gene screening based on the KEGG database annotation.



Screening of Differentially Expressed Genes

According to the RNA-Seq data, differences in mRNA expression levels between control and test plants were identified using the digital gene expression (DGE) profile. Gene expression was quantified as reads per kb per million reads (RPKM). The strict algorithm with q-value < 0.05, | log2FoldChange| > 1 was adopted to screen the DEGs. Combined with the functional annotation of DEGs, the KEGG pathway and gene ontology (GO) enrichment analyses as well as the pattern clustering of DEGs, were performed. The results were adjusted using the Bonferroni correction method. Thus, the pathways obtained with obviously enriched DEGs and GO functional categories were further analyzed (Pfaffl, 2001).



Verification of Differentially Expressed Genes by qRT-PCR

Leaf cDNAs from ScYLV-infected and non-infected plants were used as templates to carry out the qRT-PCR. The specific pairs of primers were designed using the Primer Premier 6.0 software based on qRT-PCR primer design principles and validated for their specificity at NCBI. PCR reaction system was set up according to SYBR Green PCR Master Mix kit (Novogene, Rox, China) instructions using 25SrRNA as an internal reference gene (5′- ATAACCGC-ATCAGGTCTCCAAG -3′; 5′- CCTCAGAGCCAATCCTTTTCC -3′). Each qRT-PCR reaction was performed with 2 μl of cDNA (100 ng/μl), 0.5 μl of each primer, 7 μl water, and 10 μl of PCR master mix in a total volume of 20 μl. The PCR amplifications were done using the following cycling conditions: one cycle at 95°C (5 min), followed by 40 cycles of denaturation at 95°C (10 s), annealing and extension at 60°C for 30 s. Each sample was repeated three times and data were analyzed on ABI 7500 Real-Time PCR System and Software was 2–Δ Δ Ct method (Gao et al., 2017).



Statistical Analysis

The means were compared using the least significance difference (LSD) test at a 5% probability level (p ≤ 0.05) with a statistical software package ‘‘Statistix 8.1.’’1




RESULTS


Virus Detection in Aphids and Plant Samples

The cDNA samples from both infected aphids and CP72-1210 plants along with their checks were tested by PCR using specific pairs of primers. The PCR amplification products were separated by electrophoreses on 1.5% agarose gels as illustrated in Figure 2A. The three control samples of sugarcane were positive, and all three groups were positive which could be used for transcriptome sequencing.
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FIGURE 2. Detection of ScYLV and analysis of RNA-Seq data. (A) Ethidium bromide-stained PCR products following amplification with primers YLSF- and YLSR from aphids and CP72-1210 plants. Lane designations: the upper two photos: 1–2: control plant 1; 3–4: control plant 2; 5–6: control plant 3; 7–8: treated Plant 1; 9–10: treated Plant 2; 11–12: treated Plant 3; 13–14: negative check (virus-free plant); 15–16: positive check, and 17–18: blank check (dd H2O); M (DNA ladder, Tiangen 100 bp). the photo below: 1–4: aphids fed with leaves of ScYLV-free CP72-1210; 5–6: aphids fed with ScYLV-infected leaves; 7–8: negative check (virus-free plant); 9–10: positive check; 11–12: blank check (dd H2O); M (DNA ladder, Tiangen 100 bp). (B) Transcript splicing results, including transcript and unigene data number. (C) CPT1, CPT2, and CPT3 correlation is all more than 0.94, CPC1, CPC2, and CPC3 also more than 0.89, which proves control and test group correlation meet the experimental requirements. (D) Analysis of GO enrichment for genes at the three stages of six samples. The green, blue, and yellow model represents genes number between biological processes, cellular component, and molecular function. (E) KEGG pathway enrichment analysis of significant genes. The red, yellow, green, and blue model represents metabolism, genetic information processing, environmental information processing, and cellular processes.




Functional Annotation of Unigenes

Dealing with the transcriptome sequencing of six tested sugarcane plants, 60,319,900 raw data were obtained in the experimental group and 70,729,262 in the control group. After removing the raw data with the linker and low-quality reads using Trimmomatic, clean data numbers that were obtained from the control and experimental groups were 65,845,402 and 55,528,852, respectively. Then clean data were processed to obtain transcript data and the assembled results are shown in Figure 2B. Following the screening criteria of q-value < 0.05 and | FoldChange| > 2, 1630 significant DEGs were obtained. Among them, the number of upregulated genes was 1,622 and the number of downregulated genes was eight. The biological replicates of the control group and the experimental group can meet the experimental requirements, as shown in Figure 2C. Significantly different DEGs in a biological functional annotation can divided into three major categories such as cellular components, molecular functions, and biochemical processes. Among these, the number of the biological functions of the cellular components was 22, and the molecular and biochemical levels were 20 and 26, as shown in Figure 2D. Thus, 68 biological functions can be divided into 11,847 small biological functions, of which 219 are related to viral protein synthesis and endoplasmic reticulum stress response, 77 are related to endocytosis, and 12 are related to PEX proteins. In the metabolic pathway analysis of DEGs, the designed pathways included cellular processes, environmental information processing, metabolism, and genetic information processing. Metabolic pathways were most enriched containing 12 pathways, while environmental information processing included only two pathways; membrane transport and signal transduction, as shown in Figure 2E. Further screening showed that there were 4 metabolic pathways (ko04144, ko04810, ko04530, and ko04520) related to the process of endocytosis, only ko04146 related to PEX proteins and seven metabolic pathways (ko03050, ko04140, ko04141, ko03010, ko03060, ko04068, and ko03008) were associated with the expression of viral protein synthesis and endoplasmic reticulum stress response.



Differentially Expressed Genes in the Endocytosis Pathway

The aphids secreted the virus and saliva into the epidermal cells of the plant through the mouthparts, following virus transport to the vascular cells of the phloem of the plant through the intercellular filaments of the host, interacted with the clathrin receptor of the host cell and bound to the cell membrane. NEDD4 activated the complex of DLG2 and DLG3, which combined the complex with TTAP1, ZO-1, and JAM, increasing membrane fluidity and allowing the virus to transfer to the tight junction of the host cell. CSNK2A bound to actin inhibits by MLCP expression to promote actin rearrangement and inhibit actin contraction thus providing a channel for endocytosis. In this study, two enzymes were significantly expressed after viral infection, NEDD4 (phosphorescent ubiquitin ligase) was controlled by one gene (TRINITY_DN51780_c0_g1), and MLCP-CSNK2A (myosin light chain phosphatase-casein kinase II subunit alpha) was co-expressed by three genes (the MLCP was co-regulated by TRINITY_DN51780_c0_g1 and TRINITY_DN55724_c0_g1, but CSKN2A was only regulated by TRINITY_DN-62108_c0_g1). Especially, TRINITY_DN51780_c0_g1 was also expressed in NEDD4 and endocytosis. Finally, the entire process of endocytosis had eight genes (TRINITY_DN60059_c2_g2-TRINITY_DN60163_ c0_g1), which were all upregulated under ScYLV infection. Based on the levels of gene expression, the DEGs heatmap was drawn using standard values, as shown in Figure 3B.
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FIGURE 3. Heat map diagrams of relative expression levels of DEGs in response to plants under infection of ScYLV. (A) Heat map diagrams of relative expression levels of viral protein synthesis and endoplasmic reticulum stress response-related genes in plants. RIO2, RIO protein kinase right open reading frame 2; MPP10, M-phase phosphoprotein 10; SRP72, signal recognition particle 72; SRPRB, Recombinant Signal Recognition Particle Receptor B; LC3, microtubule-associated proteins light chain 3; ATG8, Autophagy-related protein 8. (B) Heatmap diagrams showed relative expression levels of twelve endocytosis genes in plants. NEDD4, E3 ubiquitin-protein ligase; MLCP, myosin light chain phosphatase; CSNK2A, casein kinase II subunit alpha. (C) Heat map diagrams of relative expression levels of PEX proteins. PEX5, peroxisomal biogenesis factor 5; PEX10, peroxisomal biogenesis factor 10; PEX13, peroxisomal biogenesis factor 13.




Differentially Expressed Genes Involved in Viral Protein Synthesis and Endoplasmic Reticulum Stress Response Pathways

When the viruses entered the cells via endocytosis, the activity of the ER increased. The viral RNA entered the cytoplasm promoting the production of ribosomal RNA under the action of RIO2 and MPP10 and bound to it acting as a complex that translated the long peptide chain under the action of the ribosomal proteins. After translation, the newly synthesized long peptide chain was processed into protein and ubiquitinated to form a complex which could be recognized and cleaved by the protease, following the long peptide chain and was divided into structural and non-structural proteins under the action of SRP72 and SRPRB. Due to the presence of many viral proteins in the cells, endoplasmic reticulum stress lead to increased expression of LC3 which then bound to E1 and E2 enzymes to form LC3-II -inducing autophagosome formation and ATG8 expression promoted autophagosomes in becoming a fused structure.

In the previous analysis, activity of ER was encoded by 22 proteins. To better understand the molecular mechanism of ER, DEGs were analyzed in this study. These proteins could be classified into nine families, among which the seven families were related to viral protein synthesis. RIO2 (TRINITY_DN62108_c0_g1, TRINITY_DN60989_c0_g1, and TRINITY_DN65568_c3_g2) and MPP10 (TRINITY_DN53261_ c0_g1, TRINITY_DN57724_c0_g8, TRINITY_DN62037_c3_g1, and TRINITY_DN61941_c1_g3) were co-regulated by seven genes. Ribosomal proteins were co-regulated by 20 genes, which included Rpoc, B (TRINITY_DN63666_c1_g2 and TRINITY_DN58729_c0_g1), IF1 (TRINITY_DN62182_c1_g1, TRINITY_DN59158_c1_g1, and TRINITY_DN59158_ c1_g2), SecY (TRINITY_DN61201_c0_g1, TRINITY_DN54614_c0_g1, TRINITY_DN63148_c1_g1, TRINITY_DN54649_c4_g1, and TRINITY_DN54592_c2_g8), L28e (TRINITY_DN52860_c0_g2 and TRINITY_DN50761_c0_g1), EF-TU, G (TRINITY_ DN60783_c2_g1, TRINITY_DN58947_c1_g1, TRINITY_DN6 3677_c0_g6, and TRINITY_DN63677_c0_g7), L24e (TRINI TY_DN60410_c0_g1), RpoA (TRINITY_DN58364_c1_g3 and TRINITY_DN53229_c0_g2), and S6e (TRINITY_DN58 937_c1_g2), except TRINITY_DN63148_c1_g1 that is related to ribosomal structural protein S17 and was downregulated while all the other genes were upregulated. Protein processing and ubiquitin protein were co-regulated by 9 genes, which included Sec61 (TRINITY_DN57975_ c0_g1), SAR1A (TRINITY_DN58416_c0_g1), Sec13/31 (TRINI TY_DN56984_c0_g1), and (TRINITY_DN58714_c0_g1), OSTS (TRINITY_DN50386_c0_g1), ufd1 (TRINITY_D-N52714_c0_ g1), ufd2 (TRINITY_DN59737_c0_g1), RAD23 (TRINITY_ DN59833_c0_g1), and SEL1 (TRINITY_DN51537_c0_g2), while TRINITY_DN57975_c0_g1 also expressed in SRPRB and SRP72, SRPRB, and SRP72 were regulated by six genes, among which SRP72 (TRINITY_DN57025_c0_g6, TRINITY_DN57025_c0_g2, and TRINITY_DN64139_c0_g2) and SRPRB(TRINITY_DN64139_c0_g3, TRINITY_DN57975_ c0_g1, and TRINITY_DN53825_c0_g1) and were regulated by three genes each. When the process of viral protein synthesis finished, the endoplasmic reticulum stress response occurred, resulting in high expression levels of LC3 and ATG8 proteins. The expression of LC3 is regulated by the co-expression of two genes, and the expression of ATG8 is regulated by three genes. Especially, TRINITY_DN59856_c0_g1 was expressed in both ATG8 and LC3 expression. According to the ER gene expression levels, differentially expressed genes heatmap was drawn based on the standard values, as shown in Figure 3A.



Differentially Expressed Genes in the PEX Proteins Pathway

Studies have shown that peroxisomes play an essential role in the infective host of psychopathologic fungi, especially the PEX gene involved in the formation and proliferation of peroxisomes, which has been identified in plant pathogens (Catto et al., 2022). In the RNA-Seq data, PEX5 (TRINITY_DN47657_c0_g1) and PEX13 (TRINITY_DN55678_c1_g4 and TRINITY_DN55678_c1_g6) were upregulated, but PEX10 (TRINITY_DN64418_c1_g3) was downregulated. Means and variances of the six sets of data were calculated to get the standard value and construct the DEGs heatmap based on their standard values, as shown in Figure 3C.



Validation of Differentially Expressed Genes by qRT-PCR

To verify the RNA-Seq data, qRT-PCR was conducted on 63 selected genes. According to RNA-Seq data, the selected genes were differentially expressed. For example, 19 endocytosis-related genes were upregulated except TRINITY_DN63148_c1_g1 which was downregulated. According to the literature, if the QRT-PCR result median value is more than 1, then the gene is upregulated. At the same time, transcription data are also upregulated, which showed that the results of QRT-PCR are consistent and reliable.

The results of qRT-PCR proved that the expression levels of 48 genes were consistent with transcriptome data, including endocytosis (TRINITY_DN60163_c0_g1, TRINITY_ DN49520_c0_g1, TRINITY_DN51780_c0_g1, TRINITY_DN59 798_c1_g8, TRINITY_DN49944_c0_g2, TRINITY_DN46361_ c0_g1, TRINITY_DN61945_c0_g1, and TRINI-TY_DN55724_ c0_g1), PEX protein (TRINITY_DN55678_c1_g4, TRINITY_ DN64418_c1_g3, and TRINITY_DN47657_c0_g1), and 37 genes associated with endoplasmic reticulum (TRINITY_DN54592_ c2_g8-TRINITY_DN6314-8_c2_g1). Briefly, the expression of TRINITY_DN60410_c0_g1 was increased by 10-fold as compared to control. Moreover, transcript levels of TRINI TY_DN64139_c0_g3, TRINITY_DN56984_c0_g1, and TRIN ITY_DN58714_c0_g1 were increased by 9-, 9-, and 8-fold, respectively, as compared to control. Relative expressive levels of genes in the CP72-1210 plants were calculated through qRT- PCR results, as showed in Figure 4.
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FIGURE 4. Differential expression multiple of the gene histogram shows genes express differentially in the control and test groups. Panels (A–C) represent endocytosis, PEX protein and viral protein synthesis, and ER stress response. Panel (D) represents the partial path of CP72-1210 response to ScYLV infection.





DISCUSSION

Aphids, whiteflies, planthoppers, thrips, leaf beetles, and leafhoppers are the major vectors in the transmission of most of the viruses in plants (Catto et al., 2022). M. sacchari transmits the SCYLV in most of the tropical and subtropical regions in a persistent and circulative manner (Chinnaraja and Viswanathan, 2015). This role of aphids has already been confirmed in sugarcane through RT-PCR analysis by Chinnaraja and Viswanathan (Bertasello et al., 2021) and the effect of aphids on different genotypes of sugarcane by Bertasello et al. (2021). In this study, RT-PCR analysis (after 2 weeks of inoculation) of aphids, control, and CP72-1210 plants also confirmed the role of aphids in the transmission of SCYLV (Figure 2A). De novo sequencing of transcriptomes through RNA-Seq generated 2,31,870 transcripts with an N50 of 254 bp and an average length of 517 bp of CP72-1210 under SCYLV infection while 1,22,593 unigenes with average length of 455 and 579 bp N50 were generated (Figure 2B).

A total of 1,22,593 genes were assembled of which 1,630 genes were differentially expressed. Among DEGs, 1,622 were upregulated and eight were downregulated. Transcriptomic analysis can screen the genes related to aphid transmission virus, which has guiding significance for cutting off the transmission route by using RNAi of aphid virus transmission-related genes (Liang et al., 2021). Liang et al. (2021) analyzed the transcriptome of M. persicae with or without venomous peach aphid. The genes encoding epidermal proteins and the genes encoding ribosomal proteins play an important role in the process of aphids spreading plant viruses. In the omics study of aphid’s saliva secretion, transcriptome analysis and proteome analysis were performed, and after the two were combined, some proteins and expressed genes that may be related to virus transmission were found just like in the saliva of black-faced grasshopper (Tian et al., 2021) and whitefly (Grangeon et al., 2012).

Most the pathogenic viruses contain the core of RNA and with the help of endomembrane (ER, peroxisome, chloroplast, vacuole, etc.) form complex structures or inclusion bodies and replicate within the host cell (Agaoua et al., 2021). These membranes also take part in the transportation of viruses and their proteins (DeBlasio et al., 2015). In this research, the differentially expressed genes (DEGs) were functionally annotated into 68 biological functions, which were categorized into biochemical, molecular, and cellular components. The 68 biological functions were related to ER stress activity, viral protein synthesis, PEX proteins, and endocytosis.

Various proteins involved in clathrin-mediated endocytosis have been identified. These proteins also act in co-immunoprecipitation of PLRV (potato leafroll virus). In a previous study, PLRV was observed in the cytoplasmic vesicles (by transmission-electron microscopy) which tend to fuse with ER (near plasmodesmata), vacuoles, mitochondria, and nucleus and form vesicles (Alexander and Cilia, 2016). It was supposed that the function of these vesicles is to traffic the PLRV across the tissue barriers of aphids as well as plant hosts due to the presence of RTP (read-through protein) in viral capsids which aids in the transmission of the virus in both aphid vectors and plant hosts (Asadulghani et al., 2009). In this study, SCYLV interacted with the clathrin receptors bound with the cell membrane to form complexes/vesicles. Higher activity of NEDD4 and MLCP-CSKN2A as well as their regulating genes were observed after viral infection which increased the membrane fluidity and allowed the transmission of the virus to the tight junction of cells. Furthermore, all the eight genes involved (as mentioned in Figure 3B) in the process of endocytosis were upregulated under infection of SCYLV.

In this study, the activity of the endoplasmic reticulum (ER) increased after the entry of the virus into the cell via endocytosis. Viral RNA under the combined action of MPP10 and RIO2 promotes the production of rRNA followed by translation and ubiquitination of viral RNA into structural and non-structural viral proteins under the combined action of SRPRB and SRP72. The presence of viral proteins triggers the ER stress response by increasing the expression of ATG8/LC3 and binding LC3 with E1 and E2 enzymes to form the LC3-II complex. This complex induces the formation of autophagosomes and ATG8 promotes the fusion of these autophagosomes to rid of viral bodies from the cell. Several studies had also shown the essential role of ATG8/LC3 in autophagy and its role in the antiviral defense response of plants which directly targets the degradation of virus or viral components (Gatica et al., 2018; Marshall and Vierstra, 2018; Johansen and Lamark, 2020; Ran et al., 2020; Wu et al., 2022). Recently, Johansen and Lamark (2020) observed that AT8/LC3 along with other autophagy proteins (ATG6/Beclint, ATG1, etc.) regulate the initiation, augmentation, and maturation of the autophagosomes. ATG8 targets the βC1 protein (a key factor for virus accumulation in plants) and degrades it, thus, protecting plants (Vietri et al., 2020). Similarly, ATG8 also directly targets the nucleoprotein C1 of TLCYnV and degrades it. XPO1 (exportin1) mediates the binding between C1 and ATG8 by transferring C1 in the cytoplasm from the nucleus (Ferreira et al., 2019). Once autophagosomes are formed, they are transported to lysosome/vacuole through the network of microtubules (Ferreira et al., 2021). In this research, the genes involved in the regulation of ATG8/LC3 were also studied and a heat map was drawn (Figure 3A).

Peroxisomes are the ubiquitous organelles having a significant role in the antiviral response metabolism of ROS and lipids and have an impact various important diseases in plants (Wang et al., 2019). The significance of peroxisomes in establishing the antiviral response of cells has been observed in various reports in the association of peroxisome-dependent signaling. The upregulation of PEX5 and PEX13 was observed under ScYLV infection and a heat map (Figure 3C) was drawn as well in this experiment. Similarly, the significance of PEX13 and PEX14 for the biosynthesis of peroxisomes, host infection, pathogenicity, and development of Magnaporthe oryzae was observed by Wang et al. (2019). In future experiments, data of this research will further explore the infection mechanism of yellow leaf disease and aid with future research.



CONCLUSION

In this study, comparative transcriptome analysis was conducted between ScYLV-infected and ScYLV-free plants of CP72-1210. Data analysis of plants yielded 23,180 transcription data and obtained 1,22,593 unigenes by redundancy. GO functional enrichment and KEGG analysis of DEGs showed that they were mainly involved in endocytosis, PEX proteins synthesis, and ER stress response to viral protein synthesis, which included 364 GO functions and 12 KEGG pathways. Among them, there were 77 GO functions and four KEGG pathways related to endocytosis, relevant to 12 expressed genes and 219 GO functions and seven KEGG pathways were associated with an ER stress response to viral protein synthesis, corresponding to 47 expressed genes. Also, it had 12 GO functions and 1 KEGG pathway related to PEX proteins. The corresponding number of expressed genes was four. And we found 47 genes expression consistent with the transcription data based on the results of qRT-PCR including seven and three for endocytosis and PEX proteins, respectively. However, 37 genes were related to ER response function. Besides these, our research first discovered that ScYLV can induce the formation of autophagosomes in the analysis of ER stress. Therefore, this study proposed the first partial virus infection process, including virus entrance to the cell and viral protein synthesis leading to the foundation of the complete mechanism proposed for the future and offered an overall comprehension of sugarcane responses to ScYLV infection at the gene expression level.
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ABBREVIATIONS

ScYLD, sugarcane yellow leaf disease; ScYLV, sugarcane yellow leaf virus; ScYLS, sugarcane yellow leaf symptom; BWYV, beet western yellows virus; BYDVPAV, barley yellow dwarf virus PAV; PLRV, potato leaf roll virus; AGO1, argonaute-1; ER, endoplasmic reticulum; DGE, digital gene expression; RPKM, reads per kb per million; DEGs, differentially expressed genes; RIO2, RIO protein kinase right open reading frame 2; MPP10, M-phase phosphoprotein 10; SRP72, signal recognition particle72; SRPRB, recombinant signal recognition particle receptor B; LC3, microtubule-associated proteins light chain 3; ATG8, autophagy-related protein 8; NEDD4, E3 ubiquitin-protein ligase; MLCP, myosin light chain phosphatase; CSNK2A, casein kinase II; PCR, polymerase chain reaction; PEX, peroxisome; CP, coat protein; QRT-PCR, quantitative real-time PCR; EST, expressed sequence tag; DLG2, disks large protein 2; DLG3, disks large protein 3; TJAP1, tight junction protein 4; zo-1, zonula occludens-1; JAM, junctional adhesion molecule 1; ufd1, ufd2, ubiquitin-recognition protein; EF-TU, G, elongation factor Tu elongation factor G; RPOC, B, RNA polymerase D’ subunit and β subunit; SecY, the central subunit of the protein translocation channel; L28e, large subunit ribosomal protein L28e; L24e, large subunit ribosomal protein L24e; RpoA, RNA polymerase α subunit; S6e, small subunit ribosomal protein S6e; S17, ribosomal structural protein S17; Sec61, protein transport protein Sec61 subunit alpha; SAR1, GTP-binding protein SAR1; Sec13/31, protein transport protein SEC13; OSTS, oligo saccharyl transferase complex subunit alpha; RAD23, UV excision repair protein RAD23; SEL1, SEL1 protein; TLCYnV, tomato leaf curl Yunnan virus.
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Contemporary wisdom suggests that inclusion of legumes into crop rotations benefit subsequent cereal crop yields. To investigate whether this maxim was generically scalable, we contrast summer soybean–winter wheat (SW) with summer maize–winter wheat (MW) rotation systems in an extensive field campaign in the North China Plain (NCP). We identify heretofore unseen interactions between crop rotation, synthetic N fertilizer application, and stored soil water. In the year with typical rainfall, inclusion of soybean within rotation had no effect on wheat ear number and yield, while N fertilization penalized wheat yields by 6–8%, mainly due to lower dry matter accumulation after anthesis. In contrast, in dry years prior crops of soybean reduced the rate and number of effective ears in wheat by 5–27 and 14–17%, respectively, leading to 7–23% reduction in wheat yield. Although N fertilization increased the stem number before anthesis in dry years, there was no corresponding increase in ear number and yield of wheat in such years, indicating compensating reduction in yield components. We also showed that N fertilization increased wheat yield in MW rather than SW as the former better facilitated higher dry matter accumulation after flowering in dry years. Taken together, our results suggest that soybean inclusion reduced soil available water for subsequent wheat growth, causing yield penalty of subsequent wheat under drought conditions. We call for more research into factors influencing crop soil water, including initial state, crop water requirement, and seasonal climate forecasts, when considering legumes into rotation systems.
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GRAPHICAL ABSTRACT. Response of wheat population and yield to soybean inclusion under limited-irrigation.
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HIGHLIGHTS

– Soybean inclusion decreased soil water storage for subsequent wheat.

– Precipitation years affected the pre-crop and N fertilization impacts on wheat population and yield.

– Soybean inclusion reduced wheat yield and ear number in dry years.

– N fertilization reduced dry matter accumulation after flowering and yield of wheat in normal years.



INTRODUCTION

Optimizing wheat population is crucial to increasing chances of attaining potential wheat grain yield, in which optimal population is a function of population density and quality with balanced yield components (Xu et al., 2013). In China, optimizing the wheat population canopy and coordinating the development between wheat population quantity and quality may be conducive to higher yields of wheat (≥9 t ha−1) under appropriate management practices (Meng et al., 2013). In the North China Plain (NCP), farmers often apply excessive irrigation or nitrogen (N) fertilizer in attempt to maximize wheat growth. However, these unreasonable practices usually result in sub-optimal population, reflected by excessive population density and high tiller mortality, thus reducing wheat yield (Li et al., 2012). As well, excessive use, inappropriate timing, and seasonal conditions as well as form of N fertilizer may contribute to either excessive N leaching into ground water and eutrophication, supra-optimal N volatilization, or extreme pulses of greenhouse gas emissions (Harrison et al., 2014; Christie et al., 2018; Smith et al., 2021). Collectively, these factors suggest that better understanding the dynamics and driving factors of population establishment will be vital to achieving ensuring agri-food system intensification without causing adverse effects of natural resources and the environment (Harrison et al., 2021; Yan et al., 2022).

In general, yield reduction in winter wheat may be due to either low productive tiller production before and during winter (Meng et al., 2013), or low dry matter accumulation after flowering since unproductive tillers in spring compete for water and nutrients with productive tillers (Peng et al., 2008). First, while tiller number determines canopy densities during early development, not all tillers survive to maturation (Davidson and Chevalier, 1990). The rate of the productive tiller development is regulated by manifold environmental factors, including soil temperature (Thorne and Wood, 1987; Liu et al., 2022), soil water (Tao et al., 2007), soil nutrient supply (Longnecker et al., 1993; Scharf and Alley, 1993), and defoliation (Harrison et al., 2012). For instance, Shang et al. (2020) reported that adequate water supply at jointing stage can effectively reduce the tiller mortality and thus increase wheat yield. On the other hand, kernel assimilate is primarily derived from two temporal periods: the transfer of photosynthetic assimilate stored in vegetative organs before flowering (this is used to build ear organs); and the other comes from the accumulation of stored assimilates plus photosynthesis after flowering, which is used for grain filling (Harrison et al., 2012). Consequently, the core indicator of wheat population quality is canopy photosynthetic production from flowering to maturity (Ma et al., 2020; Wang et al., 2020). Correspondingly, decreased dry matter on individual plants may result in resistance weak and plant mortality (Sui et al., 2013). Optimal crop management is thus essential for establishing ideal populations to enhance productive tiller development and simultaneously limit unproductive growth.

In addition to the selection of cultivars with different genetic tillering propensities, N application is considered to be an effective practice to stimulate tillering and regulate population development (Weisz et al., 2001; Engström and Bergkvist, 2009; Zhang et al., 2020). In attempt for greater yields, farmers often apply excessive N fertilizer at sowing to increase the number of ears (spikes; Chen et al., 2011). Nitrogen fertilizer responses and crop development may impact on flowering time, which can also determine whether potential yields are attained or not (Liu et al., 2020a). However, this can result in larger, heavier canopies that can lodge in later development (Bond et al., 2008). Higher N application rate may also reduce N use efficiency (Wang et al., 2014), increase ammonia volatilization (Smith et al., 2021) and impede the sustainable development of wheat production in the NCP (Li et al., 2017; Huang et al., 2018). There is thus an urgent need for development of management practices that optimize N fertilization management across systems (Rawnsley et al., 2019), but particularly in summer maize−winter wheat (MW) rotation system to maintain high yield but improve environmental sustainability in the NCP.

Incorporation of legumes within cereal crop rotations is believed to reduce the need for input for N fertilizers and optimize yield, which mainly provides nutrients for the next crop of wheat through N fixation of legume crops (Oberson et al., 2013; Amossé et al., 2014; Manevski et al., 2015; Peoples et al., 2017; Plaza-Bonilla et al., 2017). In addition to the “N-effects,” the observed benefits of grain legumes on subsequent crops also include “non-N-effects,” which is divided into biotic (occurrence of pests, weeds, and diseases) and abiotic factors (availability of water or nutrients except for N in soil). However, performance of crops within legume-cereal rotations is affected by seasonal climate conditions and soil fertility (Bell et al., 2015). For example, Franke et al. (2018) reported that synthetic N application to cereals reduces the residual effects of legumes, but the response at low N (60–120 kg N ha−1) input is still positive compared with no-N management. Nevertheless, other studies demonstrated that legume inclusion reduced soil water storage due to higher leaf area index (Qin et al., 2018; Zhang et al., 2021; Nie et al., 2022), which may cause water shortage in the wheat-growing season. Therefore, the wheat population and yield in legume-cereal rotation systems with different N managements needs to be further investigated, especially under water-deficit and drought conditions. Such studies should help disentangle the interplay between (1) N use, (2) biomass production, (3) soil water use of legumes, and (4) seasonal climatic conditions on subsequent crop development.

The NCP produces approximately 60% of national wheat and plays a pivotal role in national food security (National Bureau of Statistics, 2020). In recent years, summer soybean−winter wheat (SW) rotation system is considered as a feasible alternative to MW in the NCP, due to higher potentials to reduce environmental costs without sacrificing crop yield (Mupangwa et al., 2021). In addition, limited-irrigation (applied at sowing and jointing) has been widely used for winter wheat in the NCP due to the groundwater depletion (Xu et al., 2016; Wang et al., 2020). However, there is yet to be optimized for SW rotation system under limited irrigation. Therefore, the aims of our study were: (i) to quantify grain yield of legume crop introduction (i.e., soybean) as part of crop rotation under different N management practices, and (ii) to quantify the crop population response to rotation and N management practices.



MATERIALS AND METHODS


Site Description

A 3-year (June 2018 to June 2021) field experiment was conducted in the Wuqiao Experimental Station of China Agricultural University (37°41′N, 116°36′E), Cangzhou City, Hebei, China. This region has a typical sub-humid continental monsoon climate with cold winter and hot summer. The annual active accumulated temperature (≥0°C) and the annual frost-free period are 4,826°C and 201 days, respectively (Zhang et al., 2019; Zhao et al., 2019). The long-term average annual rainfall is 562 mm, with a characteristic of erratic seasonal distribution and a sharp yearly fluctuation (Wang et al., 2021). The soil had a Calcaric Fluvisol developed on an alluvial plain texture with a soil pH (H2O) of 7.74, soil organic carbon (SOC) of 9.0 g kg−1, total nitrogen (TN) of 1.3 g kg−1, total phosphorus (TP) of 1.73 g kg−1, and available phosphorous (Olsen-P) of 89.8 mg kg−1 (Wang et al., 2021).



Experimental Design and Crop Management

The field experiment was arranged in a split-plot design with rotation system as the main plot and nitrogen (N) treatments as subplot. The plot size was 60 m2 (6 × 10 m) with three field replicates. Two rotation systems: summer soybean−winter wheat (SW) and summer maize−winter wheat (MW) were ranged in the main plot. The five N treatments were: 0 kg N ha−1 (N0), 60 kg N ha−1 (N1), 120 kg N ha−1 (N2), 180 kg N ha−1 (N3), and 240 kg N ha−1 (N4) for winter wheat.

Before sowing, summer crops (soybean and maize) were surface irrigated at 750 m3 ha−1; and after sowing, basal fertilizer for summer crops were applied with the combination of designed N application rate (summer soybean and maize were applied with 60 and 120 kg N ha−1, respectively) and 103.5 kg ha−1 of P2O5 and 112.5 kg ha−1 of K2O. Summer maize (cv. Zhengdan 958) and soybean (cv. Xudou 20) were sown in Mid-June with a row spacing of 0.6 and 0.4 m, and a plant spacing of 0.24 and 0.15 m, respectively, and they were both harvested in Early-October from 2018 to 2021.

Before winter wheat sowing, straw of maize and soybean was incorporated. In NCP, farmers often applied all fertilizer as basal due to lower labor (Xu et al., 2016; Wang et al., 2020), thus the basal fertilizer was applied with the combination of designed N application rate and 138 kg ha−1 of P2O5 and 112.5 kg ha−1 of K2O. The form of chemical fertilizers was applied as the urea, diammonium phosphate, and potassium sulfate. Winter wheat (cv. Jimai 22) with 15 cm rows space was sown at Mid-October with a sowing rate of 337.5, 315, and 300 kg ha−1 in 2018/2019, 2019/2020, and 2020/2021 seasons, respectively. Wheat was harvested on June 3, 2019, June 8, 2020, and June 3, 2021, respectively. Winter wheat was surface irrigated before wheat sowing and fertilizer applied (750 m3 ha−1) and again at the jointing stage (750 m3 ha−1).



Sampling and Measurement

The stem number was counted in two 1-m row sites at tillering (3 weeks after sowing), overwintering (7–8 weeks after sowing), jointing (22–23 weeks after sowing), and anthesis (28–29 weeks after sowing), respectively. The rate of effective ear was calculated as the ratio of ear number at harvest to stem number at anthesis (Lu et al., 2014). The ear (panicle) number and grain number per ear were determined in two sites with 1 m2 and the grains of each ear from 40 randomly selected wheat plants at harvest, respectively.

Wheat grain yield (GY), aboveground biomass (AGB), and harvest index (HI) were measured based on the average of two sites with 2 m2 (1 m × 1 m). The grain yield was reported at 14% moisture. Harvest index is calculated as the ratio of grain yield to AGB at wheat maturity (Wang et al., 2021):
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The dry matter accumulation was sampled from 0.3 m2 in each plot. Then, wheat plant samples were oven-dried at 75°C until achieving constant dry weight. Post-anthesis dry matter accumulation (DMpa) was determined by the dry matter accumulation difference between maturity and flowering stage of wheat (Wang et al., 2021):
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The contribution of DMpa to wheat grain yield was determined by the ratio of DMpa to grain yield at maturity (CR).

[image: image]

Soil water content was determined at summer crops and wheat harvest (Early-October) and wheat sowing (Mid-October). Soil samples were taken from 0 to 2 m with 20-cm intervals by a ground auger, then dried at 105°C to a constant weight. The soil water storage (SWS, mm) of each layer was calculated as follows (Wang et al., 2021):
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Where SWC (%) is the water content of dry soil, D (g cm−3) is the soil bulk density, and SD (mm) is soil depth.



Data Analysis

The Data Processing System (DPS) software version 7.05 was performed for statistical analyses (Tang and Zhang, 2013). A three-way ANOVA was used to show the effects of experimental year, rotation system, and N fertilization rate on grain yield and yield components of winter wheat with Fisher’s Least Significant Difference (LSD) test (p < 0.05). We checked the residuals to ensure normality and homogeneity by Shapiro and Leneve’s tests, respectively. When the normality test fails, the data transform was performed by log. SigmaPlot version 12.5 (Systat Software Inc., San Jose, CA, United States) was used to perform the Figures.




RESULTS


Weather Conditions and Soil Water Storage Before Winter Wheat Sowing

Daily average temperature in 2019/2020 season (8.58°C) was higher by 0.64 and 0.43°C than those in 2018/2019 and 2020/2021 seasons, respectively (Figures 1A,C,E). Daily precipitation varied significantly across seasons. The precipitation accumulation was 48.7, 153.6, and 109.8 mm in the 2018/2019, 2019/2020, and 2020/2021 seasons, respectively. According to the amount of precipitation, the 3 years were divided into wet, normal, and dry years based on the empirical frequency analysis (Zhao et al., 2020; Gao et al., 2022). Therefore, 2018/2019 season was a typical dry season, while 2020/2021 and 2019/2020 seasons were normal seasons. However, 66% of precipitation (73.4 mm) occurred before the wheat jointing stage in 2020/2021 (Figure 1E), thus 2020/2021 season was a dry season.
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FIGURE 1. Weather condition (A,C,E) during winter wheat growing seasons and soil water storage (B,D,F) before winter wheat sowing in summer maize−winter wheat (MW) and summer soybean−winter wheat (SW) rotation systems. Values are means + SEs (n = 3) for soil water storage. Different lowercase letters indicate significant differences (p < 0.05).


The soil water storage (SWS) in the 0–2 m soil depth before wheat sowing differed significantly between rotation systems in the 3 years (Figures 1B,D,F; Supplementary Figure S1). The SWS of SW in the 0–1, 1–2, and 0–2 m soil depths was 64.6, 22.5, and 87.1 mm and 39.6, 5.0, and 44.6 mm and 24.5, 1.5, and 26 mm lower than those of MW in 2018/2019, 2019/2020, and 2020/2021 seasons, respectively (Figures 1B,D,F). Moreover, SW depleted more soil water at the surface layer (0–60 cm, Supplementary Figure S1) in summer, but reduced soil water consumption in the deeper soil layer (> 60 cm) over 3 years, as compared with MW.



Dynamics of Wheat Stem in SW and MW Under Five N Application Rates

At the jointing stage of winter wheat, the stem number reached highest but then quickly declined until the anthesis stage (Figure 2). In both rotation systems, more stems were recorded under higher N application rates than those under lower application rates from the overwinter to anthesis stage. However, a minor difference in stem number was found between SW and MW under the same N application rate.

[image: Figure 2]

FIGURE 2. Dynamics of wheat ear number in summer soybean−winter wheat (SW) and summer maize−winter wheat (MW) rotation systems under five N application rates. Values are means + SEs (n = 3). N0, 0 kg N ha−1; N1, 60 kg N ha−1; N2, 120 kg N ha−1; N3, 180 kg N ha−1; and N4, 240 kg N ha−1.


The rate of effective ear of SW were 4.8 and 27.4% lower than those of MW across five N treatments in dry years (2018/2019 and 2020/2021), respectively, whereas no significant difference was observed in normal year (2019/2020, Figure 3). Moreover, N application reduced the rate of effective ear in all 3 years across rotation systems as compared with N0. Overall, rotation system had a minor effect on the dynamic of stem number during the early stage of wheat under the same N application rate, but resulted in a lower effective ear number at wheat harvest.
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FIGURE 3. The rate of effective ear of winter wheat in summer soybean–winter wheat (SW) and summer maize–winter wheat (MW) rotation systems under five N application rates. Values are means + SEs (n = 3). Different lowercase letters indicate significant differences (p < 0.05) among five fertilization treatments within the same rotation system in the same year. RS, rotation system; N, nitrogen fertilization; and CS × N, interaction of rotation system and nitrogen fertilization. N0, 0 kg N ha−1; N1, 60 kg N ha−1; N2, 120 kg N ha−1; N3, 180 kg N ha−1; and N4, 240 kg N ha−1.




Dry Matter Accumulation of Wheat in SW and MW Under Five N Application Rates

The aboveground biomass (AGB) in normal year was 16.7 Mg ha−1, which was 25 and 31% higher than those in dry years (p < 0.01; Tables 1, 2), respectively. Legume inclusion reduced AGB by 16 and 19% in dry years, as compared with MW. The AGB increased with the increased N application rates regardless of rotation systems.



TABLE 1. Combined analysis of variances for grain yield, agronomical and physiological traits of winter wheat.
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TABLE 2. Yield components, dry matter accumulation at anthesis (DMa), dry matter accumulation during post-anthesis (DMpa), and contribution ratio of DMpa to grain yield (CR) of winter wheat in summer soybean−winter wheat (SW) and summer maize−winter wheat (MW) rotation systems under five N application rates.
[image: Table2]

N application increased DMa in both cropping systems as compared with N0 across the 3 years, whereas legume inclusion decreased DMa in dry years (Table 2). Similar to AGB at maturity, DMa increased with the increasing of N application rate in both rotation systems. However, the dry matter accumulation of wheat after anthesis (DMpa) and contribution ratio of DMpa to grain yield were not affected by rotation system and N fertilization, but affected by the interaction of rotation system and N fertilization (Tables 1, 2).



Wheat Yield and Yield Components in SW and MW Under Five N Application Rates

Wheat yield was significantly influenced by precipitation year, rotation system, and interaction of year and rotation system (p < 0.001, Figure 4). Wheat yield in normal year (7.6–9.1 Mg ha−1) was 19–42% higher than those in dry years (5.6–7.9 Mg ha−1 in 2018/2019 and 4.2–5.6 Mg ha−1 in 2020/2021). Moreover, soybean incorporation reduced wheat yield by 23 and 7% in dry years compared with MW, respectively (Figures 4A,C). However, the response of wheat yield to the N rate showed an opposite trend between years. Regardless of rotation systems, N applications had no impact on wheat yield in 2018/2019 season but decreased wheat yield by 3–12% in normal year. In 2020/2021 season, N application increased wheat yield of MW by 10–29%, while no variation was observed of SW as compared with N0. Grain yield is positively related with DMpa in 2019/2020 season, and positively related with DMa in dry years (Figure 5). Overall, the introduction of legumes into rotation exhibited a neutral or negative effect on subsequent wheat yield.
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FIGURE 4. Grain yield of winter wheat in summer soybean–winter wheat (SW) and summer maize–winter wheat (MW) rotation systems under five N application rates. Values are means + SEs (n = 3). Different lowercase letters indicate significant differences (p < 0.05) among five fertilization treatments within the same rotation system in the same year. N0, 0 kg N ha−1; N1, 60 kg N ha−1; N2, 120 kg N ha−1; N3, 180 kg N ha−1; and N4, 240 kg N ha−1.


[image: Figure 5]

FIGURE 5. Relationships between wheat yield and ear number (A,B), harvest index (C,D), dry matter accumulation at anthesis (DMa; E,F), and dry matter accumulation during post-anthesis (DMpa; G,H) in dry and normal years, respectively.


Following trends in yields, ear numbers in dry years were 26 and 42% lower than in normal year, respectively (p < 0.01, Table 2). As well, SW reduced wheat ear number by 14 and 17% in the dry years compared with MW, respectively (Table 2). Thousand grain weight (TGW) was influenced by year, N application rate, and their interaction (Table 1), the TGW in MW showed a declining trend with increased N application rates within the 3 years (Table 2). Harvest index (HI) also decreased with increasing N application rate in both cropping systems.

In dry years, ear number was positively correlated with wheat grain yield, regardless of cropping system, N application rate, and experimental year (p < 0.01, Figure 5), suggesting that ear number was the main yield component determining wheat yield. Moreover, both AGB and HI positively correlated with wheat grain yield (p < 0.01, Figure 5). The SWS significantly and positively related with grain yield, ear number, and dry matter accumulation at anthesis (p < 0.01, Figure 6), but not dry matter accumulation during post-anthesis.
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FIGURE 6. Relationships between wheat yield (A), ear number (B), dry matter accumulation at anthesis (DMa, C), and dry matter accumulation during post-anthesis (DMpa, D) and soil water storage (SWS) before winter wheat sowing, respectively.





DISCUSSION


Wheat Population Response to Cropping System and N Application Rate

Optimal N fertilizer management not only matches the N supply with crop N demand (Chen et al., 2006; Cui et al., 2011; Yue et al., 2012), but also ensures adequate N partitioning into productive tillers. Previous studies have shown that during the early tillering period, N application stimulates tiller production (Weisz et al., 2001; Lu et al., 2014) and also promotes the rate of productive stem appearance. Similarly, N application promoted stem numbers during overwintering to anthesis. In contrast to previous studies, we showed that N application did not improve the rate of effective ear correspondingly, but reduced the rate of effective ear to a certain extent (Figures 2, 3). This is mainly because that unproductive tillers promoted by N application compete for light, nutrients, and water with productive tillers (Nuruzzaman et al., 2000; Ao et al., 2010), thus resulting in a lower rate of effective ear. On the other hand, under water-deficient condition, soil water availability affects the critical N dilution curves in crops (Ciampitti et al., 2021). In practice, most farmers usually applied all fertilizer at sowing and limited irrigation at sowing and jointing stages of wheat due to water shortage and high labor costs (Xu et al., 2016). Thus, N application had different impacts on the ear number at wheat harvest between cropping systems and among precipitation years. For example, our results indicated that varying N as basal fertilizer can improve ear number in MW in dry years, but not in SW (Table 2). This may be explained by the fact that ear number was positively correlated with soil water storage (SWS) at sowing (Figure 6). Consequently, the N application as basal fertilizer promotes effective ear number of MW due to higher SWS. Moreover, the variation of ear number was observed among different N application rates in dry years but not normal year, this was mainly attributed to a higher precipitation in normal year than that in dry years (Figure 1). N fertilizer stimulates tillering of wheat during abundant rainfall. However, a higher population (ear number averaged 822–860 m−2) in normal year than that in dry years (ear number averaged 442–670 m−2) also caused stronger competition for light, water, and nutrition in later wheat growth (Lu et al., 2014). Furthermore, stronger competition resulted in the death of ineffective tillers, thus it had no significant effect on the final number of effective ear. Overall, our results demonstrated that the soil available water and precipitation buffer against the positive effect of N application on wheat tiller dynamic under limited irrigation. Future studies would do well to further dissect the interaction between N and irrigation management in cereal-legume rotations. The interplay between soil water at sowing, within-season precipitation could be explored further using seasonal climate forecasting approaches (Harrison et al., 2017; Liu et al., 2020b) in similar crop rotational systems.

We found that soybean did not impact the stem number of subsequent wheat crops before anthesis when the same N was applied (Figure 2), indicating that legume inclusion did not show an N-benefit for the following wheat under water-deficient conditions. However, soybean inclusion reduced the rate of effective ear as compared with MW, indicating that more productive stem getting senescing in the late growing season. Since the lower soil water storage of SW than that of MW before wheat sowing (Figure 1), it aggravated competition for water and nutrients with productive stems and higher tiller mortality. This was further confirmed by the positive correlation between ear number and soil water storage before wheat sowing (Figures 5, 6). A similar result was reported by Richards et al. (2014), who observed that the low water storage before sowing reduces the number of ears and the rate of effective ear. Thus, legume inclusion induced a reduction in soil water storage for the following wheat (Zhang et al., 2021).

In addition to ear number, dry matter partitioning (before and after anthesis) is one of the main controlling population factors for wheat yield under water-deficit conditions (Wang et al., 2021). Consistent with previous studies (Ehdaie and Waines, 2001; Ma et al., 2020), our results showed that DMa increased with the increase of N application across 3 years, which was attributed to higher nutrition acquisition of tiller under higher N application. However, soybean inclusion reduced DMa in the dry years, which could be explained by the lower SWS of SW before wheat sowing (Richards et al., 2014). In general, many studies believe that DMpa is more important to yield than DMa (Shi et al., 2016), and its contribution to yield reach 38–158% under restricted irrigation conditions (Wang et al., 2021). However, our study indicated that yield depended on DMa in dry years, whereas it mainly depended on DMpa in normal year (Figure 5). This is mainly because the contribution of dry matter accumulation before and after flowering to yield is affected by soil moisture (Foulkes et al., 2007; Thapa et al., 2019). For example, a previous study proved that water deficit at the grain filling stage is detrimental for DMpa, but can significantly increase the transport of DMpa to grain, and thus increase the contribution rate of stem-sheath stored matter to grain yield (Foulkes et al., 2007). Furthermore, the contribution of DMpa to grain yield (CR) in dry years is lower than that in normal year, indicating that precipitation affects CR. Overall, the interannual variation in precipitation leads to the importance of pre- and post-anthesis dry matter accumulation in yield formation.



Wheat Yield Response to Cropping System and N Application Rate

Increased grain yields are usually obtained when a cereal follows a grain legume in sequence compared with a cereal-cereal rotation. In general, the different rotational effects of grain legumes on subsequent crops could be divided into “N-effects” and “non-N-effects,” and the “non-N-effects” of grain legumes in rotations refers to impacts mediated by biotic factors (the occurrence of pests, weeds, and diseases) and abiotic factors (changes in the availability of water or nutrients other than N; Franke et al., 2018). Similarly, our study found that the “N-effects” and “non-N-effects” of soybean dominated the response of following wheat. In dry years, soybean crops reduced wheat yield, mainly due to lower effective ear numbers resulting from less stored soil water before wheat sowing caused by pre-crop soybean (Supplementary Figure S1; Figure 6). This result is in line with previous studies (Qin et al., 2018; Zhang et al., 2021; Nie et al., 2022). In normal year, although crop rotation did not increase wheat yield, it showed an increasing trend (Figure 4), which was mainly due to increased DMpa to a certain extent (Table 2). These results indicated that the legume inclusion increased soil mineral N for wheat in the year with abundant precipitation. In other words, the impact of legume inclusion on wheat depends on the precipitation in the wheat-growing period under limited irrigation.

Furthermore, N application reduced wheat yield in normal year (Figure 4), which is due to the production of a large number of ineffective tillers in the early stage (Cui et al., 2008), through consuming a large quantity of water and nutrients, thus resulting in a reduction of DMpa and yield. Another reason is excessive wheat population caused mutual shading of wheat in the late growth stage, reduction in effective tillering, and delay in heading and flowering of wheat, which ultimately leads to a decrease in yield (Zhang et al., 2018). Moreover, N application had no significant effect on wheat yield of SW in dry years (Figure 4), suggesting that the noneffective of N fertilizer under water-limiting conditions. In other words, under limited-irrigation conditions, soil water but not N is the most determining factor for wheat growth and yield (Olesen et al., 2000; Albrizio et al., 2010). However, N application increased wheat yield in MW in 2020/2021 but not in 2018/2019 (Table 2), which is mainly due to precipitation variation between the 2 years (Figure 1). Furthermore, the impact on grain yield by legume inclusion was greater in dry years than that in normal year across different N application rates, and the yield variation can be attributed to the precipitation variation among the 3 years, which contributed to different ear number in the 3 years (Table 2). Thus, these results further confirmed that the impact of legumes inclusion and N application is dependent on available soil water and precipitation under restricted irrigation.

Overall, our results suggest that legume inclusion is not always a suitable way to increase subsequent cereal yield in arid or semi-arid areas, because legume may consume more water thereby lowering pre-sowing soil water storage for following crops. Moreover, N application cannot promote wheat yield due to water-deficient under limited-irrigation conditions. In a further study, the optimized field managements and more drought-tolerant wheat cultivars could be explored under the limited-irrigation condition to improve wheat productivity.




CONCLUSION

Our results demonstrate that including soybean within cereal crop rotation systems does not necessarily benefit subsequent wheat yield, since soybean depletes soil water storage available for subsequent wheat. By the time wheat reaches anthesis, these cascading effects in dry years can manifest in reduced ear number and dry matter accumulation, leading to yield losses. We also showed that N application promoted tiller production but decreased the rate of effective ear and yield of wheat in both rotation systems in normal year, but increased wheat yields under summer maize–winter wheat rotation system in dry year. Overall, our study indicates that available soil water rather than mineral N or N application is more influential in wheat development and yield in rotation systems with limited irrigation. Thus we suggest that future work consider optimizing irrigation water use (e.g., irrigation scheduling) in concert with genotypes with high water-use efficiency to cope with potential water shortages or a changing climate in the North China Plain.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material
, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

JN: conceptualization, methodology, data curation, formal analysis, and writing—original draft. JZho, JZha, MH, and KL: review and editing. XW: data curation and review and editing. PW, SW, and LY: formal analysis and investigation. HZ: conceptualization and review and editing. YY: conceptualization, project administration, funding acquisition, and writing—review and editing. ZZ: project administration and funding acquisition. All authors contributed to the article and approved the submitted version.



FUNDING

This study was financially supported by the National Natural Science Foundation of China (31901470) and the National Key Research and Development Program of China (2016YFD0300205-01).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.947132/full#supplementary-material



REFERENCES

 Albrizio, R., Todorovic, M., Matic, T., and Stellacci, A. M. (2010). Comparing the interactive effects of water and nitrogen on durum wheat and barley grown in a Mediterranean environment. Field Crop Res. 115, 179–190. doi: 10.1016/j.fcr.2009.11.003

 Amossé, C., Jeuffroy, M.-H., Mary, B., and David, C. (2014). Contribution of relay intercropping with legume cover crops on nitrogen dynamics in organic grain systems. Nutr. Cycl. Agroecosyst. 98, 1–14. doi: 10.1007/s10705-013-9591-8

 Ao, H. J., Peng, S. B., Zou, Y. B., Tang, Q. Y., and Visperas, R. M. (2010). Reduction of unproductive tillers did not increase the grain yield of irrigated rice. Field Crop Res. 116, 108–115. doi: 10.1016/j.fcr.2009.11.020 

 Bell, L. W., Harrison, M. T., and Kirkegaard, J. A. (2015). Dual-purpose cropping—capitalising on potential grain crop grazing to enhance mixed-farming profitability. Crop Pasture Sci. 66, I–IV. doi: 10.1071/CPv66n4_FO

 Bond, J. A., Walker, T. W., Ottis, B. V., and Harrell, D. L. (2008). Rice seeding and nitrogen rate effects on yield and yield components of two rice cultivars. Agron. J. 100, 393–397. doi: 10.2134/agronj2007.0107

 Chen, X. P., Cui, Z. L., Vitousek, P. M., Cassman, K. G., Matson, P. A., Bai, J. S., et al. (2011). Integrated soil-crop system management for food security. Proc. Natl. Acad. Sci. U. S. A. 108, 6399–6404. doi: 10.1073/pnas.1101419108 

 Chen, X. P., Zhang, F. S., Römheld, V., Horlacher, D., Schulz, R., Böning-Zilkens, M., et al. (2006). Synchronizing N supply from soil and fertilizer and N demand of winter wheat by an improved Nmin method. Nutr. Cycl. Agroecosyst. 74, 91–98. doi: 10.1007/s10705-005-1701-9

 Christie, K. M., Smith, A. P., Rawnsley, R. P., Harrison, M. T., and Eckard, R. J. (2018). Simulated seasonal responses of grazed dairy pastures to nitrogen fertilizer in SE Australia: pasture production. Agric. Syst. 166, 36–47. doi: 10.1016/j.agsy.2018.07.010

 Cui, Z. L., Chen, X. P., Miao, Y. X., Li, F., Zhang, F. S., Li, J. L., et al. (2008). On-farm evaluation of winter wheat yield response to residual soil nitrate-N in North China plain. Agron. J. 100, 1527–1534. doi: 10.2134/agronj2008.0005

 Ciampitti, I. A., Makowski, D., Fernandez, J., Lacasa, J., and Lemaire, G. (2021). Does water availability affect the critical N dilution curves in crops? A case study for maize, wheat, and tall fescue crops. Field Crops Res. 273:108301. doi: 10.1016/j.fcr.2021.108301

 Cui, Z. L., Zhang, F. S., Chen, X. P., Li, F., and Tong, Y. P. (2011). Using in-season nitrogen management and wheat cultivars to improve nitrogen use efficiency. Soil Sci. Soc. Am. J. 75, 976–983. doi: 10.2136/sssaj2010.0117

 Davidson, D. J., and Chevalier, P. M. (1990). Preanthesis tiller mortality in spring wheat. Crop Sci. 30, 832–836. doi: 10.2135/cropsci1990.0011183X003000040013x

 Ehdaie, B., and Waines, J. G. (2001). Sowing date and nitrogen rate effects on dry matter and nitrogen partitioning in bread and durum wheat. Field Crop Res. 73, 47–61. doi: 10.1016/S0378-4290(01)00181-2

 Engström, L., and Bergkvist, G. (2009). Effects of three N strategies on tillering and yield of low shoot density winter wheat. Acta Agric. Scand. Sect. B Soil Plant Sci. 59, 536–543. doi: 10.1080/09064710802434363

 Foulkes, M. J., Sylvester-Bradley, R., Weightman, R., and Snape, J. W. (2007). Identifying physiological traits associated with improved drought resistance in winter wheat. Field Crop Res. 103, 11–24. doi: 10.1016/j.fcr.2007.04.007

 Franke, A. C., van den Brand, G. J., Vanlauwe, B., and Giller, K. E. (2018). Sustainable intensification through rotations with grain legumes in sub-Saharan Africa: a review. Agric. Ecosyst. Environ. 261, 172–185. doi: 10.1016/j.agee.2017.09.029 

 Gao, Z. Z., Wang, C., Zhao, J. C., Wang, K. C., Shang, M. F., Qin, Y. S., et al. (2022). Adopting different irrigation and nitrogen management based on precipitation year types balances winter wheat yields and greenhouse gas emissions. Field Crop Res. 280:108484. doi: 10.1016/j.fcr.2022.108484

 Harrison, M. T., Christie, K. M., and Rawnsley, R. P. (2017). Assessing the reliability of dynamical and historical climate forecasts in simulating hindcast pasture growth rates. Anim. Prod. Sci. 57, 1525–1535. doi: 10.1071/AN16492

 Harrison, M. T., Christie, K. M., Rawnsley, R. P., and Eckard, R. J. (2014). Modelling pasture management and livestock genotype interventions to improve whole-farm productivity and reduce greenhouse gas emissions intensities. Anim. Prod. Sci. 54, 2018–2028. doi: 10.1071/AN14421

 Harrison, M. T., Cullen, B. R., Mayberry, D. E., Cowie, A. L., Bilotto, F., Badgery, W. B., et al. (2021). Carbon myopia: the urgent need for integrated social, economic and environmental action in the livestock sector. Glob. Chang. Biol. 27, 5726–5761. doi: 10.1111/gcb.15816 

 Harrison, M. T., Evans, J. R., and Moore, A. D. (2012). Using a mathematical framework to examine physiological changes in winter wheat after livestock grazing: 1. Model derivation and coefficient calibration. Field Crop Res. 136, 116–126. doi: 10.1016/j.fcr.2012.06.015

 Huang, P., Zhang, J. B., Zhu, A. N., Li, X. P., Ma, D. H., Xin, X. L., et al. (2018). Nitrate accumulation and leaching potential reduced by coupled water and nitrogen management in the Huang-Huai-Hai plain. Sci. Total Environ. 610–611, 1020–1028. doi: 10.1016/j.scitotenv.2017.08.127 

 Li, Q. Q., Cui, X. Q., Liu, X. J., Roelcke, M., Pasda, G., Zerulla, W., et al. (2017). A new urease-inhibiting formulation decreases ammonia volatilization and improves maize nitrogen utilization in North China plain. Sci. Rep. 7:43853. doi: 10.1038/srep43853 

 Li, H. W., Liu, L. J., Wang, Z. Q., Yang, J. C., and Zhang, J. H. (2012). Agronomic and physiological performance of high-yielding wheat and rice in the lower reaches of Yangtze River of China. Field Crop Res. 133, 119–129. doi: 10.1016/j.fcr.2012.04.005

 Liu, K., Harrison, M. T., Hunt, J., Angessa, T. T., Meinke, H., Li, C. D., et al. (2020a). Identifying optimal sowing and flowering periods for barley in Australia: a modelling approach. Agric. For. Meteorol. 282–283:107871. doi: 10.1016/j.agrformet.2019.107871

 Liu, K., Harrison, M. T., Shabala, S., Meinke, H., Ahmed, I., Zhang, Y. B., et al. (2020b). The state of the art in modeling waterlogging impacts on plants: what do we know and what do we need to know. Earth’s Future 8:e2020EF001801. doi: 10.1029/2020EF001801

 Liu, K., Harrison, M. T., Wang, B., Yang, R., Yan, H. L., Zou, J., et al. (2022). Designing high-yielding wheat crops under late sowing: a case study in southern China. Agron. Sustain. Dev. 42:29. doi: 10.1007/s13593-022-00764-w

 Longnecker, N., Kirby, E. J. M., and Robson, A. (1993). Leaf emergence, tiller growth, and apical development of nitrogen-dificient spring wheat. Crop Sci. 33, 154–160. doi: 10.2135/cropsci1993.0011183X003300010028x

 Lu, D. J., Lu, F. F., Yan, P., Cui, Z. L., and Chen, X. P. (2014). Elucidating population establishment associated with N management and cultivars for wheat production in China. Field Crop Res. 163, 81–89. doi: 10.1016/j.fcr.2014.03.022

 Ma, S. Y., Wang, Y. Y., Liu, Y. N., Yao, K. J., Huang, Z. L., Zhang, W. J., et al. (2020). Effect of sowing date, planting density, and nitrogen application on dry matter accumulation, transfer, distribution, and yield of wheat. Chin. J. Eco-Agric. 28, 375–385. doi: 10.13930/j.cnki.cjea.190691

 Manevski, K., Børgesen, C. D., Andersen, M. N., and Kristensen, I. S. (2015). Reduced nitrogen leaching by intercropping maize with red fescue on sandy soils in North Europe: a combined field and modeling study. Plant Soil 388, 67–85. doi: 10.1007/s11104-014-2311-6

 Meng, Q. F., Yue, S. C., Chen, X. P., Cui, Z. L., Ye, Y. L., Ma, W. Q., et al. (2013). Understanding dry matter and nitrogen accumulation with time-course for high-yielding wheat production in China. PLoS One 8:e68783. doi: 10.1371/journal.pone.0068783 

 Mupangwa, W., Nyagumbo, I., Liben, F., Chipindu, L., Craufurd, P., and Mkuhlani, S. (2021). Maize yields from rotation and intercropping systems with different legumes under conservation agriculture in contrasting agro-ecologies. Agric. Ecosyst. Environ. 306:107170. doi: 10.1016/j.agee.2020.107170

 National Bureau of Statistics (2020). China Statistics Yearbook. Beijing: China Stat Press

 Nie, J.W., Wang, X.Q., Ma, S.T., Zhang, K., Zhang, X.Q., Zhao, J., et al. (2022). Evaluation of crop productivity, water and nitrogen use, and carbon footprint of summer peanut-winter wheat cropping systems in the North China plain. Food Energy Secur. doi: 10.1002/fes3.401 (Epub ahead of print).

 Nuruzzaman, M., Yamamoto, Y., Nitta, Y., Yoshida, T., and Miyazaki, A. (2000). Varietal differences in tillering ability of fourteen japonica and indica rice varieties. Soil Sci. Plant Nutr. 46, 381–391. doi: 10.1080/00380768.2000.10408792

 Oberson, A., Frossard, E., Bühlmann, C., Mayer, J., Mäder, P., and Lüscher, A. (2013). Nitrogen fixation and transfer in grass-clover leys under organic and conventional cropping systems. Plant Soil 371, 237–255. doi: 10.1007/s11104-013-1666-4

 Olesen, J. E., Mortensen, J. V., Jørgensen, L. N., and Andersen, M. N. (2000). Irrigation strategy, nitrogen application and fungicide control in winter wheat on a sandy soil. I. Yield, yield components and nitrogen uptake. J. Agric. Sci. 134, 1–11. doi: 10.1017/S0021859699007352

 Peng, S. B., Khush, G. S., Virk, P., Tang, Q., and Zou, Y. (2008). Progress in ideotype breeding to increase rice yield potential. Field Crop Res. 108, 32–38. doi: 10.1016/j.fcr.2008.04.001

 Peoples, M. B., Swan, A. D., Goward, L., Kirkegaard, J. A., Hunt, J. R., Li, G. D., et al. (2017). Soil mineral nitrogen benefits derived from legumes and comparisons of the apparent recovery of legume or fertiliser nitrogen by wheat. Soil Res. 55, 600–615. doi: 10.1071/SR16330 

 Plaza-Bonilla, D., Nolot, J.-M., Raffaillac, D., and Justes, E. (2017). Innovative cropping systems to reduce N inputs and maintain wheat yields by inserting grain legumes and cover crops in southwestern France. Eur. J. Agron. 82, 331–341. doi: 10.1016/j.eja.2016.05.010

 Qin, W. L., Zhang, X. Y., Chen, S. Y., Sun, H. Y., and Shao, L. W. (2018). Crop rotation and N application rate affecting the performance of winter wheat under deficit irrigation. Agric. Water Manag. 210, 330–339. doi: 10.1016/j.agwat.2018.08.026

 Rawnsley, R. P., Smith, A. P., Christie, K. M., Harrison, M. T., and Eckard, R. J. (2019). Current and future direction of nitrogen fertiliser use in Australian g razing systems. Crop & Pasture Sci. 70, 1034–1043. doi: 10.1071/CP18566

 Richards, R. A., Hunt, J. R., Kirkegaard, J. A., and Passioura, J. B. (2014). Yield improvement and adaptation of wheat to water-limited environments in Australia—a case study. Crop Pasture Sci. 65, 676–689. doi: 10.1071/CP13426

 Scharf, P. C., and Alley, M. M. (1993). Spring nitrogen on winter wheat: II. A flexible multi-component rate recommendation system. Agron. J. 85, 1186–1192. doi: 10.2134/agronj1993.00021962008500060018x

 Shang, Y. Q., Lin, X., Li, P., Gu, S. B., Lei, K. Y., Wang, S., et al. (2020). Effects of supplemental irrigation at the jointing stage on population dynamics, grain yield, and water-use efficiency of two different spike-type wheat cultivars. PLoS One 15:e0230484. doi: 10.1371/journal.pone.0230484 

 Shi, Y., Yu, Z. W., Man, J. G., Ma, S. Y., Gao, Z. Q., and Zhang, Y. L. (2016). Tillage practices affect dry matter accumulation and grain yield in winter wheat in the North China plain. Soil Tillage Res. 160, 73–81. doi: 10.1016/j.still.2016.02.009

 Smith, A. P., Christie, K. M., Harrison, M. T., and Eckard, R. J. (2021). Ammonia volatilisation from grazed, pasture based dairy farming systems. Agric. Syst. 190:103119. doi: 10.1016/j.agsy.2021.103119

 Sui, B., Feng, X. M., Tian, G. L., Hu, X. Y., Shen, Q. R., and Guo, S. W. (2013). Optimizing nitrogen supply increases rice yield and nitrogen use efficiency by regulating yield formation factors. Field Crop Res. 150, 99–107. doi: 10.1016/j.fcr.2013.06.012

 Tang, Q., and Zhang, C. (2013). Data processing system (DPS) software with experimental design, statistical analysis and data mining developed for use in entomological research. Insect Sci. 20, 254–260. doi: 10.1111/j.1744-7917.2012.01519.x 

 Tao, H. B., Dittert, K., Zhang, L. M., Lin, S., Römheld, V., and Sattelmacher, B. (2007). Effects of soil water content on growth, tillering, and manganese uptake of lowland rice grown in the water-saving ground-cover rice-production system (GCRPS). J. Plant Nutr. Soil Sci. 170, 7–13. doi: 10.1002/jpln.200625033

 Thapa, S., Xue, Q. W., Jessup, K. E., Rudd, J. C., Liu, S. Y., Marek, T. H., et al. (2019). Yield determination in winter wheat under different water regimes. Field Crop Res. 233, 80–87. doi: 10.1016/j.fcr.2018.12.018 

 Thorne, G. N., and Wood, D. W. (1987). Effects of radiation and temperature on tiller survival, grain number and grain yield in winter wheat. Ann. Bot. 59, 413–426. doi: 10.1093/oxfordjournals.aob.a087330

 Wang, C. Y., Liu, W. X., Li, Q. X., Ma, D. Y., Lu, H. F., Feng, W., et al. (2014). Effects of different irrigation and nitrogen regimes on root growth and its correlation with above-ground plant parts in high-yielding wheat under field conditions. Field Crop Res. 165, 138–149. doi: 10.1016/j.fcr.2014.04.011

 Wang, X. Q., Nie, J. W., Wang, P. X., Zhao, J., Yang, Y. D., Wang, S., et al. (2021). Does the replacement of chemical fertilizer nitrogen by manure benefit water use efficiency of winter wheat-summer maize systems? Agric. Water Manag. 243:106428. doi: 10.1016/j.agwat.2020.106428

 Wang, X. Q., Yang, Y. D., Zhao, J., Nie, J. W., Zang, H. D., Zeng, Z. H., et al. (2020). Yield benefits from replacing chemical fertilizers with manure under water deficient conditions of the winter wheat-summer maize system in the North China plain. Eur. J. Agron. 119:126118. doi: 10.1016/j.eja.2020.126118

 Weisz, R., Crozier, C. R., and Heiniger, R. W. (2001). Optimizing nitrogen application timing in no-till soft red winter wheat. Agron. J. 93, 435–442. doi: 10.2134/agronj2001.932435x

 Xu, C. L., Tao, H. B., Tian, B. J., Gao, Y. B., Ren, J. H., and Wang, P. (2016). Limited-irrigation improves water use efficiency and soil reservoir capacity through regulating root and canopy growth of winter wheat. Field Crop Res. 196, 268–275. doi: 10.1016/j.fcr.2016.07.009

 Xu, Z. Z., Yu, Z. W., and Zhao, J. Y. (2013). Theory and application for the promotion of wheat production in China: past, present and future. J. Sci. Food Agric. 93, 2339–2350. doi: 10.1002/jsfa.6098 

 Yan, H. L., Harrison, M. T., Liu, K., Wang, B., Feng, P. Y., Fahad, S., et al. (2022). Crop traits enabling yield gains under more frequent extreme climatic events. Sci. Total Environ. 808:152170. doi: 10.1016/j.scitotenv.2021.152170

 Yue, S. C., Meng, Q. F., Zhao, R. F., Li, F., Chen, X. P., Zhang, F. S., et al. (2012). Critical nitrogen dilution curve for optimizing nitrogen management of winter wheat production in the North China plain. Agron. J. 104, 523–529. doi: 10.2134/agronj2011.0258

 Zhang, L., He, X. M., Liang, Z. Y., Zhang, W., Zou, C. Q., and Chen, X. P. (2020). Tiller development affected by nitrogen fertilization in a high-yielding wheat production system. Crop Sci. 60, 1034–1047. doi: 10.1002/csc2.20140

 Zhang, Y., Huang, C. D., Liao, D., Liu, Q. Q., and Zhang, C. C. (2018). Nutrient optimal management promotethe construction of high-yield population of intercropping wheat. Chin. Agric. Sci. Bull. 34, 1–7. doi: 10.11924/j.issn.1000-6850.casb17100004

 Zhang, D. B., Zhang, C., Ren, H. L., Xu, Q., Yao, Z. Y., Yuan, Y. Q., et al. (2021). Trade-offs between winter wheat production and soil water consumption via leguminous green manures in the loess plateau of China. Field Crop Res. 272:108278. doi: 10.1016/j.fcr.2021.108278

 Zhang, K., Zhao, J., Wang, X. Q., Xu, H. S., Zang, H. D., Liu, J. N., et al. (2019). Estimates on nitrogen uptake in the subsequent wheat by above-ground and root residue and rhizodeposition of using peanut labeled with 15N isotope on the North China plain. J. Integr. Agric. 18, 571–579. doi: 10.1016/S2095-3119(18)62112-4

 Zhao, J., Chu, Q. Q., Shang, M. J., Meki, M. N., Norelli, N., Jiang, Y., et al. (2019). Agricultural policy environmental eXtender (APEX) simulation of spring peanut management in the North China plain. Agronomy 9:443. doi: 10.3390/agronomy9080443

 Zhao, J., Han, T., Wang, C., Jia, H., Worqlul, A. W., Norelli, N., et al. (2020). Optimizing irrigation strategies to synchronously improve the yield and water productivity of winter wheat under interannual precipitation variability in the North China plain. Agric. Water Manag. 240:106298. doi: 10.1016/j.agwat.2020.106298


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Nie, Zhou, Zhao, Wang, Liu, Wang, Wang, Yang, Zang, Harrison, Yang and Zeng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 30 June 2022
doi: 10.3389/fpls.2022.928229





[image: image]

Differential Responses of Wheat (Triticum aestivum L.) and Cotton (Gossypium hirsutum L.) to Nitrogen Deficiency in the Root Morpho-Physiological Characteristics and Potential MicroRNA-Mediated Mechanisms

Huiyun Xue1, Jia Liu1, Sando Oo2,3, Caitlin Patterson2,3, Wanying Liu4, Qian Li1, Guo Wang1, Lijie Li1, Zhiyong Zhang1*, Xiaoping Pan2 and Baohong Zhang2*

1Henan Collaborative Innovation Center of Modern Biological Breeding, Henan Institute of Science and Technology, Xinxiang, China

2Department of Biology, East Carolina University, Greenville, NC, United States

3Department of Biology, Elizabeth City State University, Elizabeth City, NC, United States

4College of Life Sciences, Anhui Normal University, Wuhu, China

Edited by:
Sajid Fiaz, The University of Haripur, Pakistan

Reviewed by:
Youhua Wang, Nanjing Agricultural University, China
Luming Yang, Henan Agricultural University, China

*Correspondence: Zhiyong Zhang, z_zy123@126.com; Baohong Zhang, zhangb@ecu.edu

Specialty section: This article was submitted to Crop and Product Physiology, a section of the journal Frontiers in Plant Science

Received: 25 April 2022
Accepted: 26 May 2022
Published: 30 June 2022

Citation: Xue H, Liu J, Oo S, Patterson C, Liu W, Li Q, Wang G, Li L, Zhang Z, Pan X and Zhang B (2022) Differential Responses of Wheat (Triticum aestivum L.) and Cotton (Gossypium hirsutum L.) to Nitrogen Deficiency in the Root Morpho-Physiological Characteristics and Potential MicroRNA-Mediated Mechanisms. Front. Plant Sci. 13:928229. doi: 10.3389/fpls.2022.928229

Understanding the mechanism of crop response to nitrogen (N) deficiency is very important for developing sustainable agriculture. In addition, it is unclear if the microRNA-mediated mechanism related to root growth complies with a common mechanism in monocots and dicots under N deficiency. Therefore, the root morpho-physiological characteristics and microRNA-mediated mechanisms were studied under N deficiency in wheat (Triticum aestivum L.) and cotton (Gossypium hirsutum L.). For both crops, shoot dry weight, plant dry weight and total leaf area as well as some physiological traits, i.e., the oxygen consuming rate in leaf and root, the performance index based on light energy absorption were significantly decreased after 8 days of N deficiency. Although N deficiency did not significantly impact the root biomass, an obvious change on the root morphological traits was observed in both wheat and cotton. After 8 days of treatment with N deficiency, the total root length, root surface area, root volume of both crops showed an opposite trend with significantly decreasing in wheat but significantly increasing in cotton, while the lateral root density was significantly increased in wheat but significantly decreased in cotton. At the same time, the seminal root length in wheat and the primary root length in cotton were increased after 8 days of N deficiency treatment. Additionally, the two crops had different root regulatory mechanisms of microRNAs (miRNAs) to N deficiency. In wheat, the expressions of miR167, miR319, miR390, miR827, miR847, and miR165/166 were induced by N treatment; these miRNAs inhibited the total root growth but promoted the seminal roots growth and lateral root formation to tolerate N deficiency. In cotton, the expressions of miR156, miR167, miR171, miR172, miR390, miR396 were induced and the expressions of miR162 and miR393 were inhibited; which contributed to increasing in the total root length and primary root growth and to decreasing in the lateral root formation to adapt the N deficiency. In conclusion, N deficiency significantly affected the morpho-physiological characteristics of roots that were regulated by miRNAs, but the miRNA-mediated mechanisms were different in wheat and cotton.
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INTRODUCTION

Nitrogen (N) is one of the most abundant nutrients for plant growth. The application of N fertilizer has always been a key way to increase crop yields (Zhang, 2007; Gao et al., 2015; Shang et al., 2015). Unfortunately, the usage efficiency of N fertilizer is relatively low, because the N fertilizer is easy to volatilize, leach, and denitrify in the soil; over usage of N fertilizer also results in many environmental problems, such as the eutrophication of water and deterioration of air quality (Carpenter et al., 1998; Stulen, 1998; Tilman, 1999; Richter and Roelcke, 2000; Xing and Zhu, 2000). Therefore, understanding the mechanism of N-deficiency tolerance in crops is very important for optimizing N management, breeding new cultivars with high N usage efficiency and further developing sustainable agriculture.

Root system is the main organ for absorbing water and nutrients (Lynch, 2013; Shang et al., 2015). Root architectural, morphological phenes, and phene aggregates affect the utilization of soil resource (York and Lynch, 2015). For example, maize (Zea mays) plants with few but long lateral roots usually have greater N acquisition than that with many but short lateral roots, because of deeper rooting and greater axial root elongation (Zhan and Lynch, 2015). In addition, root architectural and morphological phenes have a high plasticity with the availability of soil resource (Asseng et al., 1998; Sun et al., 2017). Linkohr et al. (2002) compared the change of root system architecture of Arabidopsis in homogeneous, heterogeneous provision of nitrate and phosphate, founded that the primary root length was decreased with increasing availability of nitrate, while increased with more supply of phosphate. Therefore, root systems play a key role in environmental fitness, crop performance and yield (Shang et al., 2015). Plants have evolved several strategies to adapt N deficiency through the morphological, physiological, biochemical, or molecular processes (Chuck et al., 2007; Gao et al., 2018), which includes increasing the length and number of fine roots or decreasing the stele diameter and tracheid diameter of coarse roots (Zhang et al., 2011), altering the root architecture to have the largest surface area for absorbing soil resource (Engineer and Kranz, 2007), optimizing the N allocation (Gao et al., 2015), increasing the enzyme activities for N assimilation (Fuentes et al., 2001; Feng et al., 2016), and improving ability of N assimilation by regulating the genes involved in C metabolism (Yanagisawa et al., 2004; Feng et al., 2016). However, there is a significant difference between monocot plants and dicot plants in root morphological, structural characters, and biochemical process. The roots of almost all monocots have a fibrous root system which is characterized by many adventitious roots, while the roots of most dicots have a tap root system including the primary root and lateral roots (Osmont et al., 2007; Bellini et al., 2014). The conserved function of GRAS gene family in regulating root radial patterning of all plant species (Cui et al., 2007; Hochholdinger and Zimmermann, 2008), the diverse function of lateral organ boundaries (LOB) domain proteins for root formation in maize and Arabidopsis (Hochholdinger and Zimmermann, 2008), and the histological differences of root in Arabidopsis and cereals (Schiefelbein et al., 1997; Jiang et al., 2003).

MicroRNAs (miRNAs) are an abundant class of endogenous noncoding RNAs with 21–24 nucleotides in length, which regulate the target genes by inhibiting mRNA translation or splicing the mRNAs that have complementary base-pairing with the miRNA (Zhang et al., 2006a; Wang et al., 2017); therefore miRNAs regulate the development and stress responses in animals and plants (Bartel, 2009; Voinnet, 2009; Zhang, 2015). Studies also show that miRNAs regulated root growth and development (Meng et al., 2010; Khan et al., 2011; Li and Zhang, 2016), including embryonic root development, primary root growth, root radial patterning, tissue differentiation, lateral root, and adventitious root development. By targeting PXMT1, overexpression of miR163 inhibited primary root elongation (Li T. et al., 2021). miR393 with a si-TAAR suppressed primary root elongation which was involved in the abscisic acid (ABA) signaling pathway (Chen et al., 2012; Yan et al., 2022); miR393 suppressed root growth by targeting AFB3 in Arabidopsis (Vidal et al., 2010). Many of miRNAs are proved to be highly conserved throughout plant evolution by regulate conserved target genes (Zhang et al., 2006b). For example, the miR164-NAC (NAMATAF-CUC) module, miR156-SPLs (SQUAMOSA PROMOTER BINDING-LIKE) module and miR396-GRFs (GROWTH RESPONSE FACTORS) are conserved across plant species in regulating plant growth (Willmann and Poethig, 2007). Several miRNAs have been reported in association with N stresses under different tissue (Chiou, 2010; Zhao et al., 2011; Zeng et al., 2014). Through genome-wide identification, miRNAs including 119 conserved and 1,002 putative novel were identified in potato under N deficiency (Tiwar et al., 2020).

Although many experiments have been done on root development under N deficiency, more systematic investigations are still essential, particularly on the comparison between monocots and dicots under N deficiency. In addition, it is unclear if the miRNA-mediated mechanism related to root growth complies with a common mechanism in monocots and dicots under N deficiency. Wheat (Triticum aestivum L.) as one of the most important monocot crops, supplied about 35% of staple food for the world’s population. While cotton (Gossypium hirsutum L.), one dicot, is an important cash crop in the world, contributed greatly to the industrial and economic development in many countries (Hakoomat et al., 2014). In this study, we systematically analyzed the change of root morphological characteristics and physiological feature during sustained N deficiency in wheat and cotton. We also explored the regulate mechanisms of miRNAs in root growth in wheat and cotton under N deficiency. This research provided a new strategy to improve the N use efficiency and cultivate N efficient varieties of wheat and cotton by regulating the expression of miRNAs and their targeted mRNAs under N deficiency.



MATERIALS AND METHODS


Seed Germination and Sampling

Wheat cultivar AK-58 and cotton cultivar Baimian No. 1 were used in this research; both cultivars were widely cultivated in China. Healthy mature wheat and cotton seeds with same size were selected and surface sterilized in 10% H2O2 for 5 min and 20 min, respectively, followed by washing for five times with sterilized water. Then, the sterilized seeds were germinated and cultivated as described in our previous studies (Fontana et al., 2020; Thornburg et al., 2020). In order to analyze the effect of N, two N concentrations were provided. The normal N (NN) solution served as the control, which consisted of: 2.5 mM Ca(NO3)2, 1 mM MgSO4, 0.5 mM KH2PO4, 2 mM NaCl, 2 mM KCl, 0.1 mM EDTA-FeNa, 0.2 μM CuSO4, 1 μM ZnSO4, 0.02 mM H3BO3, 5 nM (NH4)6Mo7O24, 1 μM MnSO4. While the low N (LN) solution consisted of 0.05 mM Ca(NO3)2 and 2.45mM CaCl2 with other element concentration at the same with the control. After 4 and 8 days of N stress treatments, the wheat and cotton seedlings of each treatment were sampled for measuring the morphological traits, physiological traits, and the expression of miRNAs and their targeted mRNA genes.



Morphology Analysis and Biomass Measurement of Wheat and Cotton Plants

The shoot and roots were first separated from each plant; then, the fresh weights were weighed. The fresh tissues were dried at an oven with 80°C for 2 days and then the dried weight was measured.

The number and length of seminal roots of wheat, primary root of cotton were first measured manually. Then, each part was scanned by using the Epson scanner (Epsin America lnc., California, CA, United States), and saved with images. WinRHIZO was used to analyze the images, and the total length of root, surface area of leaf and root, root volume, and root average diameter per plant were measured.

Four and six biological replicates were performed for wheat and cotton, respectively, for each trait for each treatment.



Measurement of Chlorophyll Fluorescence and Chlorophyll Content

The chlorophyll fluorescence of the first fully-opened leaves in wheat and the second fully opened leaves in cotton of each treatment were measured by using a portable fluorometer (Handy PEA, Hansatech, Norfolk, United Kingdom) with four to six biological replicates at the 4th and 8th days after N deficiency. Before measurements, the selected leaves were dark-adapted for 30 min. A fast fluorescence curves was induced by 1 s pulses of red light (650 nm, 3500 μmol⋅ m–2⋅ s–1). The performance index based on light energy absorption (PIABS) that calculated from the fast fluorescence curves was used to reflect the photosynthetic capacity of leaves. After the measurement of chlorophyll fluorescence, the leaves were used to measure the chlorophyll content according to the method in our previous studies (Thornburg et al., 2020) at the 4th and 8th days after N deficiency treatments.



Root Vitality, Root and Leaf Respiration Rate Measurement

Roots of four to six wheat and cotton plants under each treatment were selected to measure root vitality according to the Triphenyl tetrazolium chloride (TTC) method as described in our previous studies (Fontana et al., 2020; Thornburg et al., 2020). The respiration rate of four to six plant roots and leaves were also monitored as described in our previous studies (Fontana et al., 2020; Thornburg et al., 2020) by using a Clark Chlorolab2 system (Hansatech Instruments Ltd., Norfolk, United Kingdom).



Extraction of RNAs and Gene Expression Analysis

Total RNAs were extracted by using the MirVana miRNA Isolation Kit (Ambion, Austin, TX, United States) from each sample collected at the 4th and 8th days after N deficiency treatment according to the manufacturer’s instructions The quality of RNAs was measured by Nanodrop ND-1000 (Nanodrop Technologies, Lnc, Oxfordshire, United States). Then, the extracted RNAs were stored at –80°C until further analysis. To reveal the miRNA-mediated mechanism under N deficiency, 20 miRNAs and their targets that associated with root development, nutrient stress in crops and reported in our previous studies were tested according to the method of previous reports (Fontana et al., 2020; Thornburg et al., 2020; Li L. et al., 2021). Three biological replicates were run for each treatment. Three technical replicates were run to avoid pipetting-related issue.



Statistical Analysis

ANOVA test of the morphological index, physiological index, and gene expression between two treatments were performed by using SPSS version 22. Data presented in the figures and tables are means ± S.D. of three to six biological replicates.




RESULTS


Effects of N Deficiency on the Plant Growth and the Root Morphological Traits in Wheat and Cotton Seedlings

There was a significant impact on the growth of both crops under N deficiency treatments. Compared with the normal N treatment, there was a significant decrease in the shoot dry weight in both crops after 4 and 8 days of N deficiency treatments. In addition, a significant decrease in plant dry weight and total leaf area were observed for both crops after 4 and 8 days of N deficiency treatments with 23.06 and 38.82% of decrease in wheat, 15.94 and 32.12% of decrease in cotton compared with the control treatment. Although the root dry weight was increased to 14.83% in wheat and 10.04% in cotton seedling under N deficiency than that of the controls from 4 days to 8 days of treatments, no obvious difference was observed between the treatments (Figure 1).


[image: image]

FIGURE 1. Effects of N deficiency on plant growth and development in wheat and cotton seedlings. Different lowercase letters above the bars mean significant differences between the control and the N deficiency treatment on the same time in wheat and cotton according to the LSD test (p = 0.05).


Further analysis of root morphological characteristics, obvious effects were observed under N deficiency (Table 1 and Figure 2). First, the total root length, root surface area, root volume area, root average diameter, lateral root density, seminal root length, or primary root length of both crops had no significant difference with the values of the normal treatment on the 4th days of treatments. After 8 days of treatments, the total root length, root surface area, and root volume of both crops had a significant difference between the N deficiency treatment and the control, with a decrease of 23.24, 24.45, and 26.56% in wheat, an increase of 41.57, 38.19, and 33.87% in cotton, respectively. Compared with the normal N treatment, after 8 days of treatment, there were an obvious increase on the seminal root length of wheat and primary root length of cotton under N deficiency increased by 21.26% and 32.11% in wheat and cotton, respectively. While only the primary root length of cotton reached a significant level under N deficiency compared with the normal N treatment on the 8th day. Effects of N deficiency were opposite on the lateral root density of the two crops, with the lateral root density of wheat significantly increased and the lateral root density of cotton significantly decreased after 8 days of treatment.


TABLE 1. Effects of N deficiency on the root morphological traits of wheat and cotton seedlings.
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FIGURE 2. The root morphological traits of wheat (A) and cotton (B) seedlings between normal N (NN) and low N (LN) group after 4 and 8 days of treatment. The original size of the horizontal scale was 0.3 cm in height and 2.7 cm in width.




Effects of N Deficiency on the Leaf and Root Physiological Traits of Wheat and Cotton Seedlings

After 8 days of treatment, the chlorophyll a, chlorophyll b, and total chlorophyll content were decreased for both crops under N deficiency compared with the normal N treatment, while only the chlorophyll a and total chlorophyll content in wheat had significant difference between the N deficiency and the control (Table 2). Consumption of oxygen in leaf is also an indicator for leaf vigor. Compared with the control treatment, there was a significant decrease (29.81%) of the O2 consuming rate in wheat leaves under N deficiency, while a significant increase (40.47%) was observed in cotton leaves on the 4th of N deficiency. After 8 days of treatments, the O2 consuming rates were decreased by 35.90% and 58.21%, in wheat and cotton, respectively, comparing with the control treatment (Table 2). One of the major symptoms of N deficiency was the decrease of photosynthesis. PIABS is a photosynthesis performance index that reflects the overall photosynthetic activity of the light reactions of photosystem II (PSII). Therefore, the Chlorophyll fluorescence parameter of PIABS was observed. Compared with the controls, there was a significant decrease of PIABS in both crops under N deficiency, the PIABS was decreased by 21.02 and 62.50%, in wheat; and it was decreased by 51.04 and 86.50% in cotton after 4 and 8 days of treatments, respectively. With the duration (4–8 days of treatment) of N deficiency, PIABS was decreased by 49.81% from 2.63 to 1.32 in wheat, decreased by 72.88% from 1.18 to 0.32 in cotton (Table 2).


TABLE 2. Effects of N deficiency on the leaf physiological traits of wheat and cotton seedlings.

[image: Table 2]
The physiological function of roots was also significantly impacted by N deficiency, which was evidenced by the change of root activity and respiration (Figure 3). Compared with the controls, the root activities were significantly increased after 4 days of N deficiency treatments in both crops. However, after 8 days of treatments, the root activities were changed in an opposite direction with the value of wheat increased 39.31% and the value of cotton decreased 97.31% by compared with the control treatment. Under N deficiency, oxygen consuming rate in root of wheat was significantly decreased, by 21.19% on the 4th and 39.35% on 8th days than that of the control. While compared with the control, the root oxygen consuming rate was significantly decreased by 64.77% in cotton until the 8th days of N deficiency.


[image: image]

FIGURE 3. The effects of N deficiency on root physiological traits of wheat and cotton seedlings. Different lowercase letters above the bars mean significant differences between the control treatment and N deficiency on the same time in wheat and cotton according to the LSD test (p = 0.05).




Effects of N Deficiency on the Expression of miRNAs in Wheat and Cotton Roots

N deficiency significantly altered the expression of miRNAs. Different miRNAs responded differently to N deficiency with a time- and crop-dependent manner (Figure 4). Even a same miRNA responded differently in different plant species at the same time point. On the 4th days of N deficiency treatment, the majority of tested miRNAs were inhibited in wheat except miR166, miR172, miR393, miR395, miR778, and miR827. Among all tested miRNAs in wheat, miR156, miR164, miR167, miR169, miR319, miR390, miR393, miR395 showed different expression levels after 4 days of N deficiency treatment. In contrast, most of the tested miRNAs in wheat, were up-regulated after 8 days of N deficiency treatment, except miR171, miR172, miR396. Among all tested miRNAs, the expressions of miR162, miR166, miR319, miR390, miR393, miR395, miR396, miR399, miR778, miR827, miR847 were significantly altered in wheat after 8 days of N deficiency, compared with the control. With the duration of N deficiency, the expressions of miR165, miR167, miR319, miR390, miR399, miR827, miR847 were significantly higher in wheat roots than that after 4 days of treatment (Figure 4A).
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FIGURE 4. Expression fold changes of miRNAs after 4 and 8 days of N deficiency treatments in wheat (A) and cotton (B). The different letters above the bars imply significant differences about expression of miRNA targets between the 4 and 8 days of N treatment according to the LSD test (P = 0.05). Highly significant difference between N deficiency and the controls was marked as ** to indicate a p-value < 0.01 and as * to indicate a p-value < 0.05.


In cotton, except miR156, miR162, miR393, and miR399, the majority of tested miRNAs were up-regulated after 4 days of N deficiency treatment. Among the up-regulated miRNAs, miR172 showed the most up-regulated level by 4.01-folds. miR167, miR171, miR390, and miR847 were also up-regulated by at least 2-folds after 4 days of N deficiency treatment. After 4 days of treatments, except miR156, miR160, miR162, miR164, miR165, miR393, and miR399, the expressions of all tested miRNAs were significantly difference between the N deficiency treatment and the control. After 8 days of treatments, except miR162 and miR393, all tested miRNAs were up-regulated under N deficiency treatment. Among the up-regulated miRNAs, miR156, miR171, miR390, miR396 were induced by 66.28, 250.02, 17.57, and 149.74-folds after 8 days N deficiency treatments. In addition, except miR399, miR778, and miR827, the expression of all tested miRNAs had a significant difference by comparing with the control after 8 days of N deficiency treatments. With the duration of N deficiency treatment, the expressions of miR156, miR160, miR165, miR171, miR319, miR390, miR396 were significantly higher at 8 days than that at the 4th days of treatment (Figure 4B).



Effects of N Deficiency on the Expression of Targeted mRNAs by miRNAs

Not only the expression of miRNAs was affected by N levels and the treatment period, the expression of their targeted genes was also obviously affected, and different miRNA targets responded differently to N deficiency (Figure 5). In wheat, all tested miRNA targets were down-regulated after 4 days of N deficiency treatments, except HDZiP, IAR3, bHLH74. Among the tested miRNA targets, only NAC1 showed a significant difference by comparing with the control after 4 days of N deficiency treatment. After 8 days of treatments, all of tested miRNA targets were induced by N deficiency treatment; except IAR3, GRF1, bHLH74, their expressions were significantly higher in N deficiency treatment than that in the control. With the duration of the N deficiency, except IAR3, GRF1, bHLH74, and SPL1, the expressions of all tested miRNA targets had significant difference after 8 days of treatment compared with after 4 days of treatment (Figure 5A).
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FIGURE 5. Expression fold changes of miRNA targets after 4 and 8 days of N deficiency treatments in wheat (A) and cotton (B). The different letters above the bars imply significant differences about expression of miRNA targets between the 4 and 8 days of N treatment according to the LSD test (P = 0.05). Highly significant difference between N deficiency and the controls was marked as ** to indicate a p-value < 0.01 and as * to indicate a p-value < 0.05.


In cotton, except ARF10, all of tested miRNA targets were up-regulation after 4 days of N deficiency treatments. The expressions of NAC1, NFYA, Bhlh74, LACCASE7, SPL3, AP2 were significantly different between the treatment and the control after 4 days of N deficiency treatments. After 8 days of N deficiency treatments, except T1R1, all of tested miRNA targets were up-regulation, and had significant difference by comparing with the control. Among the up-regulated miRNA targets, the expression of NAC1 and NFYA were induced by more than 3-folds, the expression of HD ZiP and Bhlh74 were induced by more than 2-folds after 8 days of N deficiency treatment. Compared the gene expression between 4 and 8 days’ treatment, the expressions of ARF10, NAC1, HDZiP, NFYA, AP2 were significantly altered (Figure 5B).



The Expression Relationship Between miRNAs and Their Targets Under N Deficiency

Generally speaking, the expression of miRNAs had a negative correlation with the expression of their targeted genes, because miRNAs regulated plant growth and development by inhibiting protein translation or degradation of mRNAs. In a real-world scenario, there was a complicated expression correlation between miRNAs and their targeted mRNAs. For example, when secondary reactions or DNA methylation working, the negative expression correlation between miRNAs and their targets was disappeared. In order to reveal the correlation between miRNAs and their targets, a linear equation was modeled between the fold changes of 6 tested miRNAs and their targets of both crops from 4 to 8 days under N deficiency. As shown in Figure 6, negative liner relationships were shown with the equation: y = -2.4193X + 7.9756 (R2 = 0.7166) in wheat, and the equation: y = -0.1145X + 1.6553 (R2 = 0.4013) in cotton, which indicates a reverse expression correlation existed between the tested miRNAs and their targeted mRNAs.
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FIGURE 6. Relationship between miRNAs and their targets under N deficiency in roots of wheat (A) and cotton (B).





DISCUSSION


N Deficiency Differentially Affected Morpho-Physiological Characteristics of Shoot and Root in Wheat and Cotton Seedlings

N as one major type of macro-elements involved in a series of physiological and biochemical processes in plant, such as gene expression, metabolism, plant growth, and yield formation (Nava et al., 2007; Cunha et al., 2014). Therefore, N deficiency directly limited the plant growth reflected by change of the plant dry weight. Photosynthesis is the key process of plant metabolism, assimilating CO2 and releasing O2 at the same time (Kalaji et al., 2014). The chlorophyll a fluorescence parameter was well correlated with photosynthesis (Heerden et al., 2003; Ripley et al., 2004). PIABS was decreased notably with the duration of N deficiency, while only the chlorophyll b and total chlorophyll content were significantly increased in cotton leaves after 4 days of N deficiency treatment; the chlorophyll a and total chlorophyll content were significantly decreased in wheat leaves after 8 days of N deficiency by comparing with the control (Table 2). The O2 consuming rate in leaves reflected the respiration. When the environment was not favorable, the plant would increase its respiration rate to produce more energy to counter the adverse conditions (Bazzaz, 1979). After 4 days of N deficiency treatments, the O2 consuming rates of both crop leaves had an opposite response, with a significantly decline in wheat and significantly ascent in cotton. However, the O2 consuming rates of wheat and cotton leaves were significantly decreased with different degrees after 8 days of N deficiency treatments.

Plant root system was the important organ for absorbing water and nutrient, which can change its three-dimensional deployment to respond the water and nutrient availability and distribution in the soil (Linkohr et al., 2002). Previous studies demonstrated that root systems could rapidly extend to the deep soil for capturing more water and N when facing an abiotic stress condition, such as leaking of water and N (Lynch, 2013; Trachsel et al., 2013; Lynch and Wojciechowski, 2015). Therefore, correlations between root morphological characteristics and N supply were further studied in this experiment. Although N deficiency did not significantly impact the root biomass, an obvious effect was observed on the root morphological traits of wheat and cotton. After 8 days of N treatment, the root morphological traits of both corps had an opposite response, with the total root length, root surface area, and root volume significant reduced in wheat and increased in cotton, while lateral root density significantly increased in wheat and reduced in cotton by compared with the controls. In addition, the seminal root length in wheat and lateral root length in cotton both obviously increased after 8 days of N treatment (Table 1 and Figure 2). The results indicated that morphological adaptation mechanism of plant root to N deficiency varied in monocot wheat and dicot cotton.

Root respiration was a major trait reflecting the physiological metabolic capacity of root (Ryan et al., 1996; Wells and Eissenstat, 2002), which involved in the resource acquisition strategies of root (Han and Zhu, 2021) and provided the driving force for root growth (Lambers et al., 2008). Jia et al. (2010) proposed that N fertilization increased fine root respiration rates in Larix gmelinii (larch) and Fraxinus mandshurica (ash). In our study, the O2 consuming rate was significantly decreased in both wheat and cotton roots after 8 days of N deficiency treatment, which might be caused by the soluble sugars deficit (Saglio and Pradet, 1980). High root respiration usually accompanied with high root activity (Fontana et al., 2020). A positive relationship of root respiration and vitality was observed under K+ deficiency in both wheat and cotton (Fontana et al., 2020; Thornburg et al., 2020). In this study, root activity and the O2 consuming rate showed an opposite trend in wheat roots; while root activity and the O2 consuming rate had a positive relationship in cotton roots after 8 days of N treatment (Figure 3). The possible reason may be that root activity reflected the strength of the whole root metabolism, not only the respiration but also the absorbing ability, biosynthesis, and oxidation activity (Liu X. et al., 2009). Root vitality indicated the activity of root and was the most importance to recognize the active fine root biomass that was available for uptaking water and nutrients (Rewald and Meinen, 2013). Combined with root morphological results, it was possibly deduced that the monocot wheat adapted the N deficiency by allocating more energy to nutrient uptake, and the dicot cotton adapted the N deficiency by allocating more energy to root extension.



Synergistically Regulation of miRNAs and Their Targets for Root Growth Under N Deficiency in Wheat and Cotton

miRNAs participated in almost all biological, metabolic progresses and stress response in plant (Liu et al., 2021). Therefore, it had become an important modern genetic manipulation technique to increase crop yield and tolerance to abiotic stresses. Dicer-like (DCL) proteins regulated by miR162 in Arabidopsis were key components of small RNA biogenesis (Moissiard et al., 2007; Mlotshwa et al., 2008; Liu Q. P. et al., 2009). DCL1 and DCL3 redundantly acted to expedite Arabidopsis flowering (Schmitz et al., 2007). By targeting the plant-specific transcription factors TCP (for TEOSINTEBRANCHED/CYCLOIDEA/PCF), the conserved miR319 participated in many important progresses of plant development, including the regulation of cell division, expansion, and differentiation during leaf development, mitochondrial biogenesis, floral development, and leaf senescence (Palatnik et al., 2003; Schommer et al., 2008; Martín-Trillo and Cubas, 2010). Among plant miRNA genes, 22 families were founded conserved between the monocots and the dicots (Sorin et al., 2014). Therefore, the miRNA-mediated mechanism of root growth and development in monocots and dicots under N deficiency was investigated in this study. In our previous study, we found that, except miR399, miR778, miR857, ARF2, and GRF, almost all tested miRNAs and their targets were up-regulated with an inhibition of total root growth, primary root growth and lateral root formation in peanut after 8 days of N deficiency (Li L. et al., 2021). In this study, we found that miR167, miR319, miR390, miR827, and miR847 were also induced by more than 2-fold in wheat after 8 days of N deficiency by comparing with their expression levels at 4 days of N deficiency; we also observed that N deficiency inhibited the total root growth but promoted the seminal roots growth and lateral root formation to tolerate N deficit. In cotton, miR156 and miR396 were up-regulated by more than 2-folds but miR162 and miR393 were inhibited at least 2-folds by N deficiency after 8 days of treatment. We also observed that miR167, miR171, miR172, miR390 were up-regulated by N deficiency, which enhanced the total root and primary growth while inhibited the lateral root formation to adapt to N deficit in cotton (Table 1 and Figures 2, 4). Thus, the monocots and the dicots had different root regulatory mechanisms of miRNAs to N deficiency, and miR167 participated the response to N deficiency in both crops. Li L. et al. (2021) reported that miR167 participated in the regulation of lateral root growth under N deficiency and K deficiency treatment in peanut. With the duration of K deficiency, miR167 was down-regulated by 2-folds to regulate the root growth in wheat (Thornburg et al., 2020) and cotton (Fontana et al., 2020). Therefore, miR167 was involved in regulating the responses of crops to K deficiency and N deficiency, but significantly down-regulated under K deficiency conditions and significantly up-regulated in N deficiency. In Arabidopsis thaliana and Oryza sativa, miR827 regulated phosphate (Pi) transport and storage which played major roles in affecting plant growth by targeting two different types of SPX (SYG1/PHO81/XPR1)-domain-containing genes, NITROGEN LIMITATION ADAPTATION (NLA) and PHOSPHATE TRANSPORTER 5 (PHT5) (Lin et al., 2010; Azevedo and Saiardi, 2017). Therefore, the phosphate homeostasis was accelerated in wheat by upregulating miR827 under N deficiency, which may promote seminal root growth and lateral root development.

Auxin controlled and regulated root development in different stage to adapt the environment (Lu et al., 2018). At several major stages of root development, genes involved in auxin signaling pathway were proved to be the targets of certain miRNAs (Jodder, 2020). Auxin response factors (ARFs) which were a family of transcription factors (TFs) (Yang et al., 2006), could promote and regulate auxin responsive genes expression by binding to auxin response elements (AuxRE) (Guilfoyle and Hagen, 2007). Plants with reduced levels of ARF10 and ARF16 targeted by miR160c had shorter and agravitropic roots with enlarged tumor-like apex (Khan et al., 2011). miR167 functioned via targeted the IAA-Ala resistant3 (IAR3) genes and ARFs, such as ARF6, ARF8, ARF12, ARF17, ARF25 (Liu et al., 2021), played essential roles in both reproductive processes and root development in plant (Meng et al., 2010). Upregulated miR390 produced the ta-siRNA (trans-acting short-interfering RNAs) by targeting non-coding TAS3 precursor RNA, then cleaved the ARFs (ARF2/3/4) to promote the lateral root growth (Williams et al., 2005; Cabrera et al., 2016). In addition, miR393 also participated in auxin signaling pathway by targeting the auxin receptors, auxin F-box protein 1, 2, 3 (AFB1/AFB2/AFB3), and transport inhibitor response-1(TIR1) (Jodder, 2020), therefore functioned in leaf and root development (Chen et al., 2010; Si-Ammour et al., 2011; Chen et al., 2012). Plants with low expression of miR164 produced more lateral roots by targeting the NAC family (Guo et al., 2005), while NAC1 acted as the downstream of TIR1 to transmit the auxin signals (Xie et al., 2000). miR847 upregulated auxin signaling to mediate lateral organ development by cleaving the auxin/indole acetic acid (Aux/IAA) repressor-encoding gene IAA28 in Arabidopsis (Wang and Guo, 2015). In this study, the expression levels of miR160, miR164, miR167, miR390, miR393, and miR847 were up-regulated in wheat after 8 days of N deficiency treatments (Figure 4A). Therefore, the increased lateral root density may be the subtle balance of activator and repressor ARF transcripts in wheat under N deficiency. In cotton, the expression levels of miR160, miR164, miR167, miR390, miR393, and miR847 were up-regulated after 8 days of N deficiency treatments (Figure 4B). The decreased lateral root density may also be the subtle balance of activator and repressor ARF transcripts in cotton under N deficiency. Therefore, the networks regulated by miRNAs exited an interaction during root development, but the monocots and the dicots executed different root regulatory mechanisms of miRNAs.

Among the targets of miRNAs, approximately 66% were TFs (Tang and Chu, 2017). For example, the well-conserved miR156 regulated plant development by targeting SPL TFs (Schwab et al., 2005; Axtell and Bowman, 2008); one group of SPL genes including SPL3, SPL9, and SPL10 were participated in the inhibition of lateral root growth (Yu et al., 2015). Previously research found SPL9, SPL10 promoted the expression of miR172 (Wu et al., 2009), whose family members played functional specificity in regulating stem elongation, meristem size, shoot branching, trichome initiation, and floral competence (Lian et al., 2021). Yu et al. (2015) unraveled the role of miR156/SPLs modules in lateral root formation in Arabidopsis. In addition, plants with high expression of miR156 reduced meristem size, resulting in shorter primary root (Barrera et al., 2020). In this study, the expression level of miR156 had no significant change in wheat after 8 days of N deficiency by compared with the control treatment (Figure 4A). The class III HOMEODOMAIN-LEUCINE ZIPPER (HD-ZIP III) was negatively restricted by miR165/166, and overexpression of miR165/166 not only regulated the root radial patterning but also increased primary root length by regulating the meristematic activity (Carlsbecker et al., 2010; Singh et al., 2014). In this research, the expression levels of miR165 and miR166 were both up-regulated, but less than 2-fold on the 8th day of N deficiency by compared with the control treatment. The seminal root length in wheat increased but had no significant difference by comparing with the control treatment on the 8th day of N deficiency (Table 1 and Figures 2, 4A). Thus, we concluded that the miR165/166-HD-ZIP III module participated in the seminal root growth in wheat (Figure 7A). In cotton, the expression level of miR156 was significantly upregulated with longer primary root, lower lateral root density after 8 days of N deficiency (Table 1 and Figures 2, 4B). So, we could know the overexpression of miR156 inhibited the lateral root formation in cotton (Figure 7B). miR171 was proved to regulate primary root elongation through manipulating the quiescent centre and by targeting SCARECROW-LIKE6-II (SCL6-II), SCL6-III and SCL6-IV in Arabidopsis under N starvation (Wang et al., 2010; Zhou et al., 2015; Yan et al., 2022). In Medicago truncatula and Arabidopsis, miR396 targeting GRFs impeded primary root growth by regulating cell division (Bazin et al., 2013; Rodriguez et al., 2015; Yan et al., 2022). In this manuscript, the expression levels of miR171, miR396 had significantly upregulated above 2-fold on the 8th day of N deficiency by comparing with the 4th day of N deficiency in cotton (Figure 4B). Therefore, the promotion of primary root development may be related to miR171 and miR396 regulation models (Figure 7B).


[image: image]

FIGURE 7. The potential miRNAs-mediated mechanism for root growth in wheat (A) and cotton (B) by controlling the expression of protein-coding genes under N deficiency. The green arrow and red arrow represent the upregulated and downregulated expression of miRNAs, respectively.





CONCLUSION

Under N deficiency treatment, the root dry biomass had no significant change, but the total root growth was inhibited in wheat and promoted in cotton. In addition, the lateral root density was increased in wheat and declined in cotton, while seminal root length in wheat and primary root length were both increased after 8 days of N treatments. Furthermore, the miRNA-mediated mechanisms were different under N deficiency in monocot and dicot, In wheat, overexpression of miR167, miR319, miR390, miR827, miR847, and miR165/166 coacted to inhibit the total root growth but promote the seminal roots growth and lateral root formation to tolerate N deficit. In cotton, overexpression of miR156, miR167, miR171, miR172, miR390, and miR396 and reduced expression of miR162 and miR393 combinedly worked to enhance the total root and primary growth and to inhibit the lateral root formation to adapt to N deficit.
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Productivity of maize (Zea mays L.) and nitrogen use efficiency (NUE) as affected by nitrogen application levels and timing were studied. The experimental design was a three-replication randomized complete block design (RCBD). The first factor was nitrogen levels (122, 240, 288 and 336 kg N/ha) and the second factor was nitrogen timing (50% of N at sowing and 50% of N before the first irrigation; T1, 50% of N at sowing and 50% of N before the second irrigation; T2 and 50% of N before the first irrigation and 50% of N before the second irrigation; T3). Results indicated that plant height, ear length, kernel weight, number of grains/rows, number of grains/ear and grain yields all increased significantly as nitrogen levels increased and the level of 336 kg N/ha significantly exhibiting the highest values in both seasons. In terms of nitrogen application time, maize yield parameters such as plant height, ear length, kernel weight/ear, number of grains/rows, number of grains/ear and grain yield were significantly affected by nitrogen timing, with the highest values obtained at T3 while the lowest values obtained at T1 in both seasons. The interaction had a significant impact on plant height and grain yield/ha, with the tallest plants, the highest yields and its components observed at 336 kg N/ha, with 50% of N applied during the first irrigation and 50% of N applied during the second. Furthermore, under the study conditions, NUE decreased dramatically as nitrogen levels increased and increased significantly as nitrogen application time changed.

Keywords: maize, nitrogen use efficiency, rates, timing, splitting, yield components


INTRODUCTION

Nitrogen (N) is one of the most essential plant nutrients. It is an essential component of a wide range of biological chemicals that play critical roles in photosynthetic activity, and agricultural productivity. Nitrogen availability can influence maize plant growth and grain yield. The influence of nitrogen availability on maize grain yield can be determined using physiological components such as the interception and effective use of radiation, as well as nitrogen partitioning to reproductive organ (Sandhu et al., 2021). Nitrogen fertilizer affects maize dry matter production by influencing leaf area development, maintenance, and photosynthetic efficiency (Kaur et al., 2012; Shah et al., 2021a). Nitrogen is critical for increasing soil production and crop efficiency (Habtegebrial et al., 2007). Applying more nitrogen to maize resulted in maximum emergence as well as improved plant elongation and yield (Keskin et al., 2005; Siddiqui et al., 2006). Nitrogen fertilizer also increased maize grain production (43–68%) and biomass (25–42%) (Ogola et al., 2002). N is also required for physiological and metabolic functions (Vijayalakshmi et al., 2013).

Maize (Zea mays L.) is an important cereal and multifunctional crop in the Poaceae family, it is used in human food, animal and poultry feed, and in industry for a variety of purposes including maize starch, dextrose, maize syrup, and maize flakes (Gul et al., 2021). It also grows well in a wide range of soil and climatic conditions. It extracts more nutrients than other crops such as tiny grain cereals and grain legumes. Maize is farmed for a variety of purposes, including animal feed (silage and grains), poultry feed (grains), and pigs feed (grains), as well as human consumption in the form of grains, sweet maize, and grain maize. In terms of acreage and output, it is Egypt’s third most significant basic food crop after wheat and rice. Maize is grown on 1.03 million hectares in Egypt, accounting for around 25.2 percent of all cultivated agricultural land, with an average yield of 8.3 tons per hectare (FAOSTAT, 2020). The Egyptian government hopes to reduce the gap between consumption and production by increasing grain production per unit area of agricultural land.

There are several ways to improve agricultural production, such as upgrading farming techniques, combining technology, and using new and high-yielding maze hybrids that are more efficient at consuming nitrogen and respond better to high nitrogen fertilizer rates to produce more grains. Nevertheless, nitrogen fertilizer is one of the most significant variables for crop development, high yield, its components, and quality, as nitrogen is needed to produce a variety of chemicals including chlorophyll and several enzymes. As a result, several researchers have discovered that increasing nitrogen availability improves maize yield (Oraby et al., 2005; Mansour, 2009; Rasmussen et al., 2015; Wasaya et al., 2017; Gheith et al., 2018; Bashir et al., 2021; Shah et al., 2021b).

According to the effect of nitrogen fertilization on maize plants, Amanullah et al. (2009) found that increasing of N rate caused accumulate in maize crops to heat units (thermal time) for tasseling, silking, and physiological maturity, and vice versa, in addition an increase in leaf area per plant, plant height, ear height and biomass yield. Also, other studies showed that when growing maize at high density with a 50% higher nitrogen rate (180 kg/ha) than the optimum rate (120 kg/ha) in 4–5 splits may result increased leaf area and plant height, resulting in maximum biological yield and thus increased maize crop production (Amanullah et al., 2009).

Furthermore, Mohkum Hammad et al. (2011) demonstrated that applying 250 kg N/ha nitrogen fertilizer resulted in the maximum plant height, number of kernels/cob, grain yield and its components. On the other hand, the highest biological yield was 300 kg N/ha. They also found that applying N in three splits at a rate of 250 kg N/ha yields the highest grain yield. In most yielding features, the S.C.10 outperformed other hybrids. When N was applied at a rate of 360 kg N/ha, the number of grains/rows, number of grains/ears, grain yield, and grain protein were all significantly higher. In the other study, a rate of 30 kg N/ha produced significantly more grain at 30, 45, 60, and 75 days after sowing, indicating that reducing N losses from the soil and making efficient use of N throughout important growth and development stages of maize would be more cost effective (Adhikari et al., 2016). Furthermore, yield-related variables like ear length, diameter, number of kernel/rows, number of kernels/rows, and test weight were highest at 120 kg/ha. The maximum yield was obtained at a rate of 120 kg N/ha (Karki et al., 2020). Plant height, ear length, ear weight, kernel yield, and number of kernels/ear, were all affected significantly by N application rates and timing (Gul et al., 2021).

Recently, high-yielding modern maize hybrids have been shown to accumulate more biomass and respond best to fertilizer. This, combined with increased photosynthesis capacity, has been linked to increased grain yield and nitrogen use efficiency, which reduces the rate of fertilizer such as nitrogen (N), lowering costs, as fertilizer prices rise. In this regard, the study was carried out to determine the most appropriate nitrogen rate.



MATERIALS AND METHODS


Experimental Site

During the 2019 and 2020 summer seasons, two field experiments were conducted on a clay soil in texture at the Agriculture and Experiments Station at Giza, Faculty of Agriculture, Cairo University, Egypt, to investigate the impact of levels of nitrogen and timing on maize (Zea mays L. cv SC10) productivity and nitrogen use efficiency (NUE).



Soil Analysis

Soil samples were collected from different locations at a depth 0–60 cm before sowing and analyzed some physio-chemical characteristics in the Research Center Laboratory, Faculty of Agriculture, Cairo University during both seasons. The soil texture was determined using hydrometer method (Topp et al., 1993). Organic matter was determined by the modified Walkey-Black method as suggested by Nelson and Sommers (1996). Available phosphorus (P) and potassium (K) were determined by the method of Olsen and Sommers (1982). Nitrogen was estimated according to Jackson (1958). Some physical and chemical analyses of the experimental site are presented in Table 1.


TABLE 1. Some physical and chemical analysis of the experimental site in 2019 and 2020 seasons.
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Experimental Design

The two experiments were designed as factorial (two factors) and distributed in randomized complete block (RCBD) with three replications during the two seasons.

The first factor was different nitrogen levels, and the second factors was nitrogen application times. Each experimental plot area was 10.5 m2 (10.5 m2 = 1/400 feddan where one feddan = 4,200 m2 = 2.4 ha) and consisted of five ridges that were 3.0 meters long and 70 centimeters apart in the 2019 and 2020 seasons.

Each experiment had 12 treatments, each consisting of a combination of four nitrogen levels (N1 = 192, N2 = 240, N3 = 288, and N4 = 366 kg N/ha) and three application periods (T1; 50% of N at sowing and 50% of N before first irrigation, T2: 50% of N at sowing and 50% of N before second irrigation and T3: 50% of N at first irrigation and 50% of N at second irrigation).

Maize hybrid (Single Cross 10 = SC10) was planted on the 15th and 21st of May 2019 and 2020, respectively. Each hill had two kernels planted by hand method at 25 cm. Plants were thinned to one plant per hill before the first irrigation. The initial irrigation was provided 3 weeks after seeding, with further irrigations applied every 2 weeks throughout the growth season. The urea (46% N) levels were divided into two doses and applied according to the treatments. All other agronomic practices were kept normal and consistent for all treatments as recommended by the Ministry of Agriculture and Land Reclamation except those under study.



Meteorological Data

The monthly of the meteorological data recorded during the cropping period (May to October) at Giza location (Altitude: 19 m. Latitude: 30.05°N Longitude: 31.21°E), Egypt during seasons of 2019 and 2020. The monthly average of meteorological data recorded during cropping period (May to October in 2019 and 2020 seasons) at the Meteorological Station of Agricultural Research Center, Ministry of Agriculture, Giza, Egypt is presented in Table 2 according to Muñoz and Grieser (2006).


TABLE 2. Mean temperature (C°), relative humidity (%) and rainfall (mm) at Giza, Egypt during 2019 and 2020 seasons.
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Studied Characteristics

At harvest, plant height (cm) was determined from 10 plants, ear length (cm), weight of kernels/ear (g) number of grains/rows, and number of grains/ears were estimated from 10 ears. 100-kernel weight (g) was determined as an average of three samples, grain yield (t/ha) was estimated from the two middle ridges then converted to tones/ha and nitrogen use efficiency (NUE) was calculated by dividing grain yield by the N rate applied (Moll et al., 1982; Hermanson et al., 2000; Dobermann, 2005).



Statistical Analysis

The factorial experiment designed in randomized complete block (RCBD) with three replications was used. The first factor was different nitrogen levels, and the second factors was nitrogen application times. The recorded data were analyzed statistically by using statistical software package MSTAT-C (Michigan, 1991). Least Significant Differences (LSD) at 0.05% probability was employed to test the significant differences among means values of each treatments (Torrie, 1996). The two R packages FactoMineR and factoextra were used to generate a principal component analysis (PCA) biplot.




RESULTS

During the 2019 and 2020 seasons, the results of an analysis of variance (ANOVA) for the two factors, nitrogen rates and application times, as well as their interaction, revealed that nitrogen rates and timing application had a significant at p0.05 and highly significant at p0.01 influence on ear length (cm), plant height (PH), kernels weight/ear (g), 100-kernel weight (g), number of grains/rows, number of grains/ears, grain yield (GY), and nitrogen use efficiency (Tables 3, 4).


TABLE 3. ANOVA of the effects of nitrogen rates and times of application and their interaction on plant height, ear length, kernels weight/ear, and 100-kernel weight of maize plants (Zea mays cv. SC 10) in both seasons.
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TABLE 4. ANOVA of the effects of nitrogen rates and times of application and their interaction on number of grains/rows, number of grains/ears, grain yield (t/ha), and NUE of maize in both seasons.
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Response of Maize Hybrid to Nitrogen Application Levels

The results in Table 5 show that nitrogen fertilizer levels had a significant impact on plant height, ear length, and 100-kernel weight, kernel weight/ear in both seasons (2019 and 2020). In general, the highest values of the characters that contribute to grain yield, such as plant height (286.3 and 285.5 cm), ear length (17.9 and 18.1 cm), kernels weight/ear (100.6 and 103.0 g), and 100-kernel weight (45.8 and 42.2 g), were obtained when nitrogen levels were applied at a rate of 366 kg N/ha. The lowest values were observed at the lowest nitrogen level (192 kg N/ha) of plant height (245.0 and 250.1 cm), ear length (16.7 and 16.9 cm), kernel weight/ear (70.6 and 73.2 g), and 100-kernel weight (39.7 and 39.2 g) in 2019 and 2020 seasons, respectively.


TABLE 5. Plant attribute of maize (Zea mays cv. SC. 10) as affected by nitrogen levels and time of application in 2019 and 2020 seasons.
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As shown in Table 6, the highest nitrogen level (366 kg N/ha) produced the highest values of number of grains/row (43.7 and 42.1 grains), number of grains/ear (477.7 and 487.3 grains), and grain yield (4.7 and 4.8 t/ha), followed by 228 kg N/ha, which recorded 4.3 and 4.5 t/ha without any significant differences between these two levels, while the lowest nitrogen level (192 kg N/ha) produced the lowest number of grains/row (38.0 and 39.1 grains), number of grains/ear (417.7 and 425.3 grains), grain yield (3.5 and 3.4 t/ha) during 2019 and 2020 seasons, respectively. Concerning the effect of nitrogen level of NUE, results in Table 6 cleared that NUE significantly affected by changing in applied nitrogen levels in both seasons. It quite clears from these results that NUE was gradually reduced with increasing nitrogen levels where the maximum NUE (22.9 and 19.3) was recorded at 192 kg N/ha, while the lowest NUE (12.6 and 13.1) was obtained at a higher nitrogen level (366 kg N/ha) in 2019 and 2020 seasons, respectively.


TABLE 6. Plant attribute of maize (Zea mays cv. SC. 10) as affected by nitrogen levels and time of application in 2019 and 2020 seasons.
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Response of Maize Hybrid to Nitrogen Application Time

The results in Table 5 revealed that the timing of nitrogen application had a significant impact on maize grain production and yield contributing characters such as plant height, ear length, and grain weight/ear, 100-kernel. With nitrogen application at T3 (50% of N at the first irrigation + 50% of N at the second irrigation), the highest values of plant height (275.5 and 279.3 cm), ear length (19.6 and 19.0 cm), kernel weight/ear (99.1 and 99.6 g) and 100-kernel weight (44.9 and 44.1 g) were attained, followed by T2 (50% of N at planting + 50% of N at the second irrigation), which recorded 270.3 and 275.5 cm for plant height, 18.4 and 18.1 cm for ear length, 85.3 and 90.5 g for kernel weight and 43.2 and 43.0 g for weight of 100 kernel, while the lowest values were gotten at T1 (50% of N at sowing and 50% of N at first irrigation) in both seasons, respectively.

Results in Table 6, it is clear from these data that nitrogen timing had a significant effect on number of grains/row, number of grains/ear and grain yield/ha, with T1 producing the lowest values of number of grains/row (39.0 and 39.8 grains), number of grains/ear (428.6 and 436.1 grains) and grain yield (3.7 and 3.9 t/ha.) and T3 producing the highest values of number of grains/row (42.7 and 43.6 grains), number of grains/ear (467.3 and 474.8 grains) and grain yield (4.3 and 4.5 t/ha.), followed by T2 with 4.0 and 4.2 t/ha, in the first and second seasons, respectively. Furthermore, the results in Table 6 revealed that T3 (50% of N at each of 1st and 2nd irrigation) gave the highest nitrogen utilization efficiency (NUE) values (16.6 and 17.5 percent), whereas T1 (50% of N at each of sowing and 1st irrigation) recorded the lowest (14.0 and 14.8%) in both seasons.



Response of Maize to the Interaction Between N-Levels and Timing/Splitting

ANOVA for the effect of interaction between nitrogen fertilization rates and the times of application of nitrogen fertilization treatments was shown in Tables 3, 4. The results of ANOVA showed that interaction between nitrogen fertilization levels and the times of application treatments had a highly significant effect on plant height (PH), number of grains/rows, number of grains/ears, grain yield (GY), and nitrogen use efficiency (NUE), while ear length (EL), kernels weight/ear (KW), and 100-kernel weight (g) showed a non-significant result in 2019 and 2020 seasons.

The response of plant height, grain yield, and nitrogen use efficiency (NUE) to the interaction between nitrogen fertilization levels and the time of application (splitting) is shown in the Figure 1. Application of 366 kg N/ha with T3 recorded the highest plants, while the shortest plants of maize were obtained by control treatment in the 2019, and 2020 seasons. Application of 366 kg N/ha with T3 indicated the largest grain yield, also there are no significant differences between 366 and 192 kg N/ha with T3, in contrast, the lowest values of grain yield of maize were recorded by application of 192 kg N/ha with T1 treatment in the first and second seasons, respectively. For NUE, the highest value of NUE was obtained when added 192 kg N/ha along with T1 in both seasons were applied. while T3 with 192 kg N/ha exhibited the lowest NUE in the two seasons.
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FIGURE 1. Effects of interaction between nitrogen rates and application time on maize growth parameters across two seasons (2019 and 2020), where T1 (50% of N at each of sowing and 1st irrigation), T2 (50% of N at each of sowing and 2nd irrigation) and T3 (50% of N at each of 1st and 2nd irrigation).


The interaction effect between nitrogen fertilization levels and the time of application (splitting) on number of grains/row and number of grains/ears is shown in the Figure 2A in the first season and Figure 2B in second season. The results in this figure the maximum mean values of number of grains/row (46.3 and 46.7 grains) were recorded with fertilizing maize plants by the higher rate of the nitrogen with T3 (50% of N at each of 1st and 2nd irrigation) also this rate with T1 (50% of N at each of sowing and 1st irrigation) or T2 (50% of N at each of sowing and 2nd irrigation) gave the highest numbers in the first and second seasons, respectively.
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FIGURE 2. (A,B) Interaction effect between N fertilization level and N application time on number of grains/row during the two seasons, where T1 (50% of N at each of sowing and 1st irrigation), T2 (50% of N at each of sowing and 2nd irrigation) and T3 (50% of N at each of 1st and 2nd irrigation).


On the other hand, the interaction effect between nitrogen fertilization levels and the time of application (splitting) on number of grains/ears is shown in the Figures 3A,B in both seasons. The results cleared that applying the higher nitrogen level with the first and second irrigation (T1) achieved the highest values of number of kernels/ear (501.7 and 512.3 kernels) in 2019 and 2020, respectively. These results showed that also increasing the rate of N application up to 366 kg/ha with splitting this rate in sowing, or the first or the second irrigation increased number of kernels per row and per ear, in both seasons followed by 288 kg N/ha.
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FIGURE 3. (A,B) Interaction effect between N fertilization level and N application time on number of grains/ear in both seasons, where T1 (50% of N at each of sowing and 1st irrigation), T2 (50% of N at each of sowing and 2nd irrigation) and T3 (50% of N at each of 1st and 2nd irrigation).




Principal Component Analysis

PCA was performed to study the relationship among the tested traits and treatments (Figure 4). The first two PCs accounted for 90.4% of the variability. PC1 explained 64% of the variation and appeared to be associated with the increase in N level from 192 on the negative side to 360 kg N/ha on the positive side (Figure 4). PC2 accounted for 26.4% of the variation and appeared to be related to the times of application from the top with T3 to the bottom with T1. T3 under 360 kg N/ha was located near grain yield, thus reinforcing the above results.
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FIGURE 4. PCA analysis shows the correlations between agronomic traits and NUE traits according to the N fertilization levels and application time over 2 years. Diagrams are defined by the first two axes of the PCA of the different variables (n = 3); Axis1 (64% of variance explained) and Axis2 (26.4% of variance explained), where T1 (50% of N at each of sowing and 1st irrigation), T2 (50% of N at each of sowing and 2nd irrigation) and T3 (50% of N at each of 1st and 2nd irrigation).


The angles among trait vectors illustrated the association among the studied traits. Contiguous vectors reflect a strong positive correlation, whereas vectors with large angles (approximately 180°) reveal a negative correlation. A strong positive association was identified between grain yield and all its attributes. The closest components to grain yield were 100-kernel weight and kernel weight/ear, reflecting their importance in indirect selection due to the ease of their measurement. NUE was markedly higher when there was low added 192 N fertilization and were highly correlated with the T1 treatment (Figure 4).




DISCUSSION

The results revealed that high N application is the most common strategy used by farmers in arid region, to improve productivity. Furthermore, the appropriate timing of N application might maximize maize production, although yield variation is closely related to N rate and external environment. In this line, the highest maize yield was obtained with a N rate of 360 kg/ha in early spring planting and 300 kg/ha in late spring sowing (Coelho et al., 2022). Also, similar results were reported by Yue et al. (2022) they noticed that more than 200 kg N/ha applied one-third at sowing and two-thirds at the six-leaf stage is an appropriate N supply method to improve starch metabolizing enzymes, regulate hormone content, and improve grain-filling rates, thereby increasing maize yield. In the same line, according to Chen et al. (2015), increasing N application (0–240 kg N ha1) clearly boosted yield; however, increasing N application has minimal influence on yield after N application reaches a certain limit. These results are consistent with those obtained by Rong and Xuefeng (2011), Asif et al. (2013), Wasaya et al. (2017) and Hu et al. (2021) who observed that when increasing nitrogen rate was improved the average yield increased in a progressive and positively affected. Additionally, numerous researchers have found that enhancing nitrogen availability has a positive impact on maize productivity (Al-Shebani, 2005; Oraby et al., 2005; Mansour, 2009; Ahmad et al., 2020; Shah et al., 2021b,c).

Grain production improvements as a function of N application rate are explained by increases in the number of kernels/ears, ears/plant, and kernel weight, as well as a decrease in the number of plants lacking ears. The positive response to N fertilizer can be explained by the assumption that nitrogen has the greatest impact on the development of the vegetative parts of the plants, so the beneficial effect of increasing nitrogen supply on yield could be due to better ear growth, more filled kernels per ear, and larger kernels. N increased assimilates supplies for component development and yield set, as evidenced by the significant rise in yield components (Akmal et al., 2010). The influence of nitrogen on the vigor vegetative development and accumulation of photosynthetic assimilates, which create many grains/rows and grains/ear, and meristematic activity of the maize plant, and improving yield qualities such as ultimate grain yield, might explain these results.

In this study, nitrogen fertilization levels and timing increased yield component i.e., number of grain/row, number of grain/ear, grain weight/ear, 100-grain weight, that increased grain yield/ha. N fertilization significantly increased grain yield by enhancing the grain weight, number of ears/ha, and number of grains per ear (Srivastava et al., 2018). The effect of raising the N rate on maize production was stronger in early spring sowing than in late spring sowing, owing to the improved effect of N-fertilizer on kernels per ear (Coelho et al., 2022). The suitable N fertilizer rate and time enhances grain weight as a result of increasing effective grain-filling duration and rate (Abdelsalam et al., 2019; Wei et al., 2019; Hammad et al., 2022; Zhanbota et al., 2022).

Nitrogen fertilizer treatment has a varying maize yield response, and researchers found that applying N with splits resulted in much greater grain production than applying N solely at the base (Abdelsalam et al., 2019; Fabunmi, 2010). These results in this study demonstrated the significance of the development stage at which nitrogen was supplied. This deficit might be caused by the absorption of nitrogen fertilizer ingested by plants destroyed during the thinning process. It is clear from this study that nitrogen application, particularly at T3 and T2, resulted in the highest yield response.

Similarly, Rizwan et al. (2003) reported that applying N in three splits, namely at planting, initial watering, and knee height, resulted in the highest plant height. In comparison to plots where an equal quantity of nitrogen was side dressed in three splits, i.e., at sowing, first irrigation, and knee height, plots where an equal amount of nitrogen was side dressed in three splits yielded the maximum grain yield. These results are consistent with those (Turgut, 2000; Torbert et al., 2001; Nemati and Sharifi, 2012; Tadesse et al., 2013; El-Naggar et al., 2020; Hu et al., 2020) who found that nitrogen application timing/splitting considerably influenced maize grain yield or certain of its components. Grain yield, plant height, ear height, kernel rows per ear, number of kernels/row and per ear, ear length, and thousand grain weight were all significantly affected by split N treatment, according to Adhikari et al. (2016), A rate of 300 kg N/ha generated considerably more grain at 30, 45, 60, and 75 days after planting as compared to control, showing that reducing N losses from the soil and making optimum use of N during crucial growth and development stages of maize would be more cost effective.

In the other study, Wazir and Akmal (2019) observed that three-split N treatment maintained adequate nutrients for maize grain growth, potentially leading to better grain yields. When the N application rate is less than 200 kg N/ha, the results show that N rate, rather than N application time, is the most important factor influencing yield (Li and Li, 2015). Higher N supply, regardless of application timing or plant density, increased grain-fill duration and, more inconsistently, effective grain-filling rate. Kernels accumulated dry matter and N for similar durations (Olmedo Pico and Vyn, 2021). Grain yield is clear by the product of grain number and kernel weight. Although number of kernels is considered the main grain yield determinant because it is more responsive to changes in environmental conditions, grain yield can still be affected by variations in kernel weight (Otegui, 1995; Borrás et al., 2004; Echarte et al., 2006; Kandil et al., 2022).

The overall effectiveness of applied fertilizer is determined by maize absorption of nitrogen from the soil, assimilation, and remobilization into the grain. As a result, uptake and utilization efficiency are two crucial components, and enhancing uptake and utilization efficiency in crops enhances overall NUE (Thomas, 2016; Noor, 2017; Kandil et al., 2020; Congreves et al., 2021). In the present study, applying a higher level of nitrogen (366 kg N/ha) recorded the lowest nitrogen use efficiency (NUE), while the rate of N at (192 kg/ha) recorded the highest NUE. NUE is differed as the extra in harvest grain yield for each increase in applied nitrogen (Good et al., 2004). These results are in harmony with those reported by Zhao et al. (2006), Nemati and Sharifi (2012), and Shemi (2017) who reported that NUE was decreased with increasing nitrogen levels.

Nitrogen-use efficiency (NUE) is a simple estimate of N mass balance. It is defined as the ratio of N eliminated in harvested product divided by the total of N inputs. The effects of other management practices such as N application timing, source and placement are vital for NUE (Power and Schepers, 1989). In our investigation, greater values of all NUE components in lower doses of N resulted from higher use of N absorption in growing grains and reduced N loss to the environment due to synchronization of N delivery timing with crop demands. Several publications suggest that synchronizing N supply with crop demand throughout the crop season is a wonderful way to reduce N loss and increase NUE (Qiu et al., 2015; Srivastava et al., 2018; Aziiba et al., 2019; Gomaa et al., 2021; Chattha et al., 2022). The attained negative relationship between fertilizer rate and NUE (Figure 2) agrees with the results which the rate of applied N is the main factor affecting NUE because N losses increase rapidly when N inputs exceed the crop assimilation capacity (Meisinger and Randall, 1991).



CONCLUSION

The following conclusion was formed based on results of this study on the usage of optimal nitrogen rates and timings in future projects, particularly those incorporating modern hybrids. According to the results of the recent field experiments, nitrogen treatments (levels and splits) increase the production and quality of the hybrid maize variety SC 10. All parameters indicated maximum values when nitrogen fertilizer was applied at a rate of 366 kg N/ha, followed by 288 kg N/ha, while the lowest level 192 kg N/ha, followed by 240 kg N/ha, recorded the highest NUE. Combining 366 or 288 kg N/ha with T3 (50 percent N nitrogen fertilizer at first and second irrigation) tends to increase maize hybrid output and yield-related parameters. These findings suggested that Egyptian farmers could improve maize hybrid yield performance by selecting the appropriate nitrogen fertilizer quantity and timing to build a more effective farming cycle with an environmentally friendly or more sustainable system.
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Effects of Selenium on Growth and Selenium Content Distribution of Virus-Free Sweet Potato Seedlings in Water Culture
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Understanding the selenium tolerance of different sweet potato [Dioscorea esculenta (Lour.) Burkill] is essential for simultaneously for breeding of new selenium-tolerant varieties and improving the selenium content in sweet potato. Therefore, a greenhouse experiment was conducted from February to April 2022 to evaluate the effect of sweet potato cultivars and selenium (Na2SeO3) concentrations (0–40 mg/L) on plant growth, physiological activities and plant selenium content distribution. The results showed that when the selenium concentration was more than 3 mg/L, the plant growth was significantly affected and the plant height and root length were significantly different compared to the control. While the selenium concentration was 20 and 40 mg/L had the greatest effect on plant growth when the number of internodes and leaves of the plant decreased, the root system stopped growing and the number of internodes of the plant, the number of leaves and the dry-to-fresh weight ratio of the plant a very significant level compared to reached control. The relative amount of chlorophyll in leaves under treatment with a selenium concentration of 1 mg/L was increased, and the relative amount of chlorophyll in 3 mg/L leaves gradually increased with the increase in the selenium concentration. The values of the maximum photochemical efficiency PSII (fv/fm) and the potential activity of PSII (fv/fo) compared to the control under treatment with 40 mg/L selenium concentration and photosynthesis of plants was inhibited. The selenium content in root, stem and leaf increased with the increase in selenium concentration, and the distribution of selenium content in the plant was leaf <stem <root, and the selenium content in root was significantly higher than that in stem and leaf. In summary, the appropriate concentration of selenium tolerance has been determined to be 3 mg/L. The aquatic culture identification method of selenium tolerance of sweet potatoes and growth indices of various selenium tolerant varieties (lines) established in this study will provide a technical basis for selenium tolerant cultivation and mechanism research.

Keywords: sweet potato, selenium, hydroponic seedlings, selenium distribution, SPAD value, photosynthesis


INTRODUCTION

Selenium is a nutrient element of plants. In the process of plant growth, an adequate amount of selenium can relieve stress such as high temperature, ultraviolet, low temperature and drought, inhibit the production of plant active oxygen (Chu et al., 2010; Djanaguiraman et al., 2010; Hasanuzzaman and Fujita, 2011; Yao et al., 2011), affect plant photosynthesis (Zhang et al., 2014). It is believed that selenium can reduce the effects of oxidative stress caused by other factors stimulating the antioxidant system of plants (Hasanuzzaman and Fujita, 2011; Sieprawska et al., 2015; Gupta and Gupta, 2017). The concentration of antioxidant metabolites in tissues of selenium-rich plants was usually higher than that of non-hyper accumulative plants (Freeman et al., 2010).

In recent years, the bioremediation of inorganic forms of selenium for human and animal consumption through plant approaches (White and Broadley, 2009) and phytoremediation (Pilon-Smits, 2005) to improve selenium levels in selenium-rich soils has become a research hotspot. Studies have shown that low levels of selenium play a beneficial role in Tartary buckwheat (Breznik et al., 2005), pumpkin (Germ et al., 2005), tomato (Shu et al., 2010) and sweet potato (Huang et al., 2020). Seleniferous soils are widespread in the Great Plains of the United States, Canada, South America, Australia, India, China, and Russia (Dhillon and Dhillon, 2003; Fordyce, 2013; Barker and Pilbeam, 2015). However, soil selenium is based on the total selenium content of soil, not the soil available selenium content, but rather what plants can absorb and utilize is soil available selenium. The degree of selenium absorption by plants depends on species, and the selenium accumulation ability of different plants species are varies greatly. In recent years, evolutionary biologists have been concerned with the development of non-accumulative plants into selenium-rich plants. In addition, evolutionary biologists have been concerned with the development of non-accumulative plants into selenium-rich plants. In Caryophyllaceae, Asterales, Brassicales, Fabales, Lamiales, and Rubiaceae, selenium hyperaccumulators have evolved independently through the convergence and evolution of appropriate biochemical pathways into the core of Gentianaceae (Cappa et al., 2014; White, 2016, 2017).

Enshi Prefecture is rich in selenium resources. The sweet potato cultivation area in Enshi prefecture is 37900 ha all year round, the cultivation area is extensive, and has good conditions for biological enrichment of selenium (Enshi Statistical Year book, 2019). However, the production of selenium-rich sweet potato is restricted by factors such as the elevation variation, diversity of regional environment, uneven distribution of selenium levels in soil, and the relatively single source of sweet seed potatoes. Therefore, the study of selenium tolerance of sweet potato is of great significance for breeding of new selenium-tolerant varieties and improving the selenium content in sweet potato. Most of our previous studies achieved the purpose of increasing the selenium content of sweet potato by selecting selenium-rich soil or artificially adding selenium-containing fertilizer, and preliminarily studied the content distribution and morphological distribution of selenium in sweet potato. However, the difference of soil selenium composition in different locations will inevitable the accuracy of screening for the ability of sweet potatoes to be rich in selenium. Adding selenium to the nutrient solution of aquatic seedlings can be an effective method to study the ability of plants to be rich in selenium. In recent years, plant tissue culture technology has developed rapidly. The selection of hydroponic and the rapid propagation of test-tube plantlets can overcome the influence of uneven field stress and ensure that the properties of materials can be expressed under relatively consistent conditions. There are many previous studies on the salt stress of sweet potato (Luan et al., 2007; Yan et al., 2016; Luo et al., 2017; Mondal et al., 2022). However, the response of virus-free sweet potato seedlings to high selenium concentrations and screening the index of selenium tolerance of sweet potato to assess the selenium tolerance of sweet potato varieties has not been reported.

Although many studies have focused on how to improve the selenium content of fresh sweet potato and the distribution of selenium content in different parts of the sweet potato, although sweet potato varieties with different selenium-rich ability have been selected, most of the sweet potato varieties have been screened by this method have failed to find out their selenium-rich threshold, so this study uses the method of adding Na2SeO3 to hydroponic nutrient solution to simulate selenium stress. The effects of different selenium concentrations on the related agronomic characters, photosynthetic characteristics and plant selenium content distribution of sweet potato plants widely planted in two regions were studied to provide technical methods and data reference for early stage screening of selenium-resistant varieties. The purpose of this study is to provide theoretical reference for the screening of selenium-resistant varieties and planting late-stage areas with high selenium levels.



MATERIALS AND METHODS


Experimental Design


Plant Materials and Growth Conditions

The experiment was carried out in the sweet potato hydroponic greenhouse of Enshi Academy of Agricultural Sciences (30°19′ N, 109°28′ E, 430 m a.s.l.) from February to April 2022. The virus-free tissue culture seedlings were removed from the tissue culture flask after refining, the original root was retained, and the residual medium was washed out with pure water. Propagation of virus-free tissue culture seedlings into water-cultured seedlings. The water-cultured seedlings were placed in the greenhouse at a temperature of 10°C∼28°C (Figure 1) for natural light scattering.


[image: image]

FIGURE 1. The average daily temperature of the sweet potato hydroponic period in the test area.




Sweet Potato Cultivar and Selenium Treatments

On April 7, the virus-free tissue culture seedlings of Shangshu19 and 20167-6 (Large area planting in this area, Table 1) were planted on a special planting plate with a density of 5 cm × 5 cm. 20 sweet potato seedlings of relatively uniform size were transplanted to each plate and placed in a culture plate of 30 cm × 30 cm × 5 cm, and nutrient solution was added to the culture plate to induce the formation of root primitive (Table 2), the root primitive appeared in 5∼7 days. After the formation of the original root body of water-cultured seedlings, the nutrient solution for inducing the original root body was replaced with the rooting solution (Table 3). Rooting nutrient solution was replaced by subculture growth nutrient solution (Table 4). On April 14, the plant was treated with Na2SeO3 at a concentration of 0 (CK), 0.2, 0.5, 1, 3, 5, 10, 20, and 40 mg/L, and pH regulation (5.8 ± 0.5). The experiment was repeated for three times.


TABLE 1. Information of sweet potato varieties.
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TABLE 2. Preparation of nutrient solution for inducing root primitive body formation.
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TABLE 3. Preparation of rooting nutrient solution.

[image: Table 3]

TABLE 4. Preparation of nutrient solution for subculture and proliferation.
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SPAD and Photosynthesis Determination

On April 29, the relative content of chlorophyll (expressed by SPAD value) in the leaves of top 3 seedlings representative plants were measured by SPAD-502 chlorophyll meter, and the measured leaves were marked. The marked leaves were clamped with a shading clamp, and after 30 min dark adaptation, the chlorophyll fluorescence parameters of the corresponding leaves were measured by PAM portable chlorophyll fluorescence meter (Walz, Germany). The initial fluorescence (Fo) under dark adaptation was measured by a weak measuring light (0.12 μmol⋅m–2⋅s–1, 600 Hz), and then the maximum fluorescence (Fm) under dark adaptation was measured with a saturated pulse light (4,000 μmol⋅m–2⋅s–1, pulse time 0.8 s). The other parameters were calculated as follows:

Maximum photochemical efficiency of PSII under dark adaptation Fv/Fm = (Fm-Fo)/Fm;

Potential activity of PSII Fv/Fo = (Fm-Fo)/Fo



Main Agronomic Characters and Selenium Content in Plants

After the determination of SPAD and photosynthetic parameters, 10 plants of each variety (line) were washed three times with distilled water, and the plant height, stem diameter, root length, stem node number and leaf number of each sweet potato seedling were measured, and then the fresh weights of 10 seedlings were quickly dried with absorbent paper and sequentially numbered. The dry matter content was determined by drying weighing method. The numbered seedlings were placed in the oven and dried at 105°C for 30 min and dried at 80°C to weigh the dry weight, respectively.

The dried materials were crushed by a high-speed grinder and screened by 1 mm, then digested into colorless and transparent with a mixed acid (volume of nitric acid: perchloric acid = 4:1). The selenium content was determined by using the atomic fluorescence spectrometer AFS-230 [specific methods refer to ecological geochemical evaluation of animal and plant samples-part 2: determination of the selenium content by atomic fluorescence spectrometry (DZ/T0253.2-2014)].



Data Analysis

Data analysis uses Microsoft Excel 2010 for data processing, SPSS 23.0 was performed for statistical analyses. A three-way analysis of variance (ANOVA) was used to show the effects of selenium concentrations on plant growth, physiological activities and plant selenium content distribution with Fisher’s Least Significant Difference (LSD) test and Duncan test (Sig < 0.05; Sig < 0.01). Sigma Plot 19.0 version was used to perform the Figures.




RESULTS AND ANALYSIS


The Growth of Sweet Potato Seedlings in Water Culture

There was an effect of selenium on plant height of sweet potato in water culture (Figures 2, 3). The plant height of Shangshu19 was higher (4.96 cm) than that of CK (4.83 cm) when the selenium concentration was higher than that of CK (0.5 mg/L). When the concentration of selenium exceeded 1 mg/L, the plant height was lower (2.70 cm) than that of CK, and the difference was very significant compared to CK, and the plant height of 3, 5, 10, and 40 mg/L was lower than that of 3.6 cm. When the selenium concentration of 0.5 and 1 mg/L was higher than that of CK, the plant height of 20167-6 was higher than that of CK, which was 6.62 and 7.56 cm, respectively. When the selenium concentration exceeded 1 mg/L, the plant height was lower than that of CK with the increase of selenium concentration. The plant height of 20 mg/L and 40 mg/L treatment was only 4.94 and 4.44 cm, and the plant growth was significantly inhibited (Figure 4 and Table 5).


[image: image]

FIGURE 2. Growth of Shangshu19 under different selenium concentrations. The selenium concentrations in the first row from left to right are 0, 0.2, 0.5, 1, and 3 mg/L, and the selenium concentrations in the second row from left to right are 5, 10, 20, and 40 mg/L.
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FIGURE 3. Growth of 20167-6 under different selenium concentrations. The selenium concentrations in the first row from left to right are 0, 0.2, 0.5, 1, and 3 mg/L, and the selenium concentrations in the second row from left to right are 5, 10, 20, and 40 mg/L.
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FIGURE 4. Effects of different selenium concentrations on the plant height of sweet potato. Different lowercase letters in the same category indicated that there were significant differences between Se treatments (Sig < 0.05); Different capital letters in the same category indicated that there were significant differences between Se treatments (Sig < 0.01).



TABLE 5. Effects of different selenium concentrations on the growth of sweet potato seedlings in water culture.

[image: Table 5]
Selenium had a significant effect on the root length of sweet potato seedlings in water culture (Figures 2, 3). The increase of selenium concentration inhibited root growth of Shangshu19 and 20167-6, and root growth began to be inhibited when the selenium concentration was 3 mg/L, and root growth stopped under the treatment of 20 and 40 mg/L (Figure 5 and Table 5). Se concentration in 0.2 and 0.5 mg/L Shangshu19 decreased slightly compared with CK, and the decreasing trend was more prominent at 1 and 3 mg/L. With the increase in selenium concentration, the root dry weight of Shangshu19 was lower than that of CK, and there was significant difference in root dry weight compared with CK when selenium concentration was 3, 5, and 10 mg/L. Selenium concentration in 0.2, 0.5, 1, and 3 mg/L 20167-6. Stem and leaf dry weight, root dry weight increased compared to CK, in 0.5 mg/L, 1 mg/L increased more significantly, compared with the control, selenium concentration in 10 mg/L plant stem and leaf dry weight were significantly higher than the control, root dry weight were significantly lower than the control (Table 5). Compared with commercial potato Shangshu19, 20167-6, under the selenium concentration of 0.5, 1, and 3 mg/L, the plants grew more vigorously and had better selenium tolerance (Table 5).
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FIGURE 5. The effect of different selenium concentrations on the root length of sweet potato. The root length of sweet potato is 0 cm at the concentration of 20 and 40 mg/L selenium. Different lowercase letters in the same category indicated that there were significant differences between Se treatments (Sig < 0.05); Different capital letters in the same category indicated that there were significant differences between Se treatments (Sig < 0.01).




SPAD Value of Sweet Potato

Chlorophyll is the material basis of energy transformation in photosynthesis, and its content is a key index to measure leaf senescence and photosynthetic function. The relative content of chlorophyll in leaves can be determined by Nissan SPAD-502 Chlorophyll Meter. The leaf SPAD value of Shangshu19 was higher than that of CK under the selenium concentration of 0.2, 0.5, and 1 mg/L. The highest SPAD value of Shangshu19 was 38.32 under treatment of 1 mg/L selenium concentration. With increasing of selenium concentration, the SPAD value of Shangshu19 leaves gradually decreased. Under the 40 mg/L selenium concentration treatment, the lowest SPAD value of leaves was 24.18, significantly higher than that of CK, and there was a significant difference compared with the other five high concentration treatments. The leaf SPAD value of 20167-6 was higher than that of CK under the selenium concentration of 0.5 and 1 mg/L, and the highest SPAD value was 40.06 under the selenium concentration of 1 mg/L. With the increase of selenium concentration, the SPAD value of leaves gradually decreased. The difference of selenium concentration of 0.5 and 1 mg/L was significant compared to CK and 0.2 mg/L, and the difference was extremely significant compared with the other five high concentration treatments (Figure 6). This indicated that low concentration selenium (≤1 mg/L) treatment was helpful to increase the relative amount of chlorophyll in leaves of the tested materials, while high concentration selenium (≥3 mg/L) treatment began to be stressed to a certain extent, and the relative amount of chlorophyll in leaves decreased.
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FIGURE 6. Effects of different selenium concentrations on SPAD value of sweet potato leaves. Different lowercase letters in the same category indicated that there were significant differences between Se treatments (Sig < 0.05); Different capital letters in the same category indicated that there were significant differences between Se treatments (Sig < 0.01).




Photoreaction Parameters of Sweet Potato Plants

The maximum photochemical efficiency (Fv/Fm) of PSII in Shangshu19 leaves was significantly higher than that of CK when the selenium concentration was lower than that of 20 mg/L. At this time, the treatment of selenium concentration could significantly increase the opening degree and activity of PSII reaction center, and the opening degree and activity of Fv/Fm of leaves slightly lower than that of CK, PSII reaction center began to be inhibited when the selenium concentration was lower than that of 40 mg/L. 20167-6. When the selenium concentration of was lower than that of 5 mg/L 20167-6, the Fv/Fm value in leaves increased but the difference was not significant. At this time, the treatment of selenium concentration could increase the opening degree and activity of PSII reaction center. Under the concentration of 5, 10, 20, and 40 mg/L, leaf Fv/Fm opening and activity lower than that of CK began to inhibited PSII reaction center, and the value of Fv/Fm in leaves was lowest under the concentration of 40 mg/L selenium. Compared to CK, the difference is extremely significant (Figure 7). The potential activity (Fv/Fo) of PSII in leaves of Shangshu19 and 20167-6 at different selenium concentrations was consistent with the above-mentioned Fv/Fm (Figure 8). It is generally assumed that Fv/Fm under dark adaptation, is relatively constant under non-stress conditions, and is not affected by species and growth conditions. Under stress conditions, this parameter decreases significantly. Compared to 20167-6, Shangshu19 is less affected by selenium stress.
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FIGURE 7. Effects of different selenium concentrations on the maximum photochemical efficiency (Fv/Fm) of PSII after dark treatment of sweet potato. Different lowercase letters in the same category indicated that there were significant differences between Se treatments (Sig < 0.05); Different capital letters in the same category indicated that there were significant differences between Se treatments (Sig < 0.01).
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FIGURE 8. Effects of different selenium concentrations on potential activity (Fv/Fo) of PSII after dark treatment of sweet potato. Different lowercase letters in the same category indicated that there were significant differences between Se treatments (Sig < 0.05); Different capital letters in the same category indicated that there were significant differences between Se treatments (Sig < 0.01).




Selenium Distribution in Sweet Potato Plants

The selenium content in root, stem and leaf of Shangshu19 and 20167-6 increased with increasing of selenium concentration, and the highest selenium content in root system under 10 mg/L treatment was 405 and 344 mg/kg, respectively, significantly higher than that of other treatments. Under 40 mg/L treatment, the selenium content in stem and leaf of Shangshu19 and 20167-6 was the highest, which was 299, 148, 183, and 81.3 mg/kg, which was significantly higher than other treatments (Figure 9). The distribution of selenium content in plant was leaf <stem <root (Sig < 0.01), and the selenium content in root was significantly higher than that in stem and leaf. When the selenium concentration was higher than 1 mg/L, the accumulation of selenium in roots, stems and leaves of Shangshu19 was higher than 20167-6, and the plant was less affected by selenium stress.


[image: image]

FIGURE 9. Effects of different selenium concentrations on the distribution of selenium content in Shangshu19 and 20167-6. Different capital letters in the same category indicated that there were significant differences between Se treatments (Sig < 0.01).





DISCUSSION


Effects of Se Concentrations on Sweet Potato Growth

In this study, a low Se concentration (≤1 mg/L) could increase plant height, which is consistent with the conclusion of Turakainen et al. (2004), but high Se concentration (≥3 mg/L) reduced plant height and root length, which was consistent with our conclusion that Akbulut and Çakır (2010) and Saffaryazdi et al. (2012) decreased plant height and root length with higher selenium concentration. When the concentration reached 20 mg/L, the root system of the plant stopped growing, but plant growth was not significantly affected until the selenium concentration increased to 40 mg/L. The high concentration may be toxic. Previously, selenium was widely used to mitigate oxidative damage in many plant species due to various environmental stresses (Xue et al., 2001; Pennanen et al., 2002; Turakainen et al., 2004; Germ et al., 2007). All of these results suggest that Se treatment can improve growth of many plants exposed to various environmental stressors, and this study also supports this conclusion. Here, we found that Se promoted the growth of 20167-6 sweet potato seedlings, and the plants treated with Se had higher dry matter weight of stems, leaves and roots than those without Se.



Effects of Se Concentrations on Sweet Potato Photosynthesis

We found that low Se concentration increased the SPAD value of sweet potato seedling leaves, consistent with this study, low Se concentration increased the chlorophyll content of lettuce (Xue et al., 2001; Liu et al., 2022). Hawrylak-Nowak (2009) reported that the increase in chlorophyll content due to the effective scavenging of reactive oxygen species (ROS) caused by the addition of Se. Low Se concentration can enhance photosynthetic pigment biosynthesis (Pennanen et al., 2002) by protecting chloroplast enzymes and enhancing the photosynthetic pigments biosynthesis. Plant photosynthetic physiology is particularly sensitive to environmental stress, and selenium can regulate environmental stress and may further affect plant photosynthesis. Freeman et al. (2010) compared the electron transfer rate [electron transport rate (ETR)] of –selenium rich plants and non-selenium-rich plants under selenium treatment, and found that 20 μmol selenate treatment of selenium rich plants significantly increased their ETR, while non-selenium rich plants showed the opposite under the same conditions. Application of selenium (<50 g/ha) increased photosynthetic rate (Pn), ETR photosynthesis index and chlorophyll fluorescence parameters such as Fv, Fo, Fv/Fm, and Fv/Fo in rice. When the selenium application rate was 100 g/ha, the photosynthetic index decreased (Zhang et al., 2014). We found that the values of Fv/Fm and Fv/Fo of plants treated with selenium concentration of 40 mg/L decreased compared to CK, and the photosynthesis of plants was inhibited, consistent with the results of Zhang et al. (2014). However, we only examined the changes of SPAD value, Fv/Fm and Fv/Fo value of Shangshu19 and 20167-6 under selenium concentration treatment, which need to be further investigated from the aspects of physiological level and broader genetic molecular mechanism.



Effects of Se Concentrations on Sweet Potato Selenium Content Distribution

The fact that selenium application increased the Se concentration in potato plants was proportional to the addition level, which indicated that the added sodium selenate was effectively utilized (Turakainen et al., 2004). Products with selenium fertilizer applied to the soil or foliage can effectively increase selenium content (Broadley et al., 2006; White and Broadley, 2009; Chilimba et al., 2012; Fordyce, 2013; Alfthan et al., 2015). Agricultural products planted on selenium soil had higher selenium availability in plants (Ihnat, 1989; Broadley et al., 2006; Williams et al., 2009; Lee et al., 2011; Garrett et al., 2013; Joy et al., 2015; Liu et al., 2020a,b). In fact, application of inorganic selenium fertilizers is particularly effective in increasing selenium content in edible crops, increasing selenium content in animal feed, and improving selenium status and health in animals and humans (White and Broadley, 2009; Alfthan et al., 2015; Liu et al., 2021). We found that selenium application significantly increased the Se concentration in upper leaves, stems and roots, and the distribution of selenium content in plants was leaf <stem <root. Plant roots obtain selenium from rhizosphere solution, and root cells can absorb selenite, selenite and organic selenium compounds (König et al., 2012; Liu et al., 2020c). After selenium fertilizer was absorbed by plant root cells, selenite quickly moved to the stele through the symbiote of root and was transferred to the shoot, while selenite was converted into organic selenium compounds, that normally remained in the root (Li et al., 2008; Wang et al., 2015; Huang et al., 2017).

The selenium content in young leaves of plants is the highest, which generally peaking during seedling growth, and then decreasing before or during flowering, as selenium is transferred from the leaves to reproductive organs (Turakainen et al., 2004; Galeas et al., 2007; Cappa et al., 2014; Harris et al., 2014; Yan et al., 2022). When the selenium concentration was higher than 1 mg/L, the accumulation of selenium in roots, stems and leaves of Shangshu19 was higher than 20167-6, and the Fv/Fm content decreased less than CK, and was less affected by selenium stress. In summary, we think that low selenium concentration is beneficial to the growth of sweet potato seedlings and the accumulation of dry matter content and selenium content in each tissue.




CONCLUSION

Treatment with a selenium concentration of 1 mg/L was helpful to increase leaf SPAD and plant height. At 3 mg/L, leaf SPAD gradually decreased with increasing of selenium concentration, plant root growth began to be inhibited, plant Fv/Fm and Fv/Fo decreased compared to CK under 40 mg/L selenium concentration treatment, plant photosynthesis was inhibited, and root growth stopped. The selenium content in root, stem and leaf increased with the increase of selenium concentration, and the distribution of selenium content in plant was leaf <stem <root. In summary, the suitable concentration of selenium tolerance of virus-free sweet potato seedlings in water culture was 3 mg/L.
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Drought stress (DS) is a serious abiotic stress and a major concern across the globe as its intensity is continuously climbing. Therefore, it is direly needed to develop new management strategies to mitigate the adverse effects of DS to ensure better crop productivity and food security. The use of arbuscular mycorrhizal fungi (AMF) has emerged as an important approach in recent years to improve crop productivity under DS conditions. AMF establishes a relationship with 80% of land plants and it induces pronounced impacts on plant growth and provides protection to plants from abiotic stress. Drought stress significantly reduces plant growth and development by inducing oxidative stress, disturbing membrane integrity, plant water relations, nutrient uptake, photosynthetic activity, photosynthetic apparatus, and anti-oxidant activities. However, AMF can significantly improve the plant tolerance against DS. AMF maintains membrane integrity, improves plant water contents, nutrient and water uptake, and water use efficiency (WUE) therefore, improve the plant growth under DS. Moreover, AMF also protects the photosynthetic apparatus from drought-induced oxidative stress and improves photosynthetic efficiency, osmolytes, phenols and hormone accumulation, and reduces the accumulation of reactive oxygen species (ROS) by increasing anti-oxidant activities and gene expression which provide the tolerance to plants against DS. Therefore, it is imperative to understand the role of AMF in plants grown under DS. This review presented the different functions of AMF in different responses of plants under DS. We have provided a detailed picture of the different mechanisms mediated by AMF to induce drought tolerance in plants. Moreover, we also identified the potential research gaps that must be fulfilled for a promising future for AMF. Lastly, nitrogen (N) is an important nutrient needed for plant growth and development, however, the efficiency of applied N fertilizers is quite low. Therefore, we also present the information on how AMF improves N uptake and nitrogen use efficiency (NUE) in plants.
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INTRODUCTION

Drought stress (DS) is a serious abiotic stress, negatively affecting plant growth and development across the globe (Amiri et al., 2015; Hassan et al., 2020). The recent increase in climate change has increased the intensity of DS which is posing a serious challenge to global food security (Behrooz et al., 2019; Huang et al., 2020). Drought stress is the greatest threat to field crops and it has a direct impact on crop yields and the global economy (Dolan et al., 2021; He et al., 2022). Drought stress negatively affects the plant process ranging from seed germination, growth, and final productivity. Seed germination is an essential process in the growth of plants (El-Badri et al., 2021). Successful crop productivity mainly depends on seed germination and early plant growth has direct linking with seeds’ ability to sprout under DS (Khan et al., 2019). Drought stress severely affects the activities of hormones, mobilization of stored materials, and protein structure that negatively affect the seed germination and subsequent growth of plants (Abdel-Ghani et al., 2015; Basal et al., 2020). DS also affects enzymatic activities and reduces nutrient assimilation and nutrient uptake resulting in huge yield losses (Ahanger and Agarwal, 2017). Moreover, DS also impairs the photosynthetic process, and plant water contents and reduces the synthesis of photosynthetic pigments which negatively affects plant growth (Hellal et al., 2018; Mamnabi et al., 2020). Besides this, DS also impairs the structural integrity of photosynthetic apparatus which is the main reason for reduced growth under DS (Zhang et al., 2015).

Drought stress also reduces photosynthesis by reducing cell turgor and plants’ access to CO2 owing to the closure of stomata (Jaleel et al., 2007). One of the major detriments of DS is the production of reactive oxygen species (ROS) that damage the structural integrity of membranes, proteins, and DNA (Ahanger and Agarwal, 2017; Sultan et al., 2021; Qari et al., 2022; Rehman et al., 2022). However, plants have developed different mechanisms to reduce the harmful effects of ROS to protect the stability of cellular structures and improve the yield under DS (Ahanger and Ahmad, 2019). The key mechanisms developed by plants to mitigate the adverse impacts of DS are better accretion of osmolytes and secondary metabolites and activation of the anti-oxidant defense system (Ahmad, 2010; Amiri et al., 2015).

Arbuscular mycorrhizal fungi (AMF) is one of the most distributed fungi across the globe that forms symbiosis association with more than 80% of terrestrial plant species (Behrooz et al., 2019). The symbiosis relationship formed between plants and AMF is beneficial for plant growth, nutrient uptake, soil quality, and stress resistance (Bi et al., 2019; Ahmed et al., 2020; Gupta, 2020; Hu et al., 2022). The symbiosis relationship between the host plant and AMF substantially improved the resistance to drought stress (Hashem et al., 2019; Zhang et al., 2019). The regulation of DS in plants by AMF is a complex process that involves diverse metabolic pathways and metabolites (Aalipour et al., 2020; Huang et al., 2020). AMF improves the survival of seedlings (Wu and Zou, 2017), and promote water uptake and transportation in the host plant (Quiroga et al., 2019a,b; Ren et al., 2019; Ortas et al., 2021), improve plant water use efficiency and gas change abilities (Quiroga et al., 2019a; Huang et al., 2020), change the morphology of roots (Quiroga et al., 2019b; Zhang et al., 2019), regulate hormone levels (Begum et al., 2020; Rydlová and Püschel, 2020), and reduce the production of ROS (Amiri et al., 2015) and thereby reduce the adverse impacts of DS. Additionally, AMF also produces glomalin, which is also known as glomalin-related soil protein (GRSP), which works as a glue that promotes the formation of water-stable aggregates by physical entanglement of extraradical hyphae, thus improving the soil water holding capacity and stabilization of soil structure (Santander et al., 2017; Gupta, 2020). Additionally, AMF also up-regulates anti-oxidant activities, osmolytes accumulation, gene expression and maintains the plant water status and photosynthetic performance under DS and resulting in a significant increase in DS tolerance (Al-Arjani et al., 2020; Seutra et al., 2021; Wang et al., 2022).

Nitrogen (N) is an essential nutrient needed for plant growth (Nishida and Suzaki, 2018). However, the efficiency of applied nitrogenous fertilizers to fulfill the plant needs is quite low (40–45%) which needs to be improved for reducing the impact on the environment (Chien et al., 2016). The excessive use of N fertilizers increases the emissions of greenhouse gases (GHGs) particular nitrous oxide (N2O) which is serious concern across the globe (Abeydeera et al., 2019). Globally, different efforts are being made to improve the nitrogen use efficiency (NUE) in plants. Among these efforts the use of microbes has emerged as an excellent strategy to improve NUE. Among different microbes AMF can significant improve the efficiency of N and other nutrients in field crops by increasing the surface area of roots to ensure the better absorption of nutrients (Tajini et al., 2011). AMF induce NO3– and NH4+ transporters in plants, therefore, effect N uptake in plants (Koegel et al., 2013). AMF also bring changes in compositions of soil microbial communities by changing the development of denitrifying, nitrifying and diazotrophic symbiotic or free-living bacteria which in turn affect the N uptake and subsequent N availability to plants (Veresoglou et al., 2011). In this review, we have presented detailed information about the role of AMF in inducing the DS tolerance in plants. We have systematically presented different mechanisms of AMF mediated DS tolerance in plants. We have also discussed the research gaps that need to be filled in future studies for improving the crop production under DS with AMF. Additionally, we have also discussed the role of AMF in improving NUE in plants for ensuring better growth of plants.



PLANT RESPONSES TO DROUGHT STRESS

Drought stress affects each stage of plant growth, however, germination is a very crucial stage of plant life. Drought reduces seed germination and leads to poor seedling growth and development (Khan et al., 2019). Water deficiency reduces seed germination owing (Figure 1) to a reduction in water uptake and availability of stored food, and inactivation of enzymes involved in the germination process (Jabbari et al., 2013). Drought also causes a significant decrease in plant growth by decreasing the cell expansion, increasing leaf shedding, and impairing the processes of mitosis (Liu et al., 2013; Yang et al., 2021; Batool et al., 2022a,b). DS also brings many morphological changes in plants, likewise, it reduces leaf area, leaf size, and root and shoot growth owing to activation of abscisic acid (ABA) precursor (ACC) which prevents root growth (Hewedy et al., 2021; Sayer et al., 2021). Despite this the activation of the ABA precursor also induces early maturity, leaf rolling and folding, and stomata closing which negatively affect the photosynthetic process and subsequent growth and development (Hewedy et al., 2021; Sayer et al., 2021). Moreover, DS also reduces the nodule growth and their functioning which in turn reduces the N fixation and leads to a significant decrease in the growth and production of legume crops (Furlan et al., 2012; Wilmowicz et al., 2020).
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FIGURE 1. Plant responses to DS. The water deficiency disturbs plant physiological processes, plant photosynthetic efficiency, induces stomata closure, and ROS production which significant reduction in plant growth. However, plants activate an antioxidant defense system, accumulate different osmolytes, increase gene expression, produce a waxy layer and complete the early life cycle to mitigate the adverse impacts of DS.


Photosynthesis is the main process negatively affected by DS. The decrease in the photosynthetic process under DS occurs due to stomatal and non-stomatal limitations (Bogati and Walczak, 2022). The stomata limitations are considered to be the main reason for decrease in the photosynthetic rate under mild DS, whereas non-stomata limitations are the main reason for reduction in photosynthetic rate under severe DS (Bogati and Walczak, 2022). Stomata closing limits the carbon dioxide (CO2) absorption and prevents transpiration losses owing to reduced water potential (Yang et al., 2021). In the case of non-stomata factors, the reduced activity of RuBisCO and reduction in efficiency of PS-II substantially reduce the photosynthetic rate under DS (Ma et al., 2015).

Drought also induces various biochemical changes in plants (Table 1). Likewise, DS reduces the synthesis of chlorophyll contents and increases the proline contents, and causes oxidative damage by inducing the production of ROS (Hassan et al., 2017). Reactive oxygen species (ROS) produced by DS synthesis of chlorophyll and photosynthetic apparatus and lead to a serious reduction in photosynthesis and subsequent assimilate production (Bogati and Walczak, 2022). Drought stress also disturbs electron transport and decreases the pool size of electron acceptors (Feng and Cao, 2005; Azzeme et al., 2016), also leading to marked reduction in photosynthesis. Drought-induced ROS also damage membrane integrity and cause oxidation of proteins, DNA, nucleic acid, lipids, and carbohydrates (Sabra et al., 2012; Dossa et al., 2017; Hassan et al., 2019, 2021; Bao et al., 2020; Jinhu et al., 2022; Khan et al., 2022a,b). However, plants accumulate different osmolytes to counter the effects of DS. Among different osmolytes, proline (Pro) is an important osmolyte that reduces the ROS by stimulating the activity of catalase (CAT), peroxidase (POD), superoxide dismutase (SOD), and other different antioxidant enzymes (Bogati and Walczak, 2022). Proline has an appreciable ability to bind and hydrate enzymes thereby it stabilizes and protects the macro-molecules and maintains their structural integrity and their functioning under DS (Yang et al., 2021).


TABLE 1. Effect of drought stress on growth, physiological, and biochemical response of plants.
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Glycine betaine (GB) is important osmolyte that plays a crucial role in plant responses against DS (Bogati and Walczak, 2022). It improves growth, photosynthetic apparatus, and anti-oxidant activities and it also protects key enzymes of the dicarboxylic acid cycle and photosystem, which play an imperious role in proper photosynthesis and respiration in plants (Ma et al., 2007). Plants under DS also synthesized different proteins including late embryogenesis abundant proteins, protein kinases, phospholipase C, phospholipase D, and G proteins, which play a significant role against DS (Bogati and Walczak, 2022). These proteins protect the functioning of ion channels, scavenge ROS, improve anti-oxidant activities, gene expression, membrane integrity, and water transportation at the cellular and sub-cellular levels and therefore improve plant tolerance against DS (Yang et al., 2021). Plants also accumulate different hormones and amino acids that play an important role in stomata regulation, osmolytes accumulation, and scavenging of ROS (Bowne et al., 2012; You et al., 2019).



EFFECT OF DROUGHT STRESS ON GROWTH AND DIVERSITY OF ARBUSCULAR MYCORRHIZAL FUNGI

The diversity of AMF species largely depends on the application and mode of the new methodology (Bahadur et al., 2019a). Around 250 AMF species have been recognized in different ecosystems (Opik et al., 2013). AMF improves plant responses against the DS which in turn improves growth and final productivity (Basu et al., 2018; Ouledali et al., 2018). Conversely, DS also has a direct impact on AMF, and water shortage significantly reduces the germination of AMF spores, AMF growth, colonization, and elongation of AMF extra-radical hyphae (Zhang et al., 2018). Over the years the major focus of researchers is to understand how DS affects the diversity as well as the composition of AMF. Generally, the behavior of AMF is opportunistic and they use their energy to produce more descendants. In addition, AMF also develop many promising characteristics to perform better in water deficit conditions (Sykorova et al., 2007). Many authors noted that Glomus AMF species are considered typical species of semi-arid conditions and they have an appreciable ability to grow well under DS conditions (Verma et al., 2008; Tian et al., 2009).



THE ASSOCIATION OF HOST PLANT AND ARBUSCULAR MYCORRHIZAL FUNGI UNDER DROUGHT STRESS

Plants use different strategies to avoid the deleterious impacts of DS. AMF modifies plant root traits which in turn increase the water uptake and reduce water loss (Bahadur et al., 2019b). Interestingly, upon exposure to DS most plants quickly ask the AMF to help them by secreting a rhizosphere molecule that is known as strigolactone (Oldroyd and Speak, 2013). In recent years AMF have gained attention globally to reduce the adverse impacts of DS (Kumar and Verma, 2018). AMF association improves plant water status at the whole plant level as indicated by high leaf relative water contents (LRWC; Barros et al., 2018). AMF association with plants under DS significantly improves plant growth by improving water and nutrient water (Kapoor et al., 2013; Pavithra and Yapa, 2018). AMF forms an extensive hyphal network which ensures better nutrient as well as water uptake by plant roots (Gong et al., 2012). Despite this AMF also affect diverse plant mechanisms including root architecture, root hydraulic conductivity, and plant photosynthetic rate (Lee et al., 2012).

Arbuscular mycorrhizal fungi-mediated response against DS involves different mechanisms including the activation of genes and metabolic pathways (Fiorilli et al., 2022). AMF improves water uptake by the host plant by triggering hormonal signaling and increasing the accumulation of osmolytes (Diagne et al., 2020). Plants tolerate drought-induced osmotic stress by increasing the accumulation of sugars, proline, and GB (Latef et al., 2016). These metabolites reduce the osmotic potential and leaf water potential (Wu et al., 2013) which allows the AMF inoculated plants to maintain higher turgor pressure which in turn improves the physiological activities particularly linked with photosynthetic apparatus (Smith et al., 2010). AMF plants also counter the drought-induced oxidative stress by scavenging ROS through enhanced anti-oxidant activities (Begum et al., 2019a). AMF also increases root growth and root hydraulic characteristics and consequently increases root’s ability to uptake more nutrients and water (Ouledali et al., 2018). Moreover, AMF hyphae also establish some beneficial pathways in soil for better nutrient acquisition and transportation and leading to a significant increase in plant growth under DS. AMF also activates plant molecular responses including activation of genes (aquaporins membrane transporters), ions, and sugar transporters (Bahadur et al., 2019a). Moreover, AMF substantially improves nutrient and water uptake which improves drought tolerance by affecting different physiological and biochemical processes (Diagne et al., 2020). Lastly, AMF also improves the plant DS tolerance through secondary responses such as improving soil stability and water holding capacity (Bahadur et al., 2019b; Hamedani et al., 2022).



THE ROLE OF ARBUSCULAR MYCORRHIZAL FUNGI IN PLANTS UNDER DROUGHT STRESS

Drought stress imposes serious threats to crop productivity and global food security. In recent years the role of AMF under DS is well explored. AMF protects the plants against DS by mediating biochemical, morphological, and physiological mechanisms.



ARBUSCULAR MYCORRHIZAL FUNGI MAINTAINS MEMBRANE STABILITY AND PLANT WATER RELATIONSHIPS AGAINST DROUGHT STRESS

Drought stress impedes plant growth by damaging the membrane integrity (Hasanuzzaman et al., 2013); nonetheless, AMF effectively improves the membrane stability and improves the plant performance under DS (Mirshad and Puthur, 2016). Malondialdehyde (MDA) is an important indicator of membrane damage (Hassan et al., 2020) and AMF can effectively reduce MDA by 30–50% by increasing the activities of anti-oxidants (CAT and SOD), and therefore maintain the membrane integrity under DS (Li et al., 2019). AMF improves Pro, GB, and soluble sugar accumulation which protects plant proteins and membranes from under DS (Hashem et al., 2016a; Begum et al., 2019a). The mycorrhizal association also maintains higher water status in host plants which in turn maintains plant functioning under DS (Barros et al., 2018). AMF association improves root hydraulic conductivity which improves water uptake and maintains higher plant water status under DS (Augé et al., 2008). The large root surface area in the AMF association increases the water exploration area in soil which has a direct impact on LRWC, water potential, photosynthetic and transpiration rates, and crop yield (Meddich et al., 2015). Living hyphae involved in water transportation have a smaller diameter of 2–5 μm which allows them to penetrate soils that are inaccessible to root hairs and thereby absorb water and maintain higher water status in AMF inoculated plants (Allen, 2009).

Arbuscular mycorrhizal fungi also showed beneficial impacts on soil aggregate stability owing to the production of a glycoprotein known as glomalin (Wu et al., 2008) which ensures better water uptake and maintains higher plant water status (Augé et al., 2007). The glomalin in AMF association maintains soil structure stability and improves the water holding capacity which in turn maintains higher plant water content under DS (Santander et al., 2017; Gupta, 2020). AMF also regulate gene (TFT1-TFT12) expression involved in the ABA signaling pathway and improve the water status of plants in DS (Xu et al., 2018). Besides this AMF also improves plant root growth which allows plants to take more nutrient and water and resultantly maintains higher RWC under DS (Hashem et al., 2018). In conclusion, AMF regulates antioxidant activities, and gene expression, therefore maintaining membrane stability under DS.



ARBUSCULAR MYCORRHIZAL FUNGI MAINTAINS WATER USE EFFICIENCY AND NUTRIENT UPTAKE UNDER DROUGHT STRESS

Stomata conductance plays an important role in the photosynthetic process. DS significantly reduces the stomata conductance (Hassan et al., 2020), however, AMF improves stomata conductance resultantly improves the plant WUE (Ruíz-Sánchez et al., 2011). AMF improve gene expression coding for aquaporins and AMF mediated increase in gene expression linked with aquaporins improve water absorption (Figure 2) by plants and ensures a higher WUE under DS (Porcel et al., 2005). In some other plants like Poncirus trifoliata and Rosmarinus officinalis AMF has substantially improved the stomata conductance and plant WUE under DS (Ruíz-Sánchez et al., 2011). AMF also modify the accumulation of different hormones including ABA, jasmonic acid (JA), and strigolactones which maintain the higher LRWC and plant WUE under DS (Fernández-Lizarazo and Moreno-Fonseca, 2016). The better water uptake and higher WUE in AMF association are also linked with better root activity and higher hydraulic conductance of roots (Avio et al., 2006). In addition, increasing the ABA level works as an anti-transpirant, which reduces water loss by stomata closing thus maintaining higher WUE under DS (Mohanta et al., 2017; Egamberdieva et al., 2018). AMF also produce glomalin secretions which assist in nutrient and water uptake and lead to a significant increase in WUE under DS (Gong et al., 2012). Likewise, AMF colonization also improves root growth and root hydraulic properties and consequently maintains higher water uptake and WUE in plants facing DS (Ouledali et al., 2018). AMF hyphae also establish beneficial pathways in soils for better nutrient and water uptake which leads to a substantial increase in WUE under DS (Hamedani et al., 2022).
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FIGURE 2. Schematic representation of different mechanisms mediated by AMF to improve growth and yield under DS. AMF improves soil aggregate stability, soil water holding capacity, root hydraulic conductance, water uptake, plant water status, root exudation, root surface area, root development, uptake of nutrients and water and leads to a significant increase in DS tolerance. Moreover, AMF improves hormonal crosstalk, osmolytes accumulations and induces signaling transduction, phenol accumulation, maintains ionic homeostasis, the efficiency of PS-I, PS-II, intercellular CO2 concentration resultantly improves the DS and plant growth and yield under DS.


Arbuscular mycorrhizal fungi also maintains better nutrient uptake under DS and ensures better plant performance under DS. AMF improves calcium (Ca2+) uptake and Ca2+ is considered to play an imperative role in plant stress signaling system to attain drought tolerance (Abd_Allah et al., 2017). Potassium (K+) also plays an important role in the activation of various enzymes and it also up-regulates the anti-oxidant activities and osmolytes accumulation (Hashem et al., 2016b). AMF inoculation improves the plant growth under DS by increasing nitrogen (N), phosphorus (P), potassium (K), and magnesium (Mg) uptake (Egamberdieva et al., 2017). AMF inoculated plants have better root growth which maintains the higher nutrient uptake and ensures better growth under DS (Egamberdieva et al., 2017). DS impedes nutrient uptake by making nutrients inaccessible to plants owing to a reduction in roots exploration capacity in dried soils (Hameed et al., 2014). AMF improves the growth of plant roots and their exploration ability, therefore, maintains better nutrient uptake in AMF inoculated plants under DS (Bowles et al., 2018). AMF hyphae can also explore the soil pores which plant roots cannot explore, thereby, AMF maintains better nutrient uptake in plants under DS (Zhao et al., 2015). In another study, it was noted that AMF application appreciably improved the N, P, and Mg uptake and ensured better nutrient uptake for plants growing under DS (Miransari et al., 2007).

Arbuscular mycorrhizal fungi makes better assimilation of N in plants by increasing the activity of nitrate reductase (NR) enzymes (Garg, 2013). An increase in N status in mycorrhizal is due to increase transportation of N through AMF hyphae which also increases the concentration of P which is needed for the phosphorylation of NR where there is a low concentration of N (Caravaca et al., 2003). Phosphatases enzyme plays an important role in the absorption, assimilation, and metabolism of P (Abd_Allah et al., 2015). AMF improves phosphatase activity, which increases the organically bound P and therefore makes it available for uptake and transport (Egamberdieva et al., 2017). In conclusion, AMF increases gene expression is linked with aquaporins that improve water absorption and ensures a higher WUE under DS. Moreover, an increase in nutrients owing to AMF substantially improves the plant growth and development under DS.



ARBUSCULAR MYCORRHIZAL FUNGI MAINTAINS PLANT PHOTOSYNTHETIC PERFORMANCE UNDER DROUGHT STRESS

Drought stress negatively affects photosynthesis and causes a significant reduction in assimilate production for plants. DS reduces photosynthesis by decreasing the chlorophyll contents and increasing the production of ROS (Sochacki et al., 2013). AMF effectively improve chlorophyll synthesis and maintains better photosynthesis and subsequent assimilate production by reducing the ROS formation (Hashem et al., 2016a). DS also reduces photosynthesis by reducing adenosine triphosphate (ATP) production, stomata, and non-stomata limitations (Hassan et al., 2020). However, AMF significantly improved the gas exchange characteristics and fluorescence parameters, nutrient and water uptake, and RuBisCO activities, therefore, ensuring better photosynthesis under DS (Begum et al., 2019b).

Drought stress triggers the reduction in photosynthesis by reducing RuBisCO synthesis and up-regulating the activity of chlorophyll degrading enzyme (chlorophyllase) (Dalal and Tripathy, 2012; Fatima et al., 2014). However, AMF substantially increased the chlorophyll contents and maintain better synthesis of RuBisCO and leading to a significant increase in photosynthetic rate under DS (Abdel-Salam et al., 2018). AMF also increased photosynthesis by affecting both stomatal and non-stomatal parameters. Likewise, AMF improved stomata conductance which increases the entry of CO2 into plant leaf tissues which in turn increases the efficiency of PS-II resultantly improving photosynthetic efficiency under DS (Zhou et al., 2015; Mo et al., 2016). Drought stress down-regulated the enzymes responsible for the synthesis of chlorophyll, however, at the same time DS increases the activity of chlorophyll degrading enzyme (chlorophyllase) (Zhu et al., 2017). However, AMF substantially decreases the activity of chlorophyllase and maintains the activity of genes and enzymes involved in chlorophyll synthesis thereby maintaining higher chlorophyll synthesis under DS (Hashem et al., 2016b; Alwhibi et al., 2017; Zhu et al., 2017). In another study, it was noted that AMF inoculation improved the chlorophyll contents, efficiency of PS-II, and root hydraulic conductivity (Calvo-Polanco et al., 2016). AMF inoculation also improved the carotenoid contents which protect photosynthetic apparatus from drought-induced oxidative stress and ensured optimum photosynthesis under DS (Abd Allah et al., 2015).

It is a well-known fact that plants facing the DS show a significant reduction in photosynthesis owing to ROS that damage the photosynthetic apparatus which can reduce/limit the supply of ATP and reduce nicotinamide adenine dinucleotide phosphate (NADPH) to the Calvin cycle (Abbaspour et al., 2012). However, AMF symbiosis improves plant water status which increases stomata conductance and therefore increases CO2 fixing and improves the ATP and NADPH supply to Calvin supply and resulting in better photosynthesis and assimilate production (Boldt et al., 2011; Estrada et al., 2013). DS also decreases the efficiency of PS-II and Fv/Fm ratio, and it has been reported that AMF shows a positive effect on PS-II efficiency which in turn improves the plant photosynthesis under DS (Sánchez-Blanco et al., 2004; Manoharan et al., 2010). To summarize, AMF improves antioxidant activities which protect the photosynthetic apparatus, therefore maintaining higher photosynthetic efficiency under DS.



ARBUSCULAR MYCORRHIZAL FUNGI MAINTAINS OSMOLYTE ACCUMULATION AND CONFERS DROUGHT TOLERANCE

Osmolyte accumulation is an important strategy used by plants to cope with the deleterious impacts of DS. AMF inoculation significantly increased the accumulation of sugars, proline, and GB, which confer DS tolerance in plants. DS also triggers the synthesis of glucose and proline, however, AMF further increased the synthesis of these osmolytes and improves the drought tolerance (Mona et al., 2017; Wu et al., 2017). AMF is considered to upregulate the synthesis of enzymes involved in proline synthesis and AMF mediated increase in proline accumulation protects proteins (Table 2) and membranes from ROS (Abd Allah et al., 2015; Hashem et al., 2015). The accumulation of proline in plants also affects the metabolism of N which is needed for stress recovery. AMF significantly improves the activity of N metabolizing enzymes resulting in a marked increase in the accumulation of energy-rich amino acids (Hameed et al., 2014) which enhanced the drought tolerance (Doubková et al., 2013; Ouledali et al., 2018) and biomass production in plants grown under DS (Zou et al., 2013).


TABLE 2. Effect of AMF on growth and physiological traits on different plants grown under DS.
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Arbuscular mycorrhizal fungi inoculation also increases the accumulation of nitrogenous compounds and free polyamines in water-deficient plants (Rapparini and Peñuelas, 2014). The increase in the accumulation of polyamines adjusts the plant osmotic potential in DS which is considered to be an important protective mechanism of AMF against DS (Bakr et al., 2018). Some authors noted that AMF decreased the accumulation of soluble sugars and improve the plant tolerance against DS (Zhang et al., 2010). Contrarily, some authors also noted a positive correlation between AMF and accumulation of soluble sugars which might be due to the sink effect on the AMF that demands sugar from plant shoot tissues (Yooyongwech et al., 2013). AMF also caused a substantial increase in the accretion of free amino acids (FAA) to increase NR activity which contributes toward to a great accumulation of FAA which in turn improve tolerance against DS (Zarea et al., 2011; Ahanger et al., 2017). Improved GB accumulation protects the photosynthesis and RuBisCO activity and plants from the damaging effects of DS (Khan and Hakeem, 2014). Drought tolerance in plants is upregulated by anti-oxidant activities which are further enhanced by the accumulation of GB and proline (Hashem et al., 2016a). Additionally, AMF-mediated increase in osmolytes accumulation improved the functioning of RuBisCO, and protects the photosynthetic apparatus from ROS which in turn improved the plant performance under DS (Mo et al., 2016).



ARBUSCULAR MYCORRHIZAL FUNGI MAINTAINS HORMONAL CROSSTALK TO CONFER DROUGHT TOLERANCE

Drought stress causes a significant increase in ABA bio-synthesis which increases the ABA level in plants and induces the stomata closure which minimizes the water loss by transpiration (Pozo et al., 2015; Xie et al., 2018). ABA is an abiotic stress hormone and a reduction in ABA level may explain why an AMF-associated plant has more tolerance against DS. AMF are considered to be indispensable for sustaining the AMF colonization, especially in unfavorable conditions such as drought conditions (Ludwig-Müller, 2010). ABA improves AMF colonization, functionality as well as development (Herrera-Medina et al., 2007; Aroca et al., 2013). Strigolactones are newly discovered plant hormones that regulate plant architecture and reproductive development (Foo and Reid, 2013). However, they were initially identified for their intermediation capacity in the AMF symbiosis, where they work as a signaling molecule for plants under unfavorable conditions (López et al., 2010).

Arbuscular mycorrhizal fungi colonization in the host plant also activates the jasmonic acid (JA) signaling pathway (Tejeda et al., 2008; Asensio et al., 2012). Jasmonic acid together with ABA plays an important role development and functionality of AMF. Auxins (IAA) and gibberellic acid (GA) play an imperious role in the growth of plants under stress conditions (Vishwakarma et al., 2017). AMF colonization significantly increases the accumulation of IAA, GA, and JA which improved the plant performance under stress and drought tolerance (Egamberdieva et al., 2018; Hashem et al., 2018; Sánchez et al., 2018). Drought tolerance in plants is up-regulated by anti-oxidant activities which are further enhanced by the accumulation of GB and proline (Hashem et al., 2016a). To summarize, AMF inoculation improves the synthesis and accumulation of osmolytes and hormones which maintains better plant performance under DS.



ARBUSCULAR MYCORRHIZAL FUNGI IMPROVES THE ACCUMULATION OF PHENOLS AND ENZYME ACTIVITY TO CONFER DROUGHT STRESS

Phenolic compounds have excellent anti-oxidant activity and they play a significant role in stress conditions. AMF significantly increases the accumulation of phenolic substances, which strengthens the anti-oxidant defense system and improves the tolerance against DS (Begum et al., 2019a). Polyphenolic substances are active scavengers of free radicals and protect cell structures and their functioning (Hazzoumi et al., 2015). AMF substantially increase the accumulation of phenolic compounds by 50–60% which substantially improves the DS tolerance (Amiri et al., 2015; Kasote et al., 2015). AMF inoculation increases the accumulation of phenols and flavonoids which play an important in mycorrhization, adaptation, and growth of plants by inducing cellular signaling (Steinkellner et al., 2007; Mandal et al., 2010).

Phenylalanine ammonia-lyase (PAL) is found abundantly in higher plants that play a crucial role in plant metabolism and this enzyme also improves plant protection against biotic and abiotic stresses (Osakabe et al., 2007). AMF inoculation substantially improved the up-regulation of PAL which in turn improved the plant growth and provide protection against DS (Osakabe et al., 2007; Hao et al., 2016; Datrindade et al., 2019). Further AMF also increases the concentration of total GRSP (T-GRSP), easily extractable (EE-GRSP), and difficultly extractable (DE-GRSP) under DS. Glomalin-related soil proteins (GRSP) contain different cations, carbohydrates, proteins, and aliphatic components and work as glue to bind soil particles (Rillig et al., 2001). AMF substantially increases T-GRSP, EE-GRSP, and DE-GRSP under DS and ensures better water uptake and plant tolerance against DS (Begum et al., 2021).



ARBUSCULAR MYCORRHIZAL FUNGI STRENGTHENS THE ANTI-OXIDANT DEFENSE SYSTEM TO CONFER DROUGHT TOLERANCE

The major effect of DS is the production of ROS that damage plant cellular membranes, proteins, and lipids. Nonetheless, AMF improve anti-oxidant activities and mitigate the drought-induced ROS effects on plants (Egamberdieva et al., 2017). Stress conditions up-surge the ROS which causes lipid-peroxidation and affects the functioning and fluidity of cellular membranes. However, AMF significantly increases the activity of antioxidants [superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), glutathione reductase (GR), ascorbic acid (AsA), and glutathione synthetase (GSH)] which in turn increases the cellular stability (Hashem et al., 2016a,b). Superoxide dismutase is the first line of defense against oxidative stress and APX, GR, AsA, and GSH (Table 3) are key components of ROS scavenging pathways. AMF increases the activity of the aforementioned antioxidant and neutralizes H2O2 by preventing the formation of toxic OH and protecting plant mitochondria and electron transport (Abd_Allah et al., 2015; Mona et al., 2017). The better maintenance of AsA-GSH components ensures NADP availability in order to keep electron transport at a normal rate. AMF substantially improves the activities of AsA and GSH which in turn maintain NADP availability and electron transport thus improving photosynthesis under DS (Scheibe and Dietz, 2012; Abd Allah et al., 2015). Many other authors also reported that AMF significantly increases the APX, CAT, SOD, and GR activities which demonstrated greater protection of the photosynthetic apparatus and subsequently improve plant growth (Mirzai et al., 2013; Weng et al., 2015; Yang et al., 2015).


TABLE 3. Effect of AMF on oxidative stress markers, antioxidant activities and genes expression under DS.

[image: Table 3]
Likewise, an increase in AsA and glutathione (GT) has been reported in Brassica napus and Sesbania sesban plants inoculated with AMF resulting in greater stress tolerance (Shafiq et al., 2014; Abd Allah et al., 2015). The Brassica napus are considered to fall among the plants that do not form arbuscules within the roots, however, beneficial impacts of AMF association can be attained without a complete mycorrhizal association (Fernandez et al., 2020). SOD induced dis-mutation of superoxide radicals produced in plant chloroplast prevent damage to photosynthetic apparatus (Per et al., 2016). AMF-mediated increase in SOD activity prevents the production of hydroxyl radicals through the Haber–Weiss reaction, which can otherwise pose serious damage to plant membranes and organelle functioning (Ahanger et al., 2017). Likewise, AMF-mediated increases in CAT and POD neutralize excessive H2O2 in cytosol whereas APX, GR, AsA, and GSH work as an intriguing pathway for neutralizing the H2O2 in plant chloroplast and mitochondria (Ahanger et al., 2017). Many other authors also demonstrated that AMF inoculation upregulates anti-oxidant activities, increases photosynthesis, and maintains the redox homeostasis in plants grown under DS (Yang et al., 2015; Mo et al., 2016). AsA and GSH are key components of redox buffer and they can also scavenge ROS directly and AMF up-regulates these anti-oxidants to counter the stress conditions (Weng et al., 2015; Begum et al., 2019b). In conclusion, the AMF-mediated increase in antioxidant activities alleviates drought-induced toxic effects and maintains better plant performance.



ARBUSCULAR MYCORRHIZAL FUNGI REGULATES GENE EXPRESSION AQUAPORINS ACTIVITY TO CONFER DROUGHT STRESS TOLERANCE

Aquaporins are involved in the transportation of water in plant roots and shoots. They also play an important role in plant growth, fixation of CO2, nutrient allocation, and plant interactions with different abiotic stresses (Maurel et al., 2015). Recently, AQP functions in plant-water relations received considerable attention as an important way to improve crop performance (Moshelion et al., 2015; Tharanya et al., 2018). AQP maintains the root water balance with transpiration (Sadok and Sinclair, 2010) by increasing root hydraulic conductivity upon high transpiration demand (Sakurai et al., 2011). In some crops, AQP functioning is also improved under lower transpiration which is also considered to be beneficial for crop yields (Kholová et al., 2012). AQP is considered to be involved in diverse physiological mechanisms that determine the pattern as well as the rate of plant water usage (Vadez et al., 2013). Further AMF also enhanced the root hydraulic conductance and maintains hydraulic continuity between plant roots thereby reducing the drop in matric potential at the root-soil furnace and enhancing the water uptake by AMA inoculated plants (Quiroga et al., 2019a; Pauwels et al., 2020; Abdalla and Ahmed, 2021).

Arbuscular mycorrhizal fungi symbiosis activates different molecular mechanisms including activation of gene expression, aquaporins (AQP) membrane transporters, sugar, and ion transporters to cope with the impacts of DS (Bahadur et al., 2019a). The AMF-mediated increase in expression of AQP improves nutrient and water uptake and mitigates the drought-induced toxic effects (Bahadur et al., 2019a). Likewise, in tomato (Solanum lycopersicum) plants AMF increased the DS by regulating the expression of genes (TFT1-TFT12) involved in the ABA signaling pathway (Xu et al., 2018). The AMF-mediated increase in D-myo-inositol-3-phosphate synthase (IPS) and 14-3-3-like protein GF14 (14-3GF) expression improved the plant tolerance against DS (Li et al., 2016). In another study, it was noted that expression of two AQP genes (GintAQPF1 and GintAQPF2) was markedly increased in mycorrhizal roots in response to DS which supports the evidence of direct AMF involvement in improving the plant tolerance against DS (Li et al., 2013). Consistently, another group of authors also noted a significant increase in AQPs gene expression in AMF-inoculated roots cells under DS which in turn increased the tolerance against DS by increasing nutrient and water uptake and better architecture of the root system (Neumann et al., 2009; Zou et al., 2015). AMF symbiosis clearly regulates AQP expression and improves root hydraulic conductivity, root water status, and tolerance against DS (Aroca et al., 2012; Bárzana et al., 2014).

The increase in expression of AQPs in AMF inoculated plants substantially increased the root hydraulic conductivity which in turn increased plant performance under DS (Sanchez-Romera et al., 2016). In another study, it was noted that AMF increases the expression of PtAHA2 genes in plant leaves and roots under DS and leads to a significant increase in photosynthetic and transpiration rates, intercellular CO2 concentration, and stomata conductance (Cheng et al., 2021). TdSHN1 is considered to be involved in plant tolerance against different abiotic Djemal and Khoudi (2015) AMF considerably increased the expression of SHN1 which in turn improved the plant WUE by modifying the leaf diffusive characteristics owing to the accumulation of high levels of wax (Aharoni et al., 2004; Fiorilli et al., 2022). Another gene named dehydration responsive element binding protein (DREB) has been reported to play an important role against DS (Latini et al., 2013). In a study, it was noted AMF improve the expression of TdDRF1 and induce drought tolerance in wheat plants (Fiorilli et al., 2022). AMF also up-regulates the expression of MdGH3-2 and MdGH3-12 which improve the plant RWC, photosynthetic capacity, chlorophyll contents, and scavenging of ROS in apple plants (Huang et al., 2021). Conversely, silencing of MdGH3-2/12 genes from apple plants negatively affected AMF colonization, plant growth, and subsequent development under DS (Huang et al., 2021). AMF increase the genes’ expression which in turn increased the tolerance against DS by increasing nutrient and water uptake and better architecture of the root system.



ARBUSCULAR MYCORRHIZAL FUNGI IMPROVES GROWTH, YIELD, AND QUALITY UNDER DROUGHT STRESS

Arbuscular mycorrhizal fungi colonization significantly improves plant growth and development under DS (Table 2). AMF-mediated increases in growth under stress can be attributed to an increase in the accumulation of growth-promoting hormones, better nutrient and water uptake, and scavenging of ROS (Egamberdieva et al., 2017; Vishwakarma et al., 2017). AMF also maintain optimum nutrient availability and plant tissue water status which in turn improves the overall performance of plants under DS (Abdel-Salam et al., 2018). AMF also modifies root characteristics including root diameter, root morphology, and promotes a dense root system which allows better nutrient (N, P, and K) and water uptake and resultantly ensures better plant growth under DS (Chitarra et al., 2016; Begum et al., 2019b). Moreover, AMF inoculation also increases the plant height, leaves per plant, and biomass production by improving P uptake, water acquisition, and cellular signaling in plants under DS (Li et al., 2013; Jayne and Quigley, 2014; Begum et al., 2021). In another study, Sheteiwy et al. (2021) noted that DS significantly reduces the grain yield of plants. However, AMF (Bradyrhizobium) inoculation considerably increased the growth and yield by decreasing lipid peroxidation through enhanced antioxidant activities (CAT and POD) and accumulation of proline under DS (Sheteiwy et al., 2021).

Arbuscular mycorrhizal fungi also improve the plant metabolism, which affects both the quality and quantity of secondary metabolites quality (Karagiannidis et al., 2011; Fokom et al., 2019). Likewise, in tobacco plants, AMF improved the accumulation of essential oil (EO) which was linked with a change in the secondary metabolism of the plant (Begum et al., 2021). In another study, it was reported that AMF in combination with vermicompost significantly improved plant height, root and shoot length, biomass, and grain yield of quinoa plants under well water and DS (Cozzolino et al., 2016; Lahbouki et al., 2022). Likely, the beneficial impacts of AMF in improving the plants growth are also linked with improved nutrient cycling, better nutrient and water uptake, bio-degradation of organic matter, hormone production, and improvement in soil properties (Cavagnaro, 2015; Zhang et al., 2020; Benaffari et al., 2022).



IMPLICATIONS OF ARBUSCULAR MYCORRHIZAL FUNGI FOR IMPROVING NITROGEN USE EFFICIENCY

Nitrogen (N) is an essential nutrient needed for plant growth and development. However, its deficiency in agricultural soils is a major problem. Therefore, to fulfill plant nutrient needs farmers use a large quantity of N fertilizers, which is also posing a serious threat to the environment (Varinderpal-Singh et al., 2020). The poor recovery efficiency of N fertilizers poses serious economical, environmental, and ecological losses (Varinderpal-Singh et al., 2020). Inappropriate timing and excessive use of N fertilizers are major reasons for the lower recovery efficiency of N fertilizers (Varinderpal et al., 2021). Globally, different strategies are being used to improve the efficiency of applied nutrients. Among these, the use of microbes is considered an important and effective approach to improve N use efficiency. Many authors have reported the role of AMF in the uptake of nutrients (Figure 3) which can appreciably improve the growth of the host plant (Smith et al., 2011). The formation of a hyphal network in AMF inoculated plants limits the inefficient use of applied N fertilizers. AMF play an imperative part in N cycling by altering microbial compositions and modifying the development of denitrifying, nitrifying, and free-living bacteria (Veresoglou et al., 2011).
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FIGURE 3. AMF forms a symbiotic association with plants and it improves N extraction from dead materials and it also improves microbial activities and N uptake, thereby improving NUE in plants.


In many crops, N is considered to be a limiting factor and many authors have noted that AMF absorbs and transfers N to nearby plants and improves their growth and development (Battini et al., 2017; Turrini et al., 2018). In another study, Zhang et al. (2018b) noted that AMF increases the shoot biomass and panicles and grains production by increasing the N uptake and its redistribution to plants. AMF form a symbiotic relationship that improves nutrient uptake particular N which in turn improves the plant growth and development (Battini et al., 2017). The interaction between the AMF and salinity stress significantly affects the N and P concentration in plant parts. AMF significantly improve N contents and NUE in crop plants (Turrini et al., 2018). It has been reported that AMF can take a significant amount of N from dead and decomposed materials then provide N to host plants and improve N uptake and NUE of the host plant (Turrini et al., 2018).

The extra-radical hyphae of AMF absorb and assimilate inorganic N (Jin et al., 2005) and it has been reported that 20–75% N uptake by AMF is transferred to the host plant which in turn improves NUE in host plants (Hashem et al., 2018). The increase in the N uptake in AMF-inoculated plants increases chlorophyll synthesis which improves the plant’s photosynthetic efficiency and subsequent assimilate production (Deandrade et al., 2015). AMF symbiosis also improves C and N accumulation under elevated CO2 concentration and ambient conditions (Zhu et al., 2016). Moreover, AMF also improve the N, P, K, Ca, and Mg uptake under DS (Asrar et al., 2012; Bati et al., 2015). Additionally, AMF also proved beneficial in accumulating the Fe, Mn, Mg, and Na and protecting the plants from the toxic effects of these metals (Bati et al., 2015). A significant positive relationship was noted between N accumulation and biomass production which suggested that an increase in dry matter production was associated with an increase in N uptake in AMF inoculated plants (Zhu et al., 2016). In another study, Fellbaum et al. (2012) noted that C supply increases the N uptake and transportation in AMF symbiosis. Moreover, NUE of AMF inoculated plants is considered to be higher at elevated CO2 as compared to non-AMF-inoculated plants which suggested that AMF colonization may change the balance of N and C under elevated CO2 by changing the C demands of AMF and supply of N from AMF to host plants (Cavagnaro et al., 2011).

Arbuscular mycorrhizal fungi plays an imperative role in N cycling by absorbing N and then supplying it to host plants (Bonfante and Genre, 2010). The extraradical mycelium of AMF can directly absorb ammonium, nitrate, and amino acids and improve the N uptake and subsequently N use efficiency in plants (Basu et al., 2018). Additionally, AMF are also vital for the translocation of N and which in turn increases the NUE and neutralizes the excessive N fertilization (Leifheit-Eva et al., 2014; Rosolem et al., 2017). AMF assist plant roots to supply soil nutrients to host plants which are largely depend on symbiosis reaction between strigolactones, AMF “Myc factors” and root exudates of host plant roots (Basu, 2018) thereby this association improve the N uptake resultantly NUE in plants (Xing et al., 2019). Additionally, strigolactones also adjust root development and shoot branching (Seto et al., 2012) and significantly influence the N distribution as well as N translocation to different shoot tissues (Luo et al., 2018). Moreover, AMF forms an interconnected hyphal network which improves the N uptake and NUE in host plant (Verzeaux et al., 2017). The beneficial impact of AMF in improving N uptake and NUE has been highlighted in a meta-analysis of more than 300 field studies. The results of the meta-analysis indicated that the use of AMF is a profitable practice and has many agronomic uses and improves N uptake and subsequently NUE in plants (Mensah et al., 2015).



CONCLUSION AND FUTURE PROSPECTIVE

Drought stress causes a serious reduction in plant growth and development by disturbing plant physiological, biochemical, and molecular responses. However, AMF protects plants under DS and substantially improves their growth and development. AMF inoculation maintains membrane integrity and plant water status, protects photosynthetic apparatus from drought-induced oxidative stress, and improves the synthesis of photosynthetic pigments thereby improving plant growth and development under DS. AMF also improves the accumulation of osmolytes and, hormones and gene expression and anti-oxidant activities which leads to an appreciable improvement in plant performance in water deficit conditions. Besides this, AMF also improves the expression of aquaporins and improves the water uptake and water use efficiency which are major reasons for AMF-mediated improvement in plant growth under DS. Additionally, AMF also improves soil health and plays an important role in soil nutrient cycling and improves nutrient uptake and nutrient use efficiency and alleviates negative impacts of DS, and improves plant growth and yield.

Despite recent progress about the role of AMF in mitigating the adverse effects of DS, there are many unanswered questions. The role of AMF in seed germination mechanism is poorly studied, therefore it is important to determine how AMF affect the germination mechanism and improve seed germination under DS. The role of AMF in nutrient uptake is well studied by authors, however, its role in nutrient signaling, ion transport, and nutrient channels is not explored. Therefore, it would be fascinating to perform research on these aspects to increase our understanding of the role of AMF against DS. The role of AMF in improving photosynthesis is clearly explored nonetheless, its role in stomata movements is still unknown therefore, it is suggested to explore the role of AMF in stomata signaling and its impacts on anion channels in leaf guard cells under DS.

The role of AMF on hormones (ABA, GA, and IAA) and osmolytes (proline and GB) accumulation under DS is will be studied by the authors. However, it would be interesting to explore the relationship between AMF cytokinin, ethylene, salicylic acid, proline, and GB at the transcriptomic level. Also, it would also be interesting to understand the effect of AMF on genes and enzymes involved in the synthesis of these compounds under DS. The role of AMF on pollen viability and quality of crops is not explored well, therefore, it is needed to understand the role of AMF in improving pollen viability and final crop quality under DS. Likewise, the identification of host plant and AMF-specific protein factors regulating the symbiotic relationship and major cellular as well as metabolic pathways under DS can also be an important area of research. The role of AMF on nitrogen use efficiency (NUE) is well explored in plants. However, more studies are needed at the transcriptomic, proteomics, and metabolomics level to elucidate the role of AMF in N uptake and its effect on NUE. Lastly, more studies are direly needed to determine the effect of AMF on aquaporins and their role in plant water uptake under DS.
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The gibberellin-dioxygenase (GAox) gene family plays a crucial role in regulating plant growth and development. GAoxs, which are encoded by many gene subfamilies, are extremely critical in regulating bioactive GA levels by catalyzing the subsequent stages in the biosynthesis process. Moreover, GAoxs are important enzymes in the GA synthesis pathway, and the GAox gene family has not yet been identified in Rosaceae species (Prunus avium L., F. vesca, and P. mume), especially in response to gibberellin and PCa (prohexadione calcium; reduce biologically active GAs). In the current investigation, 399 GAox members were identified in sweet cherry, Japanese apricot, and strawberry. Moreover, they were further classified into six (A-F) subgroups based on phylogeny. According to motif analysis and gene structure, the majority of the PavGAox genes have a remarkably well-maintained exon–intron and motif arrangement within the same subgroup, which may lead to functional divergence. In the systematic investigation, PavGAox genes have several duplication events, but segmental duplication occurs frequently. A calculative analysis of orthologous gene pairs in Prunus avium L., F. vesca, and P. mume revealed that GAox genes are subjected to purifying selection during the evolutionary process, resulting in functional divergence. The analysis of cis-regulatory elements in the upstream region of the 140 PavGAox members suggests a possible relationship between genes and specific functions of hormone response-related elements. Moreover, the PavGAox genes display a variety of tissue expression patterns in diverse tissues, with most of the PavGAox genes displaying tissue-specific expression patterns. Furthermore, most of the PavGAox genes express significant expression in buds under phytohormonal stresses. Phytohormones stress analysis demonstrated that some of PavGAox genes are responsible for maintaining the GA level in plant-like Pav co4017001.1 g010.1.br, Pav sc0000024.1 g340.1.br, and Pav sc0000024.1 g270.1.mk. The subcellular localization of PavGAox protein utilizing a tobacco transient transformation system into the tobacco epidermal cells predicted that GFP signals were mostly found in the cytoplasm. These findings will contribute to a better understanding of the GAox gene family’s interaction with prohexadione calcium and GA, as well as provide a strong framework for future functional characterization of GAox genes in sweet cherry.

Keywords: PavGAox, characterization, gene duplication, subcellular localization, qRT-PCR


INTRODUCTION

Gibberellins (GAs), a class of diterpenoid phytohormones first discovered by Dr. E. Kurosawa in 1926, regulate a variety of processes in plants, including stem elongation, anther growth, dormancy regulation, and flower initiation (Vera-Sirera et al., 2016; Pan et al., 2017). Several studies proved that dwarfism has been linked to deficiencies in gibberellin (GA) levels or signaling (Fukazawa et al., 2017). In agriculture, GA levels are extensively regulated to promote seedless grapefruit development; slow fruit senescence in lemons and oranges; improve fruit setting in pears, apples, and mandarins; enhance stem elongation in sugarcane; and reduce growth in apple, canola, and cotton (Hedden and Phillips, 2000). GAs also regulate many crucial physiological processes like fruit senescence (Serrani et al., 2007), shoot elongation (Junttila et al., 1992), seed germination (Tyler et al., 2004; Ayele et al., 2006), and leaf expansion (Hedden and Proebsting, 1999).

There have been up to 136 distinct gibberellin molecules identified so far, and the majority of them had been classified as catabolites or biosynthetic intermediates of bioactive Gas, including GA1, GA3, GA4, and GA7 (Hedden and Thomas, 2012). GA biosynthesis comprises three reaction stages (Olszewski et al., 2002; Li et al., 2017). In the first step, GA production starts from the conversion of geranylgeranyl diphosphate (geranylgeranyl-PP) into metabolite ent-Kaur-16-ene in the presence of ent-kaurene synthase (KS) and ent-copalyl diphosphate synthase (). Afterward, ent-kaur-16-ene is converted into GA12 and GA53 through P450-dependent monooxygenase cytochromes, which are ent-kaurene oxidase (KO) and ent-kaurenoic acid oxidase (KAO), respectively. Following three continuous processes, the formation of numerous GAs occurs in the final stage of biosynthesis through two pathways: early-13-hydroxylation and non-13-hydroxylation. GA 20-oxidases (GA20ox) and GA 3-oxidases (GA3ox), which belong to the 2-oxoglutarate-dependent dioxygenase (2-ODD) family, are vital enzymes in a process of oxidation steps that transform GA12 and GA53 into different GA intermediates and bioactive GAs (GA1 and GA4). GA 2-oxidases (GA2oxs) are special enzymes that belong to the 2-ODD family and are involved in GA degradation. The bioactive GAs (GA1 and GA4), as well as their immediate precursors (GA20 and GA9), are suppressed by these enzymes. Moreover, investigations have demonstrated that all GA2ox, GA3ox, and GA20ox sequences are related to the 2-ODD superfamily, which has a significant level of homology along with the functional domains (Kaul et al., 2000; Yamaguchi, 2006). Moreover, prohexadione calcium (PCa) is synthesized by 2-oxoglutarate, which is a key dioxygenase co-substrate. It has been discovered that it inhibits 3b-hydroxylation, which mediates the late stages of GA synthesis (Ilias and Rajapakse, 2005; Kim et al., 2007). PCa reduced the mobility of biologically active GAs while augmenting the levels of inactive GA20 (Rademacher, 2000). Additionally, PCa effectively regulates the GA level in plants, which also plays a vital role in regulating dormancy. Previous research has also demonstrated the importance of (GA, ABA) metabolic and signaling properties of numerous plant hormones, as well as their putative relationship in the retention and breaking of dormancy (Shu et al., 2016). Bud dormancy is a physiological stage of woody deciduous plants that allows them to endure for longer periods under unfavorable environments. It is revealed by stopping growth, pausing cell division, reduction in respiratory activity, and metabolic procedures (Faust et al., 1997). Dormancy plays a critical role in optimum blooming and fruit set (Fadón and Rodrigo, 2018). Furthermore, the previous investigation provides evidence on the role of GAs in the triggering of growth halting, which results in the reduction in active GA levels in dormant plants (Cooke et al., 2012). Numerous studies have reported high levels of endogenous GA or a higher expression of GA biosynthetic genes during the perennial end dormant bud formation or the natural bud endodormancy cycle. The endogenous ABA/GA3 ratio in Prunus avium L. flower buds increased throughout natural dormancy induction and reduced when dormancy was released (Chengguo et al., 2004). Peach-dormant buds were found to have higher levels of GA in chilling hours (Frisby and Seeley, 1993). Previous studies illustrated that when aspen-dormant buds were treated with low temperature, the expression pattern in GA3ox and GA20ox gene families was higher, while lower expression in the GA2ox family was identified (Karlberg et al., 2010; Rinne et al., 2011). Studies demonstrated that GA3 improved the dormancy release in Elberta peach buds, while the same was also observed in Japanese apricot flower buds when treated with GA4 (Donoho and Walker, 1957; Zhuang et al., 2013).

Sweet cherry is an extremely temperature-sensitive perennial plant (Maurya et al., 2018; Kose and Kaya, 2022). Dormancy is strongly influenced by external temperatures, and variations in the timing of bud break and flowering have been associated with global warming (Kaya et al., 2021; Tominaga et al., 2022). Bud break and flowering dates for sweet cherry in the northern hemisphere were extended in the spring, raising the chances of late frost damage (Vitasse et al., 2014; Bigler and Bugmann, 2018; Kaya and Kose, 2022a,b), whereas inadequate cold accumulation during winter could contribute to inadequate dormancy release and limited bud break rate (Erez, 2000; Atkinson et al., 2013). These phonological differences have a direct influence on fruit crop output, which might result in significant economic losses (Snyder and Melo Abreu, 2005). Current findings revealed that gibberellin plays an important role in sweet cherry dormancy regulation. Furthermore, identifying the GA metabolic regulatory system in P. avium might provide a molecular framework for a targeted breeding program, as well as provide a basic framework for understanding the role of dormancy. Gibberellin oxidase is a crucial synthase and catalyst which is involved in the interconversion of various GAs in the gibberellin biosynthesis pathway’s final step. However, no reports on P. avium seem to be published. We identified GAox genes in the P. avium genome database. For the PavGAox genes, fundamental physicochemical properties, gene structure, conserved domains, and selected evolutionary relationships were extensively examined. RNA sequencing (RNA-seq) and quantitative real-time PCR (qRT-PCR) were used to examine PavGAox gene expression patterns in different organs and in response to various phytohormones. Furthermore, the gibberellin dioxygenase gene family in sweet cherry has received relatively little systematic and detailed research. As a result, the purpose of this study was to investigate the characteristics of the GAox gene family and identify the key genes in sweet cherry that respond to GA to regulate biological functions, as well as the dormancy process, which has been negatively impacted by global rwarming.



MATERIALS AND METHODS


Collection, Identification, and Molecular Characteristics of GAox Genes

Rosaceae genome sweet cherry (P. avium, v1.0.a1) and Japanese apricot (P. mume, v1.0) sequences were downloaded from the Genome Database for Rosaceae (GDR)1 (Zhang et al., 2012; Shirasawa et al., 2017), while the Joint Genome Institute (JGI) Data Portal2 was used to extract the genome of strawberry (Fragaria vesca, v4.0) (Jung et al., 2014). The protein sequence alignment was obtained in a specific Stockholm format with the GAox domain (Pfam; PF03171 and PF14226), and Hmmbuild was used to develop a model from the alignment. The Hmmsearch program was utilized to explore the genome database of three Rosaceae species (F. vesca, P. mume, and P. avium) for all potential GAox genes. Second, BioEdit software was utilized to retrieve 399 potential GAox protein sequences from the three Rosaceae genomes through 16 protein sequences of Arabidopsis as queries in BlastP (E value cut-off of 1 × 10–5). The sequences of all GAox proteins were aligned, and repetitive GAox genes were eliminated. Moreover, InterProScan3 (Finn et al., 2006), SMART4 (Letunic et al., 2012), and Pfam databases5 (Finn et al., 2006) were used to verify all elected GAox genes. Subsequently, ExPASY web6 was utilized to estimate physicochemical properties (isoelectric point, amino acid length, and weight) (Abdullah et al., 2018a), while CELLOGO tool software7 was used to assess subcellular localization (Manzoor et al., 2020, 2021a).



Phylogeny and Alignment Analysis of the GAox Gene Family

ClustalX software was used to align the 399 GAox full-length protein sequences obtained from the three Rosaceae species (P. avium, P. mume, and F. vesca), along with 16 GAox full-length protein sequences of Arabidopsis thaliana while utilizing default parameters (1,000 bootstrap, pairwise deletion) (Thonpson, 1997). Molecular Evolutionary Analysis (MEGA-X) was utilized to construct the phylogenetic tree through the maximum likelihood method (ML-M) (Tamura et al., 2011). Eventually, itol online program8 was used to illustrate the phylogenetic trees (Letunic and Bork, 2019).



Conserved Motif and Exon–Intron Structural Analysis

GSDS (Gene Structure and Display server v.2.0)9 was utilized to visualize the vital gene structure characteristics like conserved elements, composition, and position intron–exon (Hu et al., 2015; Abdullah et al., 2018b; Manzoor et al., 2021a; Sabir et al., 2022). MEME (the Motif Elicitation)10 program was used to illustrate the conserved motifs (Bailey et al., 2015).



Chromosomal Distribution and Conserved Domain Analysis

All GAox gene chromosomal positions were retrieved from a genome database (see text footnote 1), and Mapinspect software11 was used for the visualization of these positions (Manzoor et al., 2021b,c). Moreover, the Conserved Domain Architecture Retrieval Tool (CDART), HMMER program12, and protein family database (Pfam)13 were utilized for obtaining the conserved domain of GAox protein of P. avium, Fragaria vesca, and P. mume (Johnson et al., 2010; Mistry et al., 2021).



Cis-Element Analysis

All sweet cherry GAox genes and promoter sequences were found from the start codon along with 2,000-bp upstream sequences, and PlantCARE database online webtools14 were utilized to anticipate and filter all cis-elements (Lescot et al., 2002).



Gene Duplications, Collinearity Relationships, and ka/ks Analysis

Collinearity assessment was conducted using MCScanX (Multiple Collinearity Scan toolkit) through BLASTP (E < 1e–5) across three Rosaceae genomes (Wang et al., 2012). The Multiple Collinearity Scan toolkit was used to identify several types of duplications like whole-genome duplication (WGD), dispersed duplication (DD), proximal duplication (PD), transposed duplication (TRD), and tandem duplication (TD) in P. avium, P. mume, and F. vesca. Circos and TBtools were used to identify collinearity relations and gene duplications. The Plant Genome Duplication Database15 was used to acquire synonymous mutation rates (ks) and the non-synonymous (ka) rates for relevant duplication gene pairs (Cao et al., 2013; Abdullah et al., 2018a; Manzoor et al., 2021b). MAFFT software and calculators16 were utilized to calculate the ka/ks ratio of each duplicated gene pair, as well as numerous alignments (Qiao et al., 2019).



Plant Materials

“Royal Lee” (sweet cherry cultivar) was cultivated at Shanghai Jiao Tong University experimental farm area in Minhang district, Shanghai, China (31.25°N, 121.48°E). Gisela 6 (G6) was utilized as rootstock for grafting diploid cultivars. All trees were planted at 5–6 m spacing, while the same agricultural practices were used on all trees. A measure of 200 μl prohexadione calcium (PCa) and 500 μl gibberellin (GA4+7) were sprayed on fully mature buds. All bud samples and the control were collected on the first, third, and sixth days. Furthermore, all experimental materials were freeze-dried and kept at −80°C until use.



Subcellular Localization

For analyzing the subcellular localization in Tobacco (Nicotiana tabacum) epidermal cells, the coding sequence of PavGAox gene with codon was inserted into the 35Spro-eGFP vector with gene-specific primers to generate p35S:: Pav_sc0000465.1_g550.1.mk::eGFP construct. The recombinant constructed plasmid was transferred into Agrobacterium tumefaciens strain EHA105 by electroporation. A positive colony was cultured in LB medium containing antibiotics at 28 °C in the dark. After centrifugation, the pellet was collected and resuspended in infiltration buffer (Wani et al., 2020). Afterward, transient expression was performed through the agro-infiltration method. The green fluorescence protein in tobacco leaves was monitored at 4–6 days post-agro-infiltration and visualized by using a Leica SP8 confocal microscope excitation, 488 nm, emission 500–550 nm.



Transcriptional Analysis of Sweet Cherry GAox Genes

RNA-seq data were carried out with accession numbers SRR8984402, SRR8984360, SRR8984367, SRR8984382, SRR8984344, SRR8984381, SRR8984359, SRR8984403, SRR8984342, and SRR8984366 of P. avium at various dormancy phases (organogenesis, paradormancy, endodormancy, ecodormancy). The SRA toolkit was used to encrypt the data from the SRA database into the FASTQ version. Hisat2 software was utilized to align each dataset to the reference genome using default settings. Using the StringTie software, the expression level was calculated in transcripts per kilobase million (TPM). Finally, TBtools was used to visualize the heat map (Chen et al., 2018).



RNA Extraction, Reverse Transcription, and qRT-PCR

To further investigate the functional role of GAox genes in flowers, buds, and fruits, we performed real-time quantitative PCR analysis to examine the expression patterns of selected genes. The total RNA of GA treatment and PCa treatment was isolated by using the RNAprep Pure Plant Kit (Tiangen). First-strand cDNA synthesis was reversed with gDNase Eraser-treated RNA (1 μg) by Prime Script RT reagents Package along with Takara. The anti-sense and sense primers were designed by GeneScript online software17. The primer sequences used in this study are shown in Supplementary Table 1. Three technical and biological duplicates per sample were used in the qRT-PCR experiments. qRT-PCR was performed with a cDNA template (2 μl) along with reverse and forward primers (0.8 Lμl). A measure of 10 μl SYBR premix ExTaq II was used, and nuclease-free water was added to a final volume of 20 μl. Temperature was set as follows: 50°C for 2 min, 95°C for 30 s, accompanied by 40 cycles of 95°C for 15 s, 60°C for 20 s, and 72°C for 20 s 4°C for sweet cherry. We used actin protein as an internal reference and applied the 2?-ΔΔ]Ct method to calculate the relative transcription level of target genes (Livak and Schmittgen, 2001; Letunic et al., 2012).




RESULTS


Identification and Physico-Chemical Properties of GAox Genes in Rosaceae Species

All GAox genes from P. avium, P. mume, and F. vesca genomes were identified using the A. thaliana GAox sequence as a query file. The GAox genes were identified in the Rosaceae (P. avium, F. vesca, and P. mume) genome database using two methods, namely, local BLASTP analysis and HMM search (Supplementary Table 2). Finally, 399 Gaox genes were discovered and utilized for future research. There were 140 sweet cherry, 146 Japanese apricot, and 113 strawberry PavGAox genes. The evolutionary relationship between P. mume, F. vesca, and P. avium was investigated. Subsequently, the full-length protein sequences of P. avium (140), P. mume (146), F. vesca (113), and A. thaliana (16) were aligned using clustalX, and a phylogenetic tree was built through Molecular Evolutionary Genetics Analysis (MEGA-X) software. Furthermore, we utilized the maximum likelihood method (ML-M) for phylogeny analysis along with 1,000 times with bootstrapping values with other default parameters (Figure 1). All GAox-genes discovered in the three Rosacea species were divided into six subfamilies (A–F). The maximum GAox members (71) were found in subfamily B, while the lowest GAox members (34) were found in subfamily A (Figure 1).
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FIGURE 1. Phylogenetic tree of GAox protein of P. avium, P. mume, F. vesca, and A. thaliana. Each color representing a subfamily (A–F) of GAox genes. Green, red, and light blue bars indicate length of amino acids, intron, and domain numbers, respectively. The phylogenetic tree was constructed with the itol software.


Moreover, in strawberry, GAox protein contained 153–1,442 amino acids, with an average of 391.12. In sweet cherry and Japanese apricot, the length of amino acid sequences ranged from 101 to 745 and from 69 to 1,451, with an average of 298.12 and 333.76, respectively. The molecular weight of PavGAox members ranged between 11,302 and 82,709 kDa, with an average of 33,654.55 kDa, while in strawberry and Japanese apricot, the molecular weight ranged from 17,321 to 166,637.2 kDa and from 7,679.97 to 163,783.1 kDa, with an average of 44,200.34 and 37,670.11 kDa, respectively. The values of the isoelectric point (pI) in P. avium varied from 4.68 to 9.86, with an average of 6.15, while pI in P. mume and F. vesca varied from 4.52 to 10 and 4.59 to 8.96, with an average of 5.91 and 5.71, respectively (Supplementary Table 2).



Motif Analysis and Gene Structure Analysis

Totally, 20 motifs were identified from 140 PavGAox genes, and at least three motifs were recognized in all PavGAox genes (Figure 2). The maximum number of motifs (19) was discovered in Pav_sc0001258.1_g160.1.mk (subfamily-XIII), while 17 motifs were found in Pav sc0000095.1 g1690.1.mk (subfamily-X). Meanwhile, Pav sc0000549.1 g700.1.mk (subfamily-XIII), Pav sc0001280.1 g320.1.br (subfamily-XII), Pav sc0002206.1 g340.1.mk, Pav sc0001084.1 g100.1.mk (subfamily-X), Pav sc0000379.1 g020.1.mk, and Pav sc0001252.1 g020.1.br (subfamily-I) had the least number (3) of motifs. Different subgroups had some specific motifs, for example, motif 17 was only detected in subgroups II and X, representing that the proteins in all these subgroups may be subsidizing for some crucial functions (Figure 2). Some motifs like 2, 4, and 14 were found in all subgroups, indicating that the addition of these motifs (2, 4, and 14) to the subgroups may have occurred via evolutionary processes, and these motifs may have significant roles. Figure 2 demonstrates that members of each subgroup with a strong biological relationship have identical motif compositions like in subfamily II (Pav sc0001217.1 g200.1.mk, Pav sc0001239.1 g010.1.br, and Pav sc0001239.1 g050.1.mk), subfamily IX (Pav sc0000030.1 g1310.1.mk, Pav sc0000030.1 g1320.1.mk, Pav sc0000030.1 g1340.1.mk, and Pav sc0000107.1 g100.1.mk), and subfamily XII (Pav sc0001217.1 g040.1.mk, Pav sc0001217.1 g050.1.mk, Pav sc0001217.1 g060.1.mk, and Pav sc0000195.1 g960.1.mk), suggesting that GAox proteins functioned similarly. Each GAox gene was examined using intron–exon analysis to further the advanced projection into the fundamental and structural variability of the GAox family of genes (Supplementary Table 2). Currently, the results illustrated that sweet cherry has the most introns/exons, with a range of 1–15/1–12 (Figure 3). A maximum number of introns were found in Pav_sc0007218.1_g040.1.mk (subfamily XII), while a minimum number of the introns were found in Pav_sc0001405.1_g250.1.mk and Pav_sc0000800.1_g110.1.br (subfamily XII) and Pav_sc0000027.1_g390.1.mk and Pav_sc0000027.1_g360.1.br (subfamily VII). Most of the PavGAox genes that were clustered in the same subfamily (subfamily VI) had a similar number of introns and exons. All members contained a similar number of introns and exons (3/4), except one member (Pav_sc0000027.1_g450.1.br).
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FIGURE 2. Phylogenic relationships and conserved protein motif composition for GAox family proteins in sweet cherry. The motif composition of PavGaox protein (1–20) is indicated by different colored boxes with specific motif numbers, and figure legends are mentioned on the top.
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FIGURE 3. Phylogenic relationships and gene structure for GAox family proteins in sweet cherry. The relative position and size of the exon can be estimated using the scale at the bottom. Blue boxes, black lines, and red boxes represent exons, introns, and UTR, respectively.




Syntenic Analysis and Chromosomal Distribution of GAox Genes

There were 357 orthologous gene pairs identified across all Rosaceae genomes, which include 85 orthologous gene pairs between Prunus avium and Prunus mume, 119 orthologous gene pairs between Prunus avium and Malus domestica, 86 orthologous gene pairs between Prunus avium and Prunus persica, and 67 orthologous gene pairs between Prunus avium and Fragaria vesca, indicating a close relationship between these five Rosaceae genomes (Figure 4 and Supplementary Table 3).
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FIGURE 4. Collinearity relationship of GAox genes in P. avium and other Rosaceae species. Pa, Pp, Pm, and Fv indicate P. avium, P. persica, P. mume, and F. vesca, respectively.


The chromosomal distribution of GAox genes in sweet cherry was also examined. Overall, 118 PavGAox genes were found on eight chromosomes, and 22 genes were located on the scaffold. The highest number of PavGAox genes (35) was discovered on chromosome 1, while Chr8 had 25 PavGAox genes. Chr2, Chr6, and Chr7 contained 10, 6, and 7 GAox genes in the scattered formation, respectively, while Chr3, 4, and 5 had 8, 18, and 9 genes, which were distributed in cluster formation on chromosomes (Supplementary Figure 2).



Mode of Gene Duplication Events and Ka/Ks Value

We discovered numerous gene duplication events and their implications to GAox gene family expansion. Surprisingly, 243 duplicated gene pairs were found in three Rosacea species, with the highest number of duplicated gene pairs derived from dispersed duplications (75/243 genes pair), followed by tandem duplications (69/243 genes pair) and proximal duplications (40/243 genes pair), indicating that the GAox gene expression was predominantly associated with DSD, TD, and PD duplication events. Moreover, 34 transposed duplications (TRDS) and 25 whole-genome duplications (WGDs) were recognized in the GAox gene family (Figure 5). Furthermore, P. avium (26.5%), P. mume (29.59%), and F. vesca (35.80%) GAox genes had to participate in DSD, while 34.37, 28.57, and 23.45% GAox genes participated in tandem duplication, respectively.


[image: image]

FIGURE 5. Prunus avium, Prunus mume, Prunus persica, and Pyrus bretschneideri have gene duplication and chromosomal localization. A colorful line links duplicated gene pairs.


In sweet cherry, apricot, and strawberry, the average Ks ratio of DSD generated duplicated pairs was 1.87, 1.24, and 0.69, respectively (Supplementary Table 4). In P. mume, P. avium, and F. vesca, the Ka/Ks value of duplicated pairs was 1, indicating that GAox genes were subjected to intense purifying selection. However, as demonstrated in Supplementary Table 4 and Figure 6, sweet cherry, Japanese apricot, and strawberry duplicated gene pairs exhibit higher Ka/Ks values (> 1), suggesting that the GAox gene increment has a complex evolutionary history.
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FIGURE 6. Ka/Ks values of GAox gene family in three Rosaceae species. Comparison of Ka/Ks values for different modes of gene duplications. WGD, whole-genome duplication; PD, proximal duplication; TRD, transposed duplication; TD, tandem duplication; DSD, dispersed duplication.




GO Annotation Enrichment Analysis

The prediction of various functions, such as biological processes, molecular functions, subcellular localization, and cellular components, was analyzed. In addition, under the four primary groups, 140 GAox proteins were divided into 36 functional groups based on protein similarity. According to the ontology of biological processes, the highest percentage was engaged in small-molecule metabolic and biosynthetic processes (11.19%), while GAox genes involved 11.07% in anatomical structure development. Among the GAox genes, 11.01, 11.03%, 10.78%, 10.76%, 10.57%, and 10.36% of genes were found to be involved in secondary metabolic processes, lipid metabolic processes, response to stress, reproduction, aging, and developmental maturation, respectively. Moreover, some GAox genes were involved in transport (0.77%), signal transduction (0.40%), cell morphogenesis (0.30%), growth (0.30%), and cell death (0.07%). In the ontology of cellular components, GAox genes with the highest percentage (25.97%) are involved in cells, intracellular, and cytoplasm, followed by the organelle (18%), plasma membrane (1.02%), external encapsulating structure (.92%), cell wall (0.92%), cytoplasmic membrane-bound vesicle (0.92%), nucleus (0.22%), and endoplasmic reticulum (0.10%). Furthermore, molecular functions ontology revealed that ion binding and oxidoreductase activity are identical and have a high proportion (48.45%) when compared to methyltransferase activity (2.50%), lyase activity (0.36%), and ligase activity (0.24%) (Supplementary Table 5). CELLOGO tool software was used to estimate subcellular localization. These findings suggest that the majority of GAox genes (72.14%) are found in the cytoplasm, with the remaining genes engaged in nuclear (15%), mitochondrial (5.71%), and extracellular activities (2.14 %) (Figure 7).
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FIGURE 7. Gene ontology (GO) annotation of PvGAox proteins. The GO annotation was achieved based on three categories, biological process (BP), molecular function (MF), and cellular component (CC). The numbers on the abscissa show the number of predicted proteins.




Promotor Analysis

The binding specificity of the TFs is determined by the cis-regulatory element in the promoter region and plays a key role in transcription regulation. PavGAox cis-regulatory elements were identified to be involved in phytohormone (gibberellin, ABA, auxin, and salicylic acid response elements) and stress responses (low temperature, light, and drought). Numerous cis-regulatory elements were found to be involved in the hormonal response, such as auxin (TGA element, AuxRR-core) response element, gibberellin response element (GARE-motif, P-box, TATC-box), MeJA (TGACG, CGTCA-motif, TGACG-motif), and ABA (ABRE). Simultaneously, stress–response elements associated with light responsiveness (G-Box, Box 4), low-temperature reactivity (LTR), defense and stress responsiveness (TC-rich repeats), zein metabolism regulation (O2-site), anaerobic induction (ARE), circadian control (circadian), and the MYB binding site (MBS) involved in drought induction were recognized (Figure 8). The CAAT-Box and ABRE motifs were discovered in most PavGAox genes, and their numbers were higher in the promoters of Pav sc0001258.1 g160.1.mk, Pav sc0000583.1 g350.1.br, Pav sc0000893.1 g200.1.mk, and Pav sc0000143.1 g470.1.mk than in PavGAox genes (Figure 8). This suggested that the ABRE and CAAT-Box motifs play a significant role in the stress response. These cis-elements had a role in ABA responsiveness, as well as promoter and enhancer regions. Anaerobic induction response elements were found in 4% of PavGAox members, whereas the MYB-binding site (MBS) implicated in drought induction was found in 3% of total members. Moreover, light responsiveness of cis-acting regulatory elements (G-Box, Box 4) comprised only 2% of the total PavGAox members. The phytohormone response-associated cis-elements, including TGACG motif (3%), P-Box (1%), TCA-element (1%), and TGA-element (1%), were also revealed, which are related to MeJA, gibberellin, salicylic acid, and auxin responses, respectively (Supplementary Table 6 and Supplementary Figure 1). Furthermore, we identified GAox cis-elements essential to plant growth/development, comprising 2% of members having 02-site that are associated with zein metabolic responsiveness.
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FIGURE 8. Predicted cis-elements in the promoter regions of the PavGAox genes. All promoter sequences (2 kb) were analyzed. The PavGAox genes are shown on the left side of the figure. The scale bar at the bottom indicates the length of promoter sequence.




Expression Profile of PavGAox Genes in Different Dormancy Stages

We examined the expression profile of PavGAox genes in sweet cherry at various dormancy phases using RNA-seq data (Figure 9) to authenticate the expression patterns of GAox family members in dormancy. RNA-seq data from earlier research were performed in five phases of dormancy (organogenesis, paradormancy, ecodormancy, and dormancy release). The spatial and temporal expression profiles of GAox members in various phases of dormancy in sweet cherry were investigated using transcriptomic data. The gene expression pattern was analyzed using transcripts per kilobase million (TPM) measurements. All PavGAox members were classified into three groups based on the expression behavior in different dormancy phases (Supplementary Table 7). In the first category, some members did not show any expression in any stage of dormancy, such as Pav_sc0001289.1_g260.1.mk and Pav_sc0000800.1_g120.1.br; 24 members (17.14%) remained silent in all phases. In the second category, 38 GAox family members (27.14%) were included which remain silent some specific phases and expressed their peak expression in some crucial stages of dormancy like Pav_sc0000195.1_g040.1.mk, Pav_sc0000379.1_g060.1.mk, and Pav_sc0001239.1_g010.1.br exhibited their peak expression only in ecodormancy phase, while they remained silent in all other dormancy stages. This phenomenon revealed that GAox family members had some stage-specific expression behaviors. In the third category, 78 members (55.71%) were included. All these PavGAox members were upregulated in all phases of dormancy, and some members indicated some specific expression pattern like Pav_sc0000465.1_g880.1.br, Pav_sc0000027.1_g350.1.br, Pav_sc0000409.1_g310.1.mk, Pav_sc0001009.1_g400.1.mk, and Pav_sc0001909.1_g040.1.br showed peak expression in the initial stage, but as the dormancy phase proceed, the expression pattern peak decreased (Figure 9).
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FIGURE 9. Transcriptomic analysis of 140 PavGaox genes in different dormancy-related phase data (organogenesis, paradormancy, endodormancy, ecodormancy, and dormancy release). Red, black, and green represent high, low, and no expression levels, respectively.




Expression of Candidate PavGAox Genes in Different Organs Along With Abiotic Stress by qRT-PCR

In the current investigation, we also analyzed the selected GAox member’s expression in sweet cherry parts like buds, flowers, and fruits through qRT-PCR. Several GAox genes had an increased expression at the flower development stage like Pav_sc0001258.1_g160.1.mk, Pav_ sc0000095.1_g1110.1.mk, Pav_sc0000652.1_g1120.1.mk, Pav_ sc0000800.1_g100.1.br, Pav_ sc0000379.1_g020.1.mk, Pav_sc00 01909.1_g040.1.br, Pav_sc0007218.1_g040.1.mk, and Pav_sc00 01217.1_g200.1.mk, while some genes like Pav_sc0000 465.1_g550.1.mk, Pav_sc0000212.1_g800.1.mk, and Pav_sc000 0714.1_g430.1.br were upregulated and expressed their peak expression in bud development. Few PavGAox members were involved in fruit maturation like Pav_sc0003880.1_g060.1.mk. These findings illustrated that GAox members are highly active in development stages, and they played a key role in plant initial development stages (Figure 10). Totally, 13 gibberellin-dioxygenases were validated by qRT-PCR analysis at 1D (day), 3D (days), and 6D (dayd) following GA treatment and PCa treatment to identify the important GA stress-responsive candidates in Prunus avium. These results illustrated that most of the genes were upregulated and expressed their peak expression at 3D when treated with GA4+7 like Pav_sc0000095.1_g1110.1.mk, Pav_sc0007218.1_g040.1.mk, Pav_sc0000212.1_g800.1.mk, and Pav_sc0000465.1_g550.1.mk. These members remained silent at 1D but revealed their peak expression at 3D. One PavGAox member (Pav_sc0000714.1_g430.1.br) also expressed its peak expression at 6D (Figure 11). However, some members like Pav_sc0000379.1_g020.1.mk, Pav_sc0001258.1_g160.1.mk, Pav_sc0000714.1_g430.1.br, and Pav_sc0000652.1_g1120.1.mk were downregulated with the treatment of GA, but these members expressed their peak expression at 6D when treated with anti-GA treatment (PCa) (Figures 11, 12). These findings lead us to understand their key role in maintaining the GA biosynthesis.
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FIGURE 10. Relative expression patterns of PavGAox genes through qRT-PCR on different tissues (bud, flower, and fruit). Mean ± SE of three biological replicates (each having three technical replicates).
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FIGURE 11. Expression profiles of selected PavGaox genes on the bud before (control) or 1D, 3D, and 6D after treatment with prohexadione calcium. Mean ± SE of three biological replicates (each having three technical replicates).
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FIGURE 12. Expression profiles of selected PavGaox genes on the bud before (control) or 1D, 3D, and 6D after treatment with GA. Mean ± SE of three biological replicates (each having three technical replicates).




Subcellular Localization

To analyze the subcellular localization of GAox protein, the constructed plasmid p35S:: Pav_sc0000465.1_g550.1.mk 1::eGFP binary construct was transiently introduced into the lower epidermis of tobacco (Nicotiana benthamiana) leaves by the Agrobacterium-mediated infiltration method (Figure 13). The results demonstrate that the green fluorescence protein (GFP) fused with Pav_sc0000465.1_g550.1.mk was spread throughout the entire cellular structures, including the nucleus and plasma membrane (Figure 13), which is consistent with the previous findings (Zhang et al., 2019). These findings concluded that PavGAox indeed localized in the plasma membrane and nucleus.
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FIGURE 13. Subcellular localization of Pav_sc0000465.1_g550.1.mk in tobacco epidermal cells. Transient expression of Pav_sc0000465.1_g550.1.mk was investigated in epidermal cells of tobacco using a confocal microscope. For the subcellular localization of p35S:: Pav_sc0000465.1_g550.1.mk: eGFP, recombinants were detected by Agrobacterium-mediated infiltration.





DISCUSSION

Dormancy is an important trait that permits temperate woody perennials to endure harsh winter environments. Plants go into dormancy when their growth is restricted, and they are metabolic signals that cause it: paradormancy, endodormancy, and ecodormancy (Lang et al., 1987; Horvath et al., 2003). GAs have a vital role in regulating diverse activities like dormancy, flower induction, another development, and elongation all through the life cycle of plants. Gibberellin is the most significant phytohormone in the regulation of dormancy (Finch-Savage and Leubner-Metzger, 2006). The regulation of GA production determines the amount of bioactive GAs in plant tissues (Yamaguchi, 2008). GA biosynthesis is predominantly controlled by GA 20-oxidase (GA20ox) and GA 3-oxidase (GA3ox) processes. However, GA inactivation is mostly controlled by GA 2-oxidase (GA2ox). Genes encoding these enzymes have been found in a variety of crop species, including barley (Hordeum vulgare), wheat (Triticum aestivum), and rice (Oryza sativa) (Spielmeyer et al., 2004; Yamaguchi, 2008), and their expression regulates GA levels for dormancy (Spielmeyer et al., 2004; Yamaguchi, 2008). Gibberellin-dioxygenase genes have been linked to several important diversified processes (Hernández-García et al., 2021). In Arabidopsis, rice, and other plants, comprehensive and integrative investigations of gibberellin-dioxygenase genes have been published (Huang et al., 2015).

Our present study is a rigorous and extensive whole-genome evolutionary investigation of GAox members based on three Rosaceae genomes. A total number of 140 GAox genes were discovered from Prunus avium (sweet cherry), 146 from Prunus mume (Japanese apricot), and 113 from F. vesca (strawberry). Based on phylogenetic analysis, GAox genes from the three Rosaceae species (F. vesca, P. avium, and P. mume) were grouped into six distinct subfamilies (A, B, C, D, E, and F) (Figure 1). The consequence of gene gain or loss might have happened all throughout the evolutionary change. Functional divergence resulted from the addition and elimination of certain GAox gene members. Moreover, our investigation revealed that all gibberellin-dioxygenase genes had at least one domain. In P. avium, a maximum number of domains (4) were observed in Pav_sc0001258.1_g160.1.mk, while Pav_sc0001263.1_g060.1.mk had three domains. In P. mume, Pm013434, Pm020609, and Pm020619 contained the highest number (3) of domains, while in F. vesca, a maximum number (4) of domains were observed in FvH4_2g03200.1. Supplementary Table 2 provides the full details of Rosacea species (physiochemical characterization) of the 399 GAox-protein. Additionally, the length of amino acids in GAox proteins varied significantly, ranging from 101 to 1,451 kDa. Furthermore, previous finding revealed that the differences across clades might be due to distinct roles, exon/intron variability, and motif structure. Moreover, gene structure analysis (intron–exon) was analyzed and was found to play an important in the evolution of various genes (Mustafin and Khusnutdinova, 2015). The 399 GAox genes investigated in the present study have different number of introns and exons, demonstrating that the GAox genes of the three Rosaceae species are highly diverse. The GAox genes have introns/exons ranging from 1/1 (Pav sc0000716.1 g300.1.mk, Pm004966, and FvH4 2g27140.1) to 29/30 (Pm004369) (Figure 1). The evolutionary study revealed that multigene families have originated mostly as a result of structural genetic variation (Xu et al., 2012). In addition, most of the genes in the same subfamily had comparable motif compositions. The GAox members were functionally varied, as shown by the organization and abundance of the 20 different inter- and intra-species motif categories (Figure 2). The conserved motif examination of the GAox gene family revealed the evolutionary history and classification of the sweet cherry GAox genes. GAox genes show much diversity in introns/exons and motif structure, implying high complexity in sweet cherry. Similarities of motifs and exon/intron structure and composition supported the evolutionary contribution of GAox members and varied their activities in sweet cherry within the same and distinct subfamilies. According to collinearity and phylogeny relationship, the sweet cherry (P. avium) genome and the other four Rosaceae genomes have stronger conserved region, which revealed a possible evolutionary mechanism between them. Gene duplication is an important process in all plants for developing genetic diversity, which might help organisms in adapting to climatic change (Alvarez-Buylla et al., 2000; Katiyar et al., 2012). Gene duplication events (TD, PD, WGD, DSS, and TRD) of the GAox family were revealed in three Rosaceae species (P. avium, Fragaria vesca, and P. mume) to help researchers better understand gene evolution and novel functions. Five types of duplications (dispersed duplication (DSD), tandem duplication (TD), proximal duplication (PD), whole-genome duplication (WGD), and (TRD) transposed duplication) were investigated in the GAox gene family, all of which contribute to the proliferation of certain genes in plants in diverse ways (Si et al., 2019). Tandem and whole-genome duplications played a vital role in gene family expansion like in Vitis vinifera (grape) (Guo et al., 2014). AP2/ERF and WRKY genes were highly diversified due to TD and WGD, while duplication events played a key role for MYB gene family evolution in Setaria italic (Muthamilarasan et al., 2014). Current findings suggested that DSDs and TDs are important in the proliferation of GAox genes in Rosaceae species. WGDs may play a role in the GAox gene family expansion (Supplementary Table 4). These findings revealed that duplications are essential in GAox gene expansion, particularly DSD and TDs occurring frequently in Rosaceae species. Ka/Ks values are used to calculate the selection pressure on genes, as well as their evolutionary history (Cao et al., 2013; Manzoor et al., 2020, 2021a). In general, the ka/ks value less than 1 indicated purifying selection, a ka/ks ratio higher than 1 indicated positive selection, and ka/ks value of 1 indicated neutral selection (Starr et al., 2003; Manzoor et al., 2021a). Positive selection is defined as a value larger than 1, while purifying selection is denoted as a ratio less than 1. Neutral selection is characterized as a value of 1 (Zhang et al., 2014; Manzoor et al., 2020). As per the findings of all ka/ks ratios of paralogous genes, purifying selection might be predominantly responsible for GAox protein functions. Gene expression analysis could provide the most valuable insights for elucidating diverse types of gene activities (Neilson et al., 2017). GAox genes have been found to have functional diversity in a variety of plants, including Camellia sinensis (Pan et al., 2017), Vitis vinifera (He et al., 2019), Oryza sativa (Liu et al., 2018), and Zea mays (Ci et al., 2021). In the current investigation, according to the phylogenetic tree, 13 PavGAox candidate genes were selected randomly from (subfamily A-F) for qRT-PCR in the sweet cherry buds, flowers, and fruits. Several GAox genes had an increased expression at the flower development like Pav_sc0001258.1_g160.1.mk and Pav_sc0001217.1_g200.1.mk, while some genes like Pav_sc0000465.1_g550.1.mk were upregulated and expressed their peak expression in bud development. Few PavGAox members were involved in fruit maturation like Pav_sc0003880.1_g060.1.mk. Current findings revealed that GAox members were highly active in the development stages, and they played a key role in the initial development stages in plants. However, transcriptional factors (TFs) exploit specific binding of cis-regulatory regions in target gene promoters to control them both regionally and functionally (Qiu, 2003). GAox genes include growth promoter and stress-related elements, such as CAAT-box, ABRE, LTR, and MBS (Figure 8 and Supplementary Table 6). Previous studies demonstrated that GAox genes have been engaged in growth and development, stress, hormones, and circadian rhythm regulation (He et al., 2019). GA regulation is also influenced by GAox genes (Pan et al., 2017). Some genes exclude gibberellin-related regions, suggesting that other components in the GA signaling pathway might be regulating GA levels in plants through influencing endogenous GA content fluctuations. The same phenomenon was also observed in grapes (He et al., 2019). Furthermore, numerous plants improve their abiotic/biotic stress response with hormone treatments like SA, MeJA, and ABA (Takanashi et al., 2014; Cheng et al., 2019; Manzoor et al., 2020). However, tissue specificity expression is a vital phenomenon of GAox members, which was also reported previously in tea plants (Nagar and Kumar, 2000) and rice (Huang et al., 2010). We also investigated the abiotic stress expressional behavior of selected candidate genes with GA4+7 and PCa. Maximum genes expressed their peak expression when treated with GA4+7, while some genes expressed themselves in downregulating patterns like Pav_sc0001909.1_g040.1.br, but the same gene upregulated when treated with PCa. The results revealed that all genes which exhibited their upregulated expression under GA treatment, remained silent after the treatment of PCa except Pav_sc0000095.1_g1110.1.mk. The PavGAox member expressed its upregulation in both treatments at 3 days. These findings revealed that this member had a crucial role in balancing the GA and ABA hormones, which are key hormones for maintaining all the dormancy processes. Furthermore, some PavGAox members, such as Pav_sc0000800.1_g100.1.br and Pav_sc0001009.1_g400.1.mk, did not present the significant expression and remained silent in both treatments, as well as in all dormancy phases too (RNA-Seq). This phenomenon illustrated that these members did have not some role in the dormancy mechanism, but they had some other special functions. These all findings revealed that GAox family regulates the diverse process in the plants (Figures 11, 12).

The RNA-seq data were also analyzed in different stages of bud dormancy. The results illustrated that GAox genes had highly stage-specific expression pattern. Some members like Pav_co4017001.1_g010.1.br, Pav_sc0000024.1_g340.1.br, and Pav_sc0000024.1_g270.1.mk expressed the same expression pattern. These members revealed their expression only in all dormancy phases, except the dormancy release phase. Current results authenticated that these members only took part in the dormancy process, and they remained silent as the dormancy was released. Moreover, the results also revealed that the GAox genes followed the same tissue-specific expression ability. Members of GAox had a vital role in dormancy initiation in sweet cherry. Some members, including Pav_sc0000044.1_g550.1.mk and Pav_sc0000107.1_g100.1.mk, had the highest expression as compared to all other members, which demonstrated that these genes are crucial for dormancy initiation. Previous research also illustrated that GAox had stage-specific expression pattern, such as in grape and tea plants (Pan et al., 2017; He et al., 2019). As we summarized, 66.42% members upregulated in organogenesis, while in paradormancy, endodormancy, and ecodormancy upregulation patterns were 75.71, 74.28, and 72.85%, respectively. Only 66% of members indicated expression in dormancy release. There was a wide range of tissue expression patterns, indicating that gibberellin-dioxygenase genes have a wider functional range, which would lead to diverse plant morphogenesis. The same expression profile of gibberellin dioxygenase gene functional diversity was also confirmed in maize (Ci et al., 2021). In a nutshell, our research contributes to a better understanding of the GAox family’s functional divergence in sweet cherries and suggests that positive selection may have played a vital role in the evolution of GAox genes. However, the concise function and mechanism of these PavGAox genes must be investigated further.



CONCLUSION

In the current investigation, we identified 399 GAox members based on the publicly available Rosaceae genome (F. vesca, P. mume, and P. avium), which were further classified into six subfamilies (A-F). Phylogeny analysis, gene structure (intron/exon), conserved motif, cis-regulatory elements, and GO annotation analyses illustrated that GAox members in P. avium are conserved and divergently associated through other species. Also the bioinformatics analysis were performed, including collinearity relationship, physicochemical characterization, chromosomal position, conserved domain, ka/ks, and transcriptomic analysis. The expansion of GAox genes might be aided by dispersed duplication (DSD) and whole-genome duplication (WGD). Additionally, the functional variety of GAox genes, which would promote to various morphogeneses in plant development, were shown by the diversity of tissue expression patterns through transcriptome data and qRT-PCR. Furthermore, some genes, such as Pav co4017001.1 g010.1.br, Pav sc0000024.1 g340.1.br, and Pav sc0000024.1 g270.1.mk, were identified as key genes for regulating GAs that play important roles in plant development. This comprehensive analysis of gibberellin-dioxygenase genes in sweet cherry will be the foundation for future investigation of the genetic improvement and functional features.
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Nitrogen (N) is often recognized as the primary limiting nutrient element for the growth and production of forests worldwide. Litterfall represents a significant pathway for returning nutrients from aboveground parts of trees to the soils and plays an essential role in N availability in different forest ecosystems. This study explores the N transformation processes under litterfall manipulation treatments in a Masson pine pure forest (MPPF), and Masson pine and Camphor tree mixed forest (MCMF) stands in subtropical southern China. The litterfall manipulation included litterfall addition (LA), litterfall removal (LR), and litterfall control (LC) treatments. The project aimed to examine how litterfall inputs affect the soil N process in different forest types in the study region. Results showed that soil ammonium N (NH4+-N) and nitrate N (NO3−-N) content increased under LA treatment and decreased under LR treatment compared to LC treatment. LA treatment significantly increased soil total inorganic N (TIN) content by 41.86 and 22.19% in MPPF and MCMF, respectively. In contrast, LR treatment decreased the TIN content by 10 and 24% in MPPF and MCMF compared to LC treatment. Overall, the soil net ammonification, nitrification, and N mineralization rates were higher in MCMF than in MPPF; however, values in both forests were not significantly different. LA treatment significantly increased annual net ammonification, nitrification, and mineralization in both forest types (p < 0.05) compared to LC treatment. LR treatment significantly decreased the values (p < 0.05), except for ammonification, where LR treatment did not differ substantially compared to LC treatment. Our results suggested that changes in litterfall inputs would significantly alter soil N dynamics in studied forests of sub-tropical region. Moreover, mixed forest stands have higher nutrient returns due to mixed litter and higher decomposition compared to pure forest stands.

Keywords: litterfall, nitrogen forms, Masson pine forest, camphor tree forest, subtropical region


INTRODUCTION

Nitrogen (N) is often recognized as a limiting nutrient element for tree growth in various forest ecosystems (Schimel and Bennett, 2004; Farooq et al., 2021a). Soil N mineralization is defined as the process in which the organic N is converted to inorganic N in the soil through the decomposition processes. It is a vital index determining forest growth, nutrient cycling, and soil fertility in forest ecosystems (LeBauer and Treseder, 2008). N mineralization is crucial in maintaining soil health, regulating site fertility, enhancing biomass productivity, and improving forest ecosystem services (Urakawa et al., 2016). As an essential part of N cycling in forest ecosystems (Farooq et al., 2021b), N mineralization is influenced by different biotic and abiotic factors, including forest types (Hobbie, 2015), quantity and quality of the litterfall (Fierer et al., 2005), site conditions (Cookson et al., 2007; Farooq et al., 2019a), and climatic factors.

Forest types could cause a significant change in the rates and patterns of the N mineralization process (Mgelwa et al., 2019). Differences in litter quantity and quality resulting from various tree species in these forests would alter litter decomposition. For example, Pérez et al. (1998) reported that annual N mineralization rates varied from 20 to 23 kg‧ha−1 and 31 to 37 kg‧ha−1 for Fitzroya and Nothofagus forest, respectively, in the coastal range of southern Chile. Son and Lee (1997) reported that N mineralization and nitrification were significantly different among the tree species, and the annual N mineralization rate was about 44 kg‧ha−1 for P. rigida, 92 kg‧ha−1 for Larix leptolepis, and 112 for Q. serrata. Litterfall quantity and quality accumulated on the forest floors were attributed to the variation of soil N dynamics because litterfall strongly influenced environmental factors which regulated soil N transformations.

Serval studies have examined the influence of litter amounts on soil N mineralization processes; however, the effect of litterfall changes on N mineralization and nitrification processes is still not fully understood in different forest types, because the increasing atmospheric CO2 concentration could stimulate tree productivity and thereby increase litterfall production in different forest ecosystems (Sayer et al., 2007). Therefore, understanding how these environmental factors regulate soil N transformations in forests is essential for sustainable forest ecosystem management.

The present study aimed to investigate the influence of litterfall manipulation treatments on the soil N transformation process (inorganic N, N mineralization, ammonification and nitrification, and net annual production) in two common but important forest types in subtropical China: Masson pine pure forests (MPPF) and Masson pine and Camphor tree mixed forests (MCMP). Masson pines are important for the ecological balance of forest ecosystems. This species prevents soil erosion because the pine tree’s roots hold the soil in place (Gilani et al., 2020). Whereas apart from providing attractive red and yellow striped wood, the Camphor tree has various medicinal properties.

We hypothesized that (1) sites receiving more litterfall would have higher N mineralization and nitrification rates than sites that received less litterfall, and (2) the MCMP stands would have a higher N transformation rate than the MPPF stands due to mixed litterfall.



MATERIALS AND METHODS


Study Sites

The study was performed at Hunan Botanical Garden in Changsha city, China, Hunan Province. It is a typical moist subtropical zone with a mean annual temperature of 17.2°C and mean temperatures of 4.7 and 29.4°C in January and July, respectively. Annual precipitation ranged between 1,200 and 1700 mm with an average annual rainfall of 1,422 mm, most from April to August. The mean annual relative humidity was >80%. The frost-free period was 270–310 days per year. The garden area covers about 140 ha, and the elevation is 50–110 m with an average site slope of 5–15o. According to US soil taxonomy, the soil is classified as typical red earth, and the soil texture ranges from clay loam to sandy loam. Soil pH on the surface (0–10 cm) was acidic, with an average pH of 5.0. The dominant tree species in the garden are Camphor tree [Cinnamomum camphora (L.) J. Presl.], Chinese fir [Cunninghamia lanceolata (Lamb.) Hook.], Chinese sweet gum (Liquidambar acalycina H.T. Chang), Masson pine (Pinus massoniana Lamb.), and Slash pine (Pinus elliottii Engelm.). The major understory plants included Camptotheca acuminate Decne, Clerodendrum cyrtophyllum Turcz, Litsea mollis Hemsl, Cyclobalanopsis glauca, Camellia oleifera, Castanopsis sclerophylla (Lindl. and Paxton) Schottky, Lophatherum sinense Rendle, and Phytolacca acinosa Roxb.



Experimental Design

Masson pine pure forests (MPPF) and Masson pine and Camphor tree mixed forests (MCMP) were selected as research plots. Both MPPF and MCMF stands were planted in 1991. The initial tree density was 2 m × 2 m in MPPF stands, and 2 m × 3 m in MCMF stands, with a proportion of 50%:50% of the Masson pine and Camphor tree species in the stands. The experiment was set up as a split-plot design, with the main factor as forest types. Four replication plots with 20 m × 20 m were established in each forest type. Litter treatments as the sub-factors nested in the forest types. The litter traps were designed as 2 × 3 m square in size using a nylon netting screen (mesh size 1 mm). Using ropes, the litter traps were mounted on wooden poles approximately 80 cm above the ground. Three replications of litter traps were randomly set up in each plot for collecting the litterfall. The characteristics of the selected two forest types in the study area are shown in Table 1 (Figure 1).



TABLE 1. Characteristics of the two selected forest types in the study site (DBH = Diameter at breast height).
[image: Table1]
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FIGURE 1. Location of the study area, Hunan Botanical Garden in Changsha city, Hunan Province, China (113°02′-113°03′ E, 28°06′-28°07′ N).




Litterfall Manipulation Treatments

In this study, litterfall manipulation contained three treatments: litterfall removal (LR), litterfall addition (LA), and natural litterfall input (as litter control, LC). The LR treatment was performed by removing all the litter materials from the forest floor in the study plot. Then, the litter traps were installed in the plot to prohibit litter from falling on the floor. All the litter was collected and removed from the mesh traps on a 2-week basis. The LA treatment was performed to transfer and evenly distribute litter materials obtained from an LR plot described above on a LA plot. The LA treatment was carried out at the time when LR was performed. The LC treatment was performed to keep the natural status of litterfall on the floor, and the normal litterfall process was allowed, neither removal nor addition in the plots.



Soil Sample Collections

Soil samples were collected from all litterfall treatment plots in February, May, August, and November 2016. Approximately 100 g of mineral soils was collected from 0 to 15 cm soil depth from each of the five locations in a plot about 1 m apart. The soil samples from these five points were pooled to form a soil composite sample. The soil samples were loaded into plastic bags and delivered to the Central South University of Forestry and Technology (CSUFT) laboratory for further analysis.



Soil N Transformation Dynamics Measurements

Soil NH4+-N and NO3−-N contents were measured using a Flow Injection Auto Analyzer (Lachat Instruments, Milwaukee, WI; Son et al., 1995). Briefly, 10 g of 2-mm sieved and field-moist soils with 100 ml of 2 M KCl on a glass bottle was shaken for 60 min on a reciprocating shaker. Then, the extracts were settled for 30 min. After that, the extracts were passed through a Whatman #42 filter paper. These extracts were analyzed for NH4+-N and NO3−-N concentrations.

Using a resin core method, soil net N mineralization was measured four times in 2016 (February, May, August, and November; Hatch et al., 2000). Undisturbed soil cores were isolated and incubated inside PVC cylinders (4.0 cm in diameter, 12 cm high, equipped with 5 g anion exchange resin). Two PVC cylinders were used for each N mineralization measurement time in each litterfall manipulation plot. One PVC cylinder was used for in situ incubation, and the other was used to take soil samples. At the beginning and end of each incubation period, the soil NH4+-N and NO3−-N measurements were used to calculate soil N mineralization rate, soil net N ammonification rate, and soil net N nitrification rate under different litterfall treatments in the examined forests.
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No N was assumed to be lost for denitrification (Giardina et al., 2001). Annual net N ammonification, net nitrification, and net mineralization amount were calculated by summing these N values of incubation periods spanning a year (Son and Lee, 1997; Yoon et al., 2015).



Data Analysis

Two-way ANOVA was performed to statistically test the effects of forest types (Masson pine forest and the Mixed forest), litterfall manipulation treatment (LA, LR and LC), and their interactions on characteristics of soil N transformations. Log transformations were done for the original soil net ammonification, nitrification, and mineralization data to satisfy the normality and homoscedasticity assumptions of ANOVA. Pair-wise t-tests were used to examine differences between two types of forest stands, and then the means of LA, LR, and LC were compared by a Tukey–Kramer test within each forest type. Statistical analyses were conducted using the SAS statistical package (SAS Institute, Inc., Cary, NC 1999–2001).




RESULTS

The average soil NH4+-N and NO3−-N and total inorganic N contents in LC plots were significantly higher in MCMF than in MPPF (p = 0.036; Table 2). LA treatment increased soil NH4+-N content by 23% in MPPF and about 18% in MCMF compared to LC; however, the differences in NH4+-N content between LA and LC treatments were not significantly different (p = 0.058). LR treatment significantly declined soil NH4+-N content in MCMF (p = 0.048), but not in MPPF (p = 0.061). In contrast, LA treatment significantly increased soil NO3−-N content by about 50 and 25% in MPPF and MCMF, respectively, compared to LC treatment (p = 0.021, Table 2). Soil NO3−-N content was reduced by 15–20% in LR plots in both forest types, but this reduction was not significant compared to LC plots (p > 0.05). In terms of total inorganic N content, overall, it was higher (33.15 ± 5.95 mg‧kg−1) under LA treatment in the MCMF forest stand. LA treatment significantly increased soil total inorganic N content (about 41%), while LR treatment decreased (about 10%) compared to LC treatment in MPPF. Same as MPPF, in MCMF, both LA and LR treatments significantly altered total inorganic N content (p = 0.047) compared to LC, with the former increasing it by 22% and the latter by 24% (Table 2).



TABLE 2. Changes in the content of soil nitrogen forms under different litterfall manipulation treatments in two sub-tropical forest types.
[image: Table2]

Overall, the soil net N ammonification rate, nitrification rate, and mineralization rates were higher in MCMF than in MPPF; however, their specific values in both forests were not significantly different (p = 0.054; Table 3). LA treatment significantly increased soil ammonification rate, nitrification rate, and mineralization rate by 8.54, 13.66, and 14.29% in MPPF, respectively; on the contrary, LR treatment decreased these rates significantly, except for the soil net ammonification, where the rate did not differ considerably between LR plots and LC plots in MPPF. In MCMF, soil ammonification rate, nitrification rate, and mineralization rate significantly increased by 56.80, 35.08, and 38% in LA plots. These rates were significantly reduced by 34% in LR plots compared to the LC plots (Table 3). No significant differences were found in annual net ammonification, nitrification, and mineralization amount in LC plots in the studied forests (p < 0.05; Table 3).



TABLE 3. Variations in the soil nitrogen transformation processes under different litterfall manipulation treatments in two sub-tropical forest types.
[image: Table3]

Among all the treatments, annual NH4+-N was higher under LA treatment and lowest under LR treatment in the MCMF forest. For the remaining treatments, the difference was not significantly different for both forest stands (p = 0.052). The same patterns go for annual NO3−-N and annual total inorganic N production; however, significant differences were observed among all the studied treatments (p = 0.039; Table 4).



TABLE 4. Annual production of different nitrogen forms under litterfall manipulation treatments in MPPF and MCMF stand.
[image: Table4]

In MPPF stand, NH4+-N was significantly correlated to net ammonium rate and annual ammonium N production. Net nitrification rate was significantly associated with net mineralization rate, annual NO3−-N, and annual total inorganic N production (Figure 2). In Masson pine and camphor tree mixed forest (MCMF) stand, NO3−N was significantly correlated to net ammonium rate and annual NH4+-N production. Total inorganic N content was significantly correlated to net nitrification, mineralization rate, and annual NH4+-N and NO3−-N production (Figure 2). Moreover, the cluster grouping (correlation) of all the N variables under different litter treatments is shown in (Figure 3).

[image: Figure 2]

FIGURE 2. Pearson correlation between the different nitrogen forms in (A) Masson pine pure forest (MPPF) and (B) Masson pine and camphor tree mixed forest (MCMF) stand across all litter treatments. Pearson correlation is significant at p < 0.05; all the non-significant values are shown with blank box. AmN: NH4+-N, NN: NO3−-N, TIN, total inorganic nitrogen; NAR, net ammonium rate; NNR, net nitrification rate; NMR, net mineralization rate; ANA, annual NH4+-N production; ANN, annual NO3−-N production; ANM, annual total inorganic nitrogen.


[image: Figure 3]

FIGURE 3. Correlation analysis – dendrograms showing hierarchical clustering of N variables in (A) LA: litter addition, (B) LC, litter control, and (C) LC: litter removal treatments across both forest types [MPPF and (B) MCMF stand]. AmN: NH4+-N, NN: NO3−-N, TIN, total inorganic nitrogen; NAR, net ammonium rate; NNR, net nitrification rate; NMR, net mineralization rate; ANA, annual NH4+-N production; ANN, annual NO3−-N production; ANM, annual total inorganic nitrogen.




DISCUSSION

N transformation rates are considered a valuable index of plant N availability (Schimel and Weintraub, 2003; Colman and Schimel, 2013), and litterfall plays a key role in the N transformation process. Litterfall input is generally an imperative way of nutrient transfer to forest soils (Vitousek et al., 1995). The quantity of litterfall varies significantly over a range of spatial and temporal scales and is determined mainly by climate, seasonality, topography, soil parent materials, and species distribution (Sayer, 2006). Sayer et al. (2007) mentioned that long-term litter addition increases soil bulk density, overland flow, erosion, and temperature fluctuations and upsets the soil water balance, causing lower water content during dry periods. Whereas, long-term litter removal severely depleted the forests of nutrients. The decline in soil N occurred over longer periods. Litter manipulation also increased or decreased large amounts of C, affecting microbial communities and altering soil respiration rates (Sayer et al., 2007).

In this study, litterfall manipulation treatments significantly altered soil N mineralization and nitrification in both subtropical forest types. N transformation differs with change in vegetation type because stand structure influences different environmental variables that directly impacts. Soil NH4+-N and NO3−-N contents were increased by approximately 57 and 35% in LA plots compared to LC plots in MCMF and about 19 and 14% in MPPF. LA treatment also increased soil annual net N mineralization in MPPF and MCMF compared to LC treatments in both forest types. Moreover, a strong positive correlation was observed between net N mineralization and nitrification rates (p = 0.001). The average proportion of nitrification rate to the net N mineralization rate was more than 80%. These results suggest that the N demand for soil microbes was sufficient (Schimel and Weintraub, 2003); thus, nitrification was dominant in the studied forest soils, especially in soils with a high-N mineralization rate (Son and Lee, 1997; Urakawa et al., 2016). A higher amount of soil N transformation in MCMF may contribute to the soil micro-environmental conditions, such as broadleaved camphor tree creating a shade condition to alter soil temperature and moisture than the MPPF. Soil moisture might also be influenced by canopy cover and stand density, which is often affected by tree species composition (Nadelhoffer et al., 2004; Aranda et al., 2012). Litter addition in forest soils also directly increases soil available nutrients, especially N and P (Schimel and Weintraub, 2003; Wang et al., 2013); therefore, another possible mechanism to explain this result was that added N can stimulate N processing when N availability is low but inhibit N processing when N availability is already high (Yoon et al., 2015; Gilliam et al., 2018).

LA treatment significantly increased soil NO3−-N content, while LR suppressed NH4+-N and NO3−-N content. The different responses of NH4+-N and NO3−-N concentrations in different forests might be attributed to the soil microbial communities’ composition, richness, species activities, and the C/N ratio of litter leaves in forests (Chen and Stark, 2000). Litter reduction was expected to reduce decomposition in mineral soil horizons due to the depression of microbial population and activities. LR treatment likewise decreased organic acid leaching from the litter layer. It reduced the substrate sources for microbial decomposition (Cullings et al., 2003) and changed soil temperature and soil moisture by increasing soil exposure (Fierer et al., 2005). In addition, the soil microflora and fauna complement each other in the comminution of litter, mineralization of essential plant nutrients, and conservation of these nutrients within the soil system (Marshall, 2000). LR treatment likely reduced microbial activity due to the removal of the substrate supply to the microbial community. Although complete removal of litter is unusual, substantial disruption of the litter layer is common in thinning operations, influencing water retention and flow, and reducing aeration and root penetration (Ballard, 2000).

A previous study found that soil N mineralization rate positively correlates with soil C/N ratio and SOM content (Yoon et al., 2015). Moreover, the litter addition increased soil mineralization, ammonification, and nitrification rates compared to the control plots because extra litter input in soils caused the decomposition of soil organic matter (SOM; Nadelhoffer et al., 1984). Evidence was very common and essentially a fertilizer effect on soil microbial communities in low-N and high-N soils (Morrison et al., 2016). These observations suggested that chronically elevated inputs of N over time can cause a convergence of rates and patterns of soil N processing on a landscape scale (Gilliam et al., 2018). N mineralization would be restricted to particularly N-rich microsites, and the mineralized NH4+-N would diffuse away from those microsites (Hart et al., 1994). If these N-rich sites last long enough, they might support the development of small nitrified populations, causing some limited nitrification to occur, though the overall soil condition would not appear conducive to nitrification.

The concentrations of NO3−-N and the annual gross NO3−-N accumulation in soil were much higher than NH4+-N content in two types of forest soils. This phenomenon should contribute to N absorption by plant roots in the soil. Plant roots generally uptake the NH4+-N easier than NO3−-N in forest soils. Moreover, an increase in the SOM and litter quantity enhances the soil activity, and this increment has direct involvement in the improvement of nutrient cycling and canopy development (Rothstein et al., 2004; Farooq et al., 2018, 2020; Rashid et al., 2020), along with greenhouse emission (Shakoor et al., 2020, 2021a,b), which, in return, has a positive impact on the ecosystem, plant growth, and overall SOC. In addition, tree species might directly affect N transformations through fine roots turnover in soil ecosystems (Hobbie, 2015; Urakawa et al., 2016; Wu et al., 2017).



CONCLUDING REMARKS

Leaf litter quantity and quality influenced nutrient return to the soil. The current study found that NH4+-N and NO3−-N contents and annual net N mineralization in forest soils positively correlated with litter content proving litterfall as the major nutrient pathway and resource of forest soils. LA and LR treatments significantly affected N pools and N cycling in the mineral soil of the two types of forests. A large amount of soil N transformation in MCMF than in MPPF indicated that the optimal forest management in silviculture practices such as mixed forests should have higher nutrient return and accumulation into forest soils from the litterfall decomposition. The effects of different forest types with varying compositions of litter and chemical components on net N annual production in forest soils would provide a further understanding of N availability in forests. However, caution should be taken while applying our results, as many external factors that might influence the studied parameters in the open field conditions. Urban, suburban, and rural gradients can also be considered as these forests at different sites are influenced by the different intensities of anthropogenic activities, also include both lab-based and field-based experiments to complement the current results.
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Yields of wheat crops that succeed rice paddy crops are generally low. To date, it has been unclear whether such low yields were due to rice paddies altering soil physical or mineral characteristics, or both. To investigate this quandary, we conducted field experiments in the Jianghan Plain to analyze differences in the spatial distribution of wheat roots between rice-wheat rotation (RW) and dryland-wheat rotations (DW) using a range of nitrogen treatments. Dryland wheat crops were preceded by either dryland soybean or corn in the prior summer. Biomass of wheat crops in RW systems was significantly lower than that of DW for all N fertilizer treatments, although optimal nitrogen management resulted in comparable wheat yields in both DW and RW. Soil saturated water capacity and non-capillary porosity were higher in DW than RW, whereas soil bulk density was higher in RW. Soil available nitrogen and organic matter were higher in DW than RW irrespective of N application, while soil available P and K were higher under RW both at anthesis and post-harvest stages. At anthesis, root length percentage (RLP) was more concentrated in surface layers (0–20 cm) in RW, whereas at 20–40 cm and 40–60 cm, RLP was higher in DW than RW for all N treatments. At maturity, RLP were ranked 0–20 > 20–40 > 40–60 cm under both cropping systems irrespective of N fertilization. Root length percentage and soil chemical properties at 0–20 cm were positively correlated (r = 0.79 at anthesis, r = 0.68 at post-harvest) with soil available P, while available N (r = −0.59) and soil organic matter (r = −0.39) were negatively correlated with RLP at anthesis. Nitrogen applied at 180 kg ha−1 in three unform amounts of 60 kg N ha−1 at sowing, wintering and jointing resulted in higher yields than other treatments for both cropping systems. Overall, our results suggest that flooding of rice paddies increased bulk density and reduced available nitrogen, inhibiting the growth and yield of subsequent wheat crops relative to rainfed corn or soybean crops.

Keywords: rotation system, wheat, soil physical properties, soil chemical properties, roots


INTRODUCTION

The substantial increase in the area of crop rotation is driven by increasing population demands for food, feed, and fuel and the development of short-duration cultivars (Timsina and Connor, 2001; Das et al., 2018). Crop rotation is an efficient planting mode to improve land productivity (Zhao et al., 2020) and resource utilization efficiency (Xin and Tao, 2019), which can alleviate many ecological and environmental problems, but it still has some negative effects. Long-term high-load crop rotation will cause problems, such as compaction of the soil sublayer (Götze et al., 2016), soil degradation (Rubio et al., 2021), and decreased soil water storage capacity (Sandhu et al., 2020). Land production conditions directly affect the security of food production and supply, so the soil quality and sustainability of crop rotation systems are long-term concerns.

Paddy-upland rotation is the main planting system in China, India, Pakistan, and other Asian countries with large populations (Yu et al., 2018; Zhou et al., 2022). When wheat is the main upland crop, the crop rotation is mainly summer rice-winter wheat, which is mainly distributed in the Yangtze River Basin in China, mainly concentrated in the plain area of 28°–35°N (Jiang et al., 2022). The dryland crop rotation is dominated by summer corn-winter wheat, summer soybean-winter wheat, mainly distributed in the North China Plain at 32°–35°N (Zhang and Lu, 2019). Jianghan Plain is one of the main grain production bases in Hubei Province and an important part of the wheat area in the Yangtze River Basin. The production of wheat in this region includes both paddy-upland rotation and upland-upland rotation (Yang et al., 2021).

A distinctive feature of the paddy-upland rotation is that the alternation of water and drought in the crop system leads to the alternation of drying and wetting seasons in the soil system. The strong transformation of water and heat conditions causes the alternation of soil’s physical, chemical, and biological properties between different crop seasons, which makes the paddy-upland rotations significantly different from the dryland crop rotation in terms of the material cycle, energy flow, and transformation (Zhou et al., 2014). Deterioration of soil physical quality is a widespread challenge in paddy-upland rotation. In the paddy-upland rotation, rice production requires wet cultivation to break the soil into particles, which is convenient for rice yield development (So and Ringrose-Voase, 2000), but it damages the physical properties of soil, resulting in shallow plow pans and easily water-saturated soil (Scott et al., 2002). Hard soil reduces the root elongation process, limits root uptake of water and nutrients, and impacts subsequent crops’ growth (Colombi and Keller, 2019).

On the other hand, the soil organic matter (SOM) was more rapidly degraded in an RW cropping system than that in dryland crop–wheat (DW) rotation (Singh and Benbi, 2021). The reason for this may be that paddy-upland rotation is the annual conversion of soil from anaerobic to aerobic and back to anaerobic, resulting in increased losses of soil organic carbon due to frequent tillage, making SOM conservation challenging (Singh and Benbi, 2021). The alternation of wetting and drying in paddy-upland rotation causes changes in the form of N elements. In paddy fields, the soil is dominated by NH4+ (Pandey et al., 2019), whereas under dryland farming conditions, the NH4+ in the soil is oxidized to NO3– through nitrification (Yang et al., 2021). Nitrification and denitrification make N more susceptible to loss in the soil in the paddy-upland rotation.

Plant roots are an integral part of soil ecosystems and are important carbon sinks and nutrient pools. Many scholars have studied the distribution of roots in the soil and their relationship with soil properties through root length and biomass of roots (Cai et al., 2019; Yang et al., 2021). The distribution pattern of the root system and the physical properties of the soil affect each other. The connection between filled and void spaces is influenced by bulk density and aggregate stability, which determines the root development in the soil (Hao et al., 2020). In addition, root growth, death, and decomposition are also the core links of the soil-nutrient cycle. The litter and exudates of the root system affect the cycle process of soil elements (Tian et al., 2019).

Different from previous studies on the relationship between wheat roots and soil properties, which were carried out under one system of paddy-upland rotation or dryland-cropping rotation, there are few comparative studies on the differences between the two systems in the same region. To this end, this study carried out field experiments in the humid climate of Jianghan Plain to analyze the seasonal differences in soil properties and the spatial distribution of wheat roots between paddy-upland rotation and dryland-cropping rotation of wheat season. The relationships between roots and soil properties were also investigated.



MATERIALS AND METHODS


Field Experimental Details

Field experiments were conducted at the experimental farm at Yangtze University (30°36′N, 112°08′E, 34 m asl) in Jingzhou, Hubei Province, China in 2017–2018. The daily mean temperature and rainfall during the wheat-growing season are shown in Figure 1. Meteorological data were collected during each growing season using an automatic weather station adjacent to experimental trials conducted here.
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FIGURE 1. Monthly total rainfall and monthly mean temperatures recorded on-site in 2017–2018 wheat-growing seasons in Jingzhou, Hubei Province, China.


This experiment was conducted with two cropping rotation systems; in both cases, we only focused on the wheat within each rotation (Figure 2):
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FIGURE 2. Schematic diagram of crop rotation and nitrogen application timing.


DW rotation system: The summer crops are dryland crops, mainly corn and soybeans, and winter wheat is DW.

RW rotation system: The summer crop is rice, and winter wheat is RW. This cropping rotation system has a unique wetting and drying cycle soil regime.

Before beginning the experiment, both cropping systems had been used primarily for wheat production for more than 10 years. The tillage soil layer (0–20 cm) of the two cropping systems were as follows: in DW, SOM 11.00 g kg–1, available N (AN) 82.03 mg kg–1, available P (AP) 15.20 mg kg–1, available K (AK) 51.11 mg kg–1, and pH 7.8; and in RW, SOM 12.37 g kg–1, AN 51.22 mg kg–1, AP 12.07 mg kg–1, AK 52.74 mg kg–1, and pH 7.79.

The treatments were arranged in a split-plot design with a cropping system as the main plots and N treatment as the subplots. N fertilization treatments (timing and amount) were designed in line with local management. N fertilizer was applied in the form of urea (46% N) that was plowed into the soil during sowing and was spread as top-dressing. Each plot is repeated 4 times, arranged in random block groups, with a plot area of 12 m2 (2 m × 6 m). The crop rotation and N fertilizer treatments are shown in Figure 2. In the experiment, “Zhengmai 9023” was used as the tested variety, and the planting density was 2.25 million plants ha–1. N fertilizer was applied in the form of urea (46% N) that was plowed into the soil during sowing and was spread as top-dressing. Plots were supplied with P (105 kg P2O5 ha–1, calcium superphosphate) and K (105 kg K2O ha–1 potassium sulfate) fertilizer during the sowing period. We did not need to irrigate during the two growing seasons due to the abundant rainfall. Herbicides, pesticides, and fungicides were sprayed according to standard growing practices to avoid yield loss.



Grain Yield and Biomass of Wheat

We selected mature plants from a 2-m2 harvest area in the middle of each plot to determine the grain yield. Grain moisture was measured using a grain analyzer (Infratec™, Foss, Denmark). Grain yield was adjusted to 13% moisture. The shoot biomass was harvested from twenty mature plants in each plot. Samples were oven-dried at 65°C for at least 48 h until they were a constant weight.



Root Measurement of Wheat

Root measurements were tested following the protocol described by Liu et al. (2018). Root measurements were made using the CI-600 root growth monitoring system (CID Bio-Science-CI-600, Camas, WA, United States) fitted with a scanner head for collecting images, a laptop computer, and 1-m standard clear soil tubes (50.8-mm internal diameter) with end caps. An auger of the same external diameter as the tube was used to facilitate close tube soil contact. The scanner was inserted into each tube at a depth of 85 cm. Minirhizotron tubes were inserted into the soil of the central sowing line of each plot before sowing. The above-ground part of each tube was covered with thermal insulation foils to prevent light, condensation, and sun warming of the tube. Images were captured at three depths with the aid of an automatic indexing handle equivalent (given the angle of the tube at 45° off vertical) to 0–20, 20–40, and 40–60 cm. Each scan provided a nearly 360° image (21.59 cm × 19.56 cm) with a resolution of 200 dpi. Images were captured at the time of anthesis and after harvest. Root length per sample and tube segments for each plot was calculated from these images using WinRhizotron® software.



Soil Sampling and Measuring Methods


Soil Physical Properties

Bulk density and water-holding capacity were tested following the protocol described by Chen et al. (2019). Soil samples were randomly collected in three replications at depths of 0–20 cm after wheat sowing with cutting cylinders (inner diameter, 50.46 mm; height, 50.00 mm; and volume, 100 cm3). The samples were saturated from below by placing them in distilled water. The water was nearly at the level of the soil surface, and it was verified that there was no water that entered the samples from above. The weight of soil water when saturated (W1, g) was measured after the soil core cylinders had been ponding for 24 h. Then, put the soil core cylinders on the sand layer, the weight of water that had been drained by gravity from the saturated samples for 2 h (W2, g). At last, the weight of the cutting cylinders containing dry soil (W3, g) was measured after oven-drying at 105°C for 24 h. Finally wash and record the weight of the hollow cutting cylinder (W4, g). The values were used to calculate the saturated water capacity (kg kg–1), capillary-holding capacity (kg kg–1), and bulk density (g cm–3):
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The total porosity was calculated in undisturbed water-saturated samples of 100 cm3 on the assumption that no air was trapped in the pores, and it was validated using dry bulk density and a particle density of 2.65 g cm–3 (Danielson and Sutherland, 1986).
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Soil Chemical Properties

Five representative plots were selected for each wheat land use mode at the time of anthesis and after harvest, and 0–20-cm surface mixed soil samples were collected from each plot according to the 5-point sampling method. Soil samples were air-dried, ground, and passed through a 2-mm sieve before chemical analysis. The following soil properties were determined using standard procedures (Bao, 2000): AN, AP, AK, pH in suspension, and SOM. In detail, AN was extracted with 1 mol L–1 KCl and measured according to the Alkali Diffusion method. AP was determined spectrophotometrically using the molybdenum blue method. AK was measured by using flame photometry. SOM was measured by the potassium dichromate oxidation method.




Statistical Analysis

Data were analyzed using a two-way (cropping system and N management) ANOVA with SAS 9.2 (SAS Institute, Cary, NC, United States). Treatment means were compared using the least significant difference (LSD) at p < 0.05. The correlation coefficients between soil properties and root length were determined by bivariate correlations with the Pearson coefficients.




RESULTS


Grain Yield and Biomass of Wheat

The interactive effects of crop rotation × N treatment were significant for grain yield. Both grain yield and biomass were significantly affected by the crop rotation and N treatment (Table 1). The grain yield observed in DW was significantly higher than the RW cropping system under CK, M1, and M2. But there was a minor yield gap between DW and RW under M4, M5 and did not reach a significant level between the two crop rotations. The grain yield of DW and RW reached the highest grain yield under M5. The biomass was significantly higher in RW than DW at all N fertilization. The biomass of DW was 10.5–108.8% higher than that of RW.


TABLE 1. Grain yield and biomass of dryland crop–wheat (DW) and rice–wheat (RW) under different N treatments.
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Soil Physical Properties

The soil’s physical properties (soil moisture characteristics, bulk density, and porosity) under wheat season in the RW system and DW system, which averaged over a depth of 0–20 cm, are shown in Figure 3. We chose saturated water capacity and capillary-holding capacity to analyze soil water storage and availability (Figures 3A,B). The results showed that the soil saturated water capacity in DW was significantly higher in DW than RW (p < 0.05). However, no significant difference in capillary-holding capacity was found between the two cropping systems. In contrast, the soil bulk density was significantly higher in RW than in DW (Figure 3C). The total soil porosity and capillary soil porosity were at par under both cropping systems; however, non-capillary porosity under the DW system was higher than during wheat season in the RW system, although the difference did not reach a significant level (Figures 3D–F).
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FIGURE 3. The characteristics of soil physical properties under rice–wheat (RW) and dryland crop–wheat (DW): (A) saturated water capacity; (B) capillary holding capacity; (C) bulk density; (D) total porosity; (E) capillary porosity; and (F) non-capillary porosity. Means and standard error (n = 3). Bars with different lower-case letters indicate significant differences at p < 0.05.




Soil Chemical Properties at Anthesis

Analysis of variance indicated that except soil AN and pH, the rest of the soil chemical characteristics (soil AP, AK, and SOM) significantly (Table 2) varied at anthesis under different N treatments in the RW cropping system as shown in Figure 4. However, the performance of N fertilization was at par at all N treatments for all properties except SOM under DW as displayed in Figure 4. The AN observed in DW was significantly higher than the RW cropping system under M1 and CK (Figure 4A). In contrast, the AP was significantly higher in RW than DW at all N fertilization, except in control where both cropping systems showed at par AP. The effect of various N treatments was nonsignificant under DW, whereas, under the RW cropping system, M4 showed maximum AP, which was followed by M3, M2, and M1. However, the lowest AP was observed under the control plot (Figure 4B). Under the RW cropping system, the highest soil AK was observed in M4, which was followed by the rest of N fertilization. There were no intra-treatment differences among M3, M2, M1, and CK for soil AK under RW. The performance of the RW cropping system was significantly better than DW under M4 with respect to AK (Figure 4C). All N treatments are performed at par with each other under both cropping systems for soil PH (Figure 4D). N fertilization significantly affected SOM under both cropping systems (Figure 4E). Maximum SOM was observed in M4, which was followed by M2, M3, and CK; however, the lowest was observed in M2 under RW. In DW, SOM was significantly higher in M2, which was statistically at par with M1 and CK, whereas the lowest SOM was noted in M3 and M4. With respect to SOM, the performance of DW was significantly higher than RW under CK, M1, and M2 as described in Figure 4E.


TABLE 2. Analysis of variance (ANOVA) of available N (AN), available P (AP), available K (AK), pH and organic matter (SOM) as affected by crop rotation and N treatment during wheat growing (anthesis) and after wheat harvest.
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FIGURE 4. Soil chemical properties (A, available nitrogen, AN; B, available phosphorus, AP; C, available potassium, AK; D, pH; E, organic matter, SOM) at anthesis stage under dryland crop–wheat (DW) and rice–wheat (RW) cropping systems under different N treatments. The different lower-case letters in the same crop rotation indicate significant differences (p < 0.05) among the N treatment. The symbols *, ** indicate significance at p < 0.05, 0.01 between DW vs. RW, respectively; blank is not significant.




Post-harvest Soil Chemical Properties

Post-harvest soil AN, AP, AK, pH, and organic matter as influenced by cropping systems under different N fertilization treatments are presented in Figure 5. Results regarding soil AN demonstrated that the effect of N fertilization treatments was significant under both DW and RW cropping system as shown in Figure 5A. Generally, AN was comparatively more in DW than RW under all N fertilizers treatments, except CK and M4 where their performance was at par with one another. Under RW, the highest AN was observed in the M4 plot, which was followed by M3 and M2, whereas the lowest soil AN was observed in M1 and CK plots. The intra-treatment performance of CK and M1, and M2 and M3 were at par with one another with respect to soil AN under RW (Figure 5A). The maximum soil AN was recorded under M3 and M4, which was followed by M1 and M4, whereas the lowest AN was observed in CK under the DW cropping system (Figure 5A).
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FIGURE 5. Post-harvest soil chemical properties (A, available N, AN; B, available P, AP; C, available K, AK; D, pH; E, organic matter, SOM) of dryland crop–wheat (DW) and rice–wheat (RW) under different N treatments. The different lowercase letters in the same crop rotation indicate significant differences (p < 0.05) among the N treatment. The symbols *, ** indicate significance at p < 0.05, 0.01 between DW vs. RW, respectively; blank is not significant.


The response of post-harvest soil AP to different N fertilization treatments was also significant (Table 2) under both DW and RW cropping systems (Figure 5B). At each N fertilization treatment (timing and amount), soil AP was significantly higher under RW than DW. Under the RW cropping system, the highest AP was observed under M4, which was followed by the remaining N fertilizers treatments. There were no significant variations among M3, M2, M1, and CK for soil AP under the RW cropping system (Figure 5B). In contrast, under DW, the higher AP was detected in CK fertilizer treatment, which was statistically at par with M1, M2, and M3, whereas the lowest AP was observed in M4 (Figure 5B).

Similarly, post-harvest soil AK was also significantly affected by N fertilization treatments under DW and RW as shown in Figure 5C. The AK was at par under both DW and RW at all N fertilization excluding M4 where the performance of RW was significantly higher than DW with respect to AK. In RW, significantly higher AK was detected under M4, which was followed by the rest of the N fertilizer treatment. There was no intra-significant variation among AK under M3, M2, M1, and CK. In disparity, the AK was maximum under M2, which was statistically comparable to CK and M3 and significantly higher than M4 under the DW cropping system as displayed in Figure 5C.

Nitrogen fertilization did not affect post-harvest soil pH under both RW and DW cropping systems (Figure 5D). However, soil pH was significantly higher in RW than DW under M1, M2, and M3. SOM significantly varied among different N fertilization treatments in DW, whereas in the RW cropping system, it was statistically comparable (Figure 5E). The highest SOM was observed in M2, which was followed by M1, CK, and M4, whereas the lowest SOM was detected in M3 under the DW cropping system. Furthermore, SOM was at par under DW and RW, except M1 and M2 where SOM was significantly higher in DW than RW (Figure 5E).



Root Length Percentage at Anthesis and Harvest Stage

Results concerning the distribution of wheat roots as presented by the root length percentage (RLP) in 0–20, 20–40, and 40–60 cm soil depth, under varying N fertilization in both DW and RW cropping systems at anthesis and harvest stage, are depicted in Figure 6. At the anthesis stage and harvesting, the RLP was mainly distributed on the surface soil layer (0–20 cm), followed by 20–40 cm, and was less distributed in 40–60 cm under both cropping systems regardless of N fertilization. However, the RLP was significantly higher in RW than in the DW cropping system in 0–20 cm depth at all N fertilizers combinations except CK at the anthesis stage. In contrast, under 40–60-cm root zone depth, the RLP was significantly more in DW than RW for all N treatments, except M3 at the anthesis stage and M4 at harvesting. At 0–20 cm depth, the RLP of M3 was higher than that of other N fertilizer treatments in RW at the anthesis stage and harvesting. Under the DW cropping system, the RLP of M2 at the flowering stage was higher than that of other treatments, and the M3 at the harvest stage was the highest. At 20–40 cm depth, the RLP of M4 was higher than that of other N fertilizer treatments, except CK in RW and DW at the anthesis stage and harvesting. At 40–60 cm depth, the RLP of N fertilizer treatments was similar.
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FIGURE 6. The distribution of wheat roots in 0–60 cm soil, presented by the root length percentage at varying N fertilization under different cropping system at anthesis and harvest stages.




Correlation Analysis

There was a significant positive correlation (r = 0.94) between grain yield and biomass in wheat (Table 3). Correlation analysis of wheat grain yield and soil chemical properties at 0–20 cm depth indicated a significantly high positive correlation (r = 0.69) between soil AN and grain yield, whereas pH was negatively correlated (r = 0.67) with grain yield at harvest stage as shown in Table 3. However, grain yield and biomass were not significantly correlated with soil chemical properties at 0–20 cm at the anthesis stage.


TABLE 3. Correlation between wheat growth index [grain yield, biomass, root length percentage (RLP)] and soil chemical properties [available N (AN), available P (AP), available K (AK), pH, and soil organic matter (SOM)] at 0–20 cm.
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Correlation analysis of RLP and soil chemical properties at 0–20 cm depth indicated a significantly high positive correlation (r = 0.79) between soil AP and RLP, whereas AN (r =−0.59) and SOM (r =−0.39) were negatively correlated with RLP at anthesis as shown in Table 3. Likewise, there was a strong positive correlation between SOM and AN (r = 0.76), whereas post-harvest soil P and N were negatively correlated (r =−0.52). The AK was also significantly positively correlated with AP (r = 0.69) under 0–20 cm soil depth at the anthesis stage (Table 3). Similarly, the correlation concerning RLP with soil chemical properties at the harvest stage demonstrated that it was significantly and positively correlated with soil P (r = 0.68), whereas negatively correlated with SOM (r =−0.46) as described in Table 3. The relationship between post-harvest soil N was significantly positive with SOM (r = 0.58) and negative with soil pH (r =−0.64). Soil AP (r =−0.47) and pH (r =−0.39) were negatively correlated with post-harvest SOM, whereas AP was positively correlated with AK (Table 3).




DISCUSSION

Soil health is the ability of soil to act as a dynamic living ecosystem for sustaining humans, animals, and plants (Liu et al., 2020; Tahat et al., 2020). Soil erosion, deforestation, and improper cultivation are the major causes of land degradation across the globe (Ziegler et al., 2011). Moreover, poor agricultural practices further persuade this problem (Lal et al., 2011). Therefore, proper monitoring of soil management practices is crucial for recognizing the variation in soil properties and for maintaining good soil quality for improving soil productivity (Gajda et al., 2020). Paddy-upland rotation is one of the main planting systems in some countries including China (Liu et al., 2022; Yan et al., 2022). We observed that soil saturated water capacity under the DW system was significantly higher (p < 0.05) than the RW system. In contrast, the soil bulk density was more in RW than DW, whereas capillary-holding capacity, total soil porosity, and capillary soil porosity were at par under both cropping systems (Figure 3). Our results are in conformity with Saroch et al. (2005). Post-rice wheat yields are generally low in paddy soils that undergo radical changes in physical properties (Yang et al., 2021). It is well-known that the root is affected by external environmental factors. Hard soil reduces the root elongation process, limits root uptake of water and nutrients, and impacts subsequent crops’ growth. Therefore, deterioration of soil physical quality is a widespread challenge in paddy-upland rotation. The improved physical health under DW could be accredited to its improved organic carbon/matter content as shown in Figure 4. According to Libohova et al. (2018), crop rotation effect soil physical conditions, water-use efficiency and stabilize soil temperature by improving ground cover and SOM content. High SOM along with intact root systems maintain stable soil aggregates that further enhance soil water-holding capacity (Six et al., 2006). Porpavai et al. (2011) also stated that rotating legumes with cereal diversify the monocropping system that enhances soil fertility because legume crops are self-sufficient in N supply. Kanwarkamla (2000) observed that the cultivation of legumes in rotation to cereals was comparatively more beneficial in improving soil physical properties compared to independent crops.

The cropping system significantly affected soil chemical attributes, which could be attributed to the differences in composition and quantity of crop residues, and root exudates under different cropping systems (Campbell et al., 1996). Our findings (Figures 4, 5) indicated that AN was comparatively more in DW than RW, whereas soil AP was significantly higher under RW than DW. However, N fertilization did not affect post-harvest soil pH under both RW and DW cropping systems. SOM significantly varied among different N fertilization treatments in DW, whereas in the RW cropping system, it was statistically comparable. Our findings are in line with Rasmussen et al. (2006) who also observed significant variation in extractable P and Zn under different cropping systems. Differences in soil chemical properties under crop rotation have been attributed to long-term fertilizer application within each cropping system (Van Eerd et al., 2014). Dairy farm systems can preserve soil health due to nutrient cycling via manure application that includes perennial legumes or grasses. On the contrary, annual grain and vegetables are thoroughly managed and generally do not contain sufficient organic matter (Bender et al., 2015). Therefore, soil health especially, aggregation, porosity, aeration, water holding, organic matter, pH, electrical conductivity, rooting attributes, available nutrients, and microbial biomass and diversity are dependent upon management practices and crop selection (Allen et al., 2011). Most importantly, rooting properties of different crops like depth, branching, turnover rates and exudates secretion affect soil fertility (Rovira, 1969). The improved AP under RW might be due to better mobilization of insoluble P by vigorous root growth and biomass (Congreves et al., 2015). However, the greater variation in SOM under DW can be ascribed to the lower C:N ratio in roots and stubbles that slow down residue decomposition by microbes (Kätterer et al., 2011). Optimum SOM under DW might also likely be due to the fact that residues maintained under DW improve soil microbial activity and aggregate stability (Su et al., 2006). It intensifies soil macro-aggregate fractions that maintain high SOM (Hati et al., 2006). Crop rotation and plant cover significantly affect soil microbial biomass C (Moore et al., 2000) and aggregation and fertility due to the growth of diverse kinds of crops in successive seasons (Balota et al., 2003), and also by an alternation of deep and shallow-rooted crops (Govaerts et al., 2008).

We observed that the RLP was relatively more concentrated on the surface (0–20 cm), followed by 20–40 cm, and were minimum in 40–60 cm under both cropping systems irrespective of N fertilization. However, the RLP was relatively higher in RW than the DW cropping system in 0–20 cm depth at all N fertilizers combinations (Figure 6) as also reported by Govaerts et al. (2008). It may be ascribed to the incorporation of crop biomass into the top soil, which improves root growth (Kulakova et al., 1996). Different crops with varying rooting properties like depth, branching, turnover rates, and exudate secretion affect soil fertility (Rovira, 1969). Root biomass has been reported to contribute more to organic and stable C pools (Congreves et al., 2014). Varying effects of plant types on under-ground root biomass (Ravenek et al., 2014) and root architecture have been reported by Gould et al. (2016), whereas little is known regarding the association of varying plant species and root attributes on soil structural attributes (Pérès et al., 2013).

Although we did not find a significant correlation between the grain yield and the distribution of root length density in the 0–20-cm soil layer (Table 3), the root distribution in different soil environments may have a major impact on the plant’s nutrient uptake and allocation and biomass. We observed that RLP positively correlated with AP (r = 0.79), whereas it was negatively correlated with AN (r =−0.59) and SOM (r =−0.39) at anthesis as shown in Table 3. We observed that the relationship between post-harvest soil N was significantly positive with SOM (r = 0.58) and negative with soil pH (r =−0.64). Soil AP (r =−0.47) and pH (r =−0.39) were negatively correlated with post-harvest SOM, whereas AP was positively correlated with AK (Table 3). Very little is known regarding the mutual relationships of RLP with soil chemical properties. For example, positive, weak, or no correlation of root biomass with SOC contents have been documented under diverse cropping systems (Liu et al., 2017). Lee et al. (2017) reported an inverse correlation between root biomass and soil AP in the agriculture and forest echo-system. Cong and Eriksen (2018) found no association between root biomass with any soil chemical properties in unfertilized soils under ryegrass-red clover plantation. Similarly, Chen et al. (2013) have reported a positive correlation between root length and soil AP, whereas Graf et al. (2015) reported an inverse relationship between root length and soil strength. Therefore, our findings suggest that cropping pattern has a substantial influence on soil health and must be properly monitored for plant community performance.



CONCLUSION

We found that the yield and biomass of wheat in the RW rotation are inferior to that of the DW rotation (DW) and optimal N management could yield comparable yields of DW and RW. Here, we examined the relationship between soil properties and root growth under different N fertilization between DW and RW cropping systems. Our analysis suggests that soil saturated water capacity and non-capillary porosity were significantly higher in DW than in RW. In contrast, the soil bulk density was significantly higher in RW than in DW. The effect of the cropping system was nonsignificant for soil pH. At the anthesis stage, the RLP was relatively more concentrated on the surface (0–20 cm) in RW than DW in 0–20 cm, whereas at 20–40 and 40–60 cm, it was higher in DW than RW for all N treatments. At harvesting, the RLP was ranked as 0–20 > 20–40 > 40–60 cm under both cropping systems irrespective of N fertilization. Correlation analysis of RLP and soil chemical properties at 0–20 cm depth indicated a significantly high positive correlation (r = 0.79 at flowering, and r = 0.68 at post-harvest) between soil AP and RLP. N applied at the rate of 180 kg ha–1 in three split, 60 kg N ha–1 each at sowing, wintering, and jointing performed better than the rest of the N application rates and time under both cropping systems.
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MicroRNAs (miRNAs) are endogenous small RNAs, that are vital for gene expression regulation in eukaryotes. Whenever a pri-miRNA precursor includes another miRNA precursor, and both of these precursors may generate independent, non-overlapping mature miRNAs, we named them nested miRNAs. However, the extent of nested miR159 structural evolutionary conservation and its promoter characterization remains unknown. In this study, the sequence alignment and phylogenetic analysis reveal that the MIR159 family is ancient, and its nested miR159 structures are evolutionary conserved in different plant species. The overexpression of ath-MIR159a, including the 1.2 kb downstream region, has no effect on rescuing the mir159ab phenotype. The promoter truncation results revealed that the 1.0 kb promoter of ath-MIR159a is sufficient for rescuing the mir159ab phenotype. The cis-regulatory elements in the ath-miR159a promoters indicated functions related to different phytohormones, abiotic stresses, and transcriptional activation. While the MybSt1 motif-containing region is not responsible for activating the regulation of the miR159a promoter. The qRT-PCR results showed that overexpression of ath-MIR159a led to high expression levels of miR159a.1–5 and miR159a.1–3 and complemented the growth defect of mir159ab via downregulation of MYB33 and MYB65. Furthermore, continuously higher expression of the miR159a.2 duplex in transgenic lines with the curly leaf phenotype indicates that miR159a.2 is functional in Arabidopsis and suggests that it is possible for a miRNA precursor to encode several regulatory small RNAs in plants. Taken together, our study demonstrates that the nested miR159 structure is evolutionary conserved and miRNA-mediated gene regulation is more complex than previously thought.
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Introduction

MicroRNAs (miRNAs) are a type of short RNAs with a length of roughly 21 nucleotides (nt) that have been identified as key regulators of gene expression (Voinnet, 2009), emerged and specialized independently in both animals and plants, due to differences in their biogenesis (Axtell et al., 2011). During the biogenesis, miRNAs are made up of lengthy precursors with an incomplete foldback structure, and small RNA is inserted in one of their arms. Further, these precursors include spatial cues that are detected during the biogenesis of the small RNAs (Bologna and Voinnet, 2014; Ha and Kim, 2014). Plant miRNA precursors can be very different than their animal counterparts, and DICER-LIKE1 (DCL1) is part of complex that processes plant miRNA precursors in the nucleus (Axtell et al., 2011; Rogers and Chen, 2013; Bologna and Voinnet, 2014). With the help of HYPONASTIC LEAVES 1 (HYL1) and SERRATE, each miRNA precursor is processed by DCL1 enzyme through two consecutive cleavage reactions to form a single small duplexed-RNA comprising the miRNA and its partly complementary strand (Bartel, 2004; Meyers et al., 2008). The small RNAs, including miRNAs and siRNAs, are further modified by HEN1 at 3′ end through its RNA methyl transferase activity and exported into the cytoplasm (Yu et al., 2005). Then, miRNAs bind to the complementary sites on target mRNAs after being loaded into the RNA-Induced Silencing Complex (RISC), causing translational repression and/or cleavage of target mRNAs to occur (Bartel, 2004).

In recent years, it has been noted that plant miRNAs conservation in distant species is most clearly observed in the miRNA/miRNA* region (Reinhart et al., 2002). A structural property of miRNAs is that their precursors form fold-back hairpin structures. A miRNA precursor is generally expected to produce one miRNA-miRNA* duplex (Bartel, 2004; Kim, 2005; Winter et al., 2009). Though earlier studies discovered additional small RNAs in addition to the miRNAs and the miRNA*s, these additional small RNAs were generally assumed to be by-products of Dicer activity and have never been carefully examined (Kurihara and Watanabe, 2004; Rajagopalan et al., 2006; Ruby et al., 2007; Lacombe et al., 2008). However, the ancient miR319 precursor contains a second conserved region on the precursor stem above the miRNA/miRNA* (Addo Quaye et al., 2009; Bologna et al., 2009; Li et al., 2011; Sobkowiak et al., 2012), demonstrating the presence of extra conserved sequences in at least some MIRNAs. Furthermore, Zhang et al. found 19 miRNA precursors in Arabidopsis, each of which can produce many different miRNA-like RNAs in addition to miRNAs and miRNA*s (Zhang et al., 2010). In a deep-sequencing-based study of small RNAs (Liu et al., 2016), we identified that many miRNA precursors were completely included in another miRNA precursor, and we called them nested miRNA structures. In our study, MIR159 precursors also had a nested structure. Previous studies revealed that the MIR159 precursor is unusually lengthy, and other small RNAs derived from it have been discovered in Arabidopsis by large-scale sequencing (Fahlgren et al., 2007) and genome-scale analyses (Zhang et al., 2010; Li et al., 2011). However, the nested structure conservation in kingdom planta is still unknown.

To investigate the conservation of the nested MIR159 family in terrestrial plants, we first collected and examined a large number of MIR159 stem-loops from various plant species. Then, using RNA models for paired and unpaired nucleotides, we reconstructed the phylogenetic tree of MIR159 from a structural alignment, showing the evolutionary history of this miRNA gene family. Secondly, MIR159 is tightly involved in plant development and highly conserved in many plant species, including angiosperms, mosses, and lycopods (Rhoades et al., 2002; Li et al., 2014). In Arabidopsis, miR159 family targets MYB which has been extensively examined as a framework for miRNA-mediated gene silencing in plants (Vella et al., 2004; Allen et al., 2010). However, a genetic study showed that only MYB33 and MYB65 were functionally targeted by miR159, and mir159ab developmental abnormalities were reversed in a myb33mir159ab quadruple mutant (Allen et al., 2007). Therefore, we used mir159ab as a model to investigate the regulatory function of up- and downstream region of miR159a via overexpressing the miR159a with 1.2 kb downstream region and promoter truncations to rescue the mir159ab double mutant phenotype.



Materials and methods


Plant materials and growth conditions

Seeds of the Arabidopsis mir159ab mutant were provided by Professor Anthony A. Millar (Research School of Biology, Australian National University, Australia). Wild-type Columbia-0 (Col-0) and mir159ab mutant plants were grown in the greenhouse of the Institute of Genetics and Developmental Biology, Chinese Academy of Sciences. Plants were grown in growth rooms at 22°C with 16 h of light and 8 h of darkness. Size parameters were measured with ImageJ software.1



Search of nested MIR159/miR159 gene

Nested MIR159/miR159 genes in soybean were identified by following the previous method (Liu et al., 2016). Then, precursor sequences of MIR159 were gathered from the miRbase Version 11.0 (Griffiths Jones et al., 2006). The secondary structures of RNA were predicted using the RNAfold program (Hofacker et al., 1994). This three-letter code shown in all lower case is used for sequences from miRbase (Griffiths Jones et al., 2006). The taxonomic tree was created with the assistance of the NCBI taxonomy and drawn by NJplot (Perriere and Gouy, 1996).



Sequence alignment and phylogenetic tree analysis

Alignment of all MIR159 stem-loop sequences was performed using the T-Coffee software version 6.06 (Notredame et al., 2000). Each sequence in the alignment was used to generate secondary structures, which were created using RNAfold (Hofacker et al., 1994). The slogo program was used to create the structure logos (Gorodkin et al., 1997). The phylogenetic tree was constructed with MEGA6 software using NJ method (Tamura et al., 2013).



Construction of MIR159a-3′UTR overexpression vector

To obtain 2 × 35S::ath-MIR159a-3′UTR transgenic plants, 1.2 kb genomic sequence immediately downstream of the ath-MIR159a stem-loop was amplified by PCR from Arabidopsis DNA using primer pairs and cloned into the vector pMDC32 (Invitrogen). All constructs in this report, including the gateway entry and destination vectors, were created using standard cloning techniques and then transformed into the mir159ab background. Transgenic plants were selected with 40 mg/l hygromycin.



Generation of truncated promoters and MybSt1 element mutated constructs

To understand the regulatory mechanism of MIR159a, truncated promoter constructs with different lengths (3.0, 2.5, 2.1, 1.5, 1.0, 0.6, and 0.2 kb) of ath-MIR159a upstream sequences and 1.2 kb downstream of the ath-MIR159a stem-loop were amplified from Arabidopsis and cloned into the pMDC99 vector (Invitrogen). The cis-regulatory element analysis was performed using PALACE database.2 The deletion constructs Δ858–862, Δ946–950, and Δ858/Δ946 were created according to the manual of the Fast Mutagenesis Kit (TransGen Biotech, Beijing, China). Primers specific for each construct were designed by Primer Premier 5.0 (PREMIER Biosft, Palo Alto, CA, United States) and are listed in Supplementary Table S1.



Transformation and phenotypes measurement of Arabidopsis

In this study, all the vectors were electroporated and transferred into Agrobacterium tumefaciens strain GV3101 (Hellens et al., 2000). Agrobacterium tumefaciens cells containing overexpressing and promoter truncation variants were harvested by centrifugation at 5,000×g for 8 min and resuspended in 5% sucrose solution to a final OD of 0.5. By using the floral dip method (Steven and Andrew, 1998), the shoot apex of Arabidopsis mir159ab double mutant plants was dipped into a bacterial suspension supplemented with 0.05% Silwet (Silwet L-77, Sigma). Seeds were germinated on agar plates containing Murashige and Skoog basal medium as well as antibiotics in order to select transformants from the population. Transformants were detected and transplanted into the soil after 7 to 10 days of growth. The photographs of all plants were taken with the help of DSLR EOS 70D (Canon) using scale as reference. Then, the size of a rosette, lamina length, lamina width, and leaf area of plants were measured with ImageJ (version 1.8.0) software.



RNA extraction and qRT-PCR

With the help of the TRIzol reagent (Invitrogen, United States), total RNA was isolated from plants at different stages of growth. The purity of the RNA was then checked by agarose gel electrophoresis and quantified with a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). For quantitative detection of the genes, cDNA was first synthesized using M-MLV (Promega, United States) and detected with TransStart Tip Green qPCR SuperMix (TransGen Biotech, China). For comparison of sibling mature miRNA, total RNA was purified with the miRcute miRNA purification kit (Tiangen Biotech, China) and reverse transcribed to cDNA with a miRcute Plus miRNA first-strand cDNA synthesis kit (Tiangen). A minute Plus miRNA qPCR kit (SYBR Green) was used for qRT-PCR by following the manufacturer’s protocol in a total volume of 20 μl. All qRT-PCRs (for both reference and genes of interest) were carried out on a Rotor-Gene Q Real-time PCR machine in triplicate under the following cycling conditions: 1 cycle of 95°C/5 min, 45 cycles of 95°C/15 s and 60°C/15 s, and fluorescence was analyzed at 72°C/20 s. A 55°C to 99°C melting cycle was then carried out. CYCLOPHILIN (At2g29960) was used to normalize mRNA levels, and all sibling mature miR159 levels were normalized to U-6. The value for each gene represents the average of triplicate assays. The 2−ΔCt method for relative quantification of gene expression was used to determine the level of miRNA expression.



Statistical analysis

The one-way ANOVA with the SPSS 11.5 package for Windows (SPSS, Inc., Chicago, IL, United States) was used for statistical analysis in this work. The Student’s t-test was used to examine the differences between the two groups of data. Results with a corresponding probability value of p < 0.05 and p < 0.01 were considered to be statistically significant and very significant, respectively.




Results


The nested miR159 structure is highly conserved in the plant kingdom

When a miRNA precursor includes another miRNA precursor and both of these precursors may generate independent non-overlapping mature miRNAs, we designated them nested miRNAs. It has been recently shown that several miRNAs are conserved over large evolutionary distances from embryophytes to core rosids, and few miRNAs are specific to species or lineages (Axtell and Bartel, 2005; Cuperus et al., 2011; Montes et al., 2014). However, during evolution, mutations acquired in miRNA stem-loops can provide valuable information for inferring the phylogeny of miRNA families with ancient origins (Axtell and Bowman, 2008; Cuperus et al., 2011). To determine whether the Brassicaceae lineage has a similar arrangement conserved in other species, we analyzed pri-miR159a sequences annotated in miRBase.3 After the analysis, 82 out of 88 MIR159 genes from 36 land plant species had nested structures. The MIR159 genes are conserved from mosses to flowering plants, and their stem-loop precursors usually have elongated stem structures. The miR159 family is a deeply conserved miRNA family and universally expressed among diverse land plants (Figure 1). Except Aquilegia coerulea, all the plants expressing the miR159 family had nested structures (Figure 1), indicating that nested miR159 structures were ancient.
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FIGURE 1
 Evolutionary conservation of MIR159 and the nested MIR159 structure. A phylogenetic tree of MIR159 and nested MIR159 structure was constructed from 36 green plant species represented in miRBase release 21 databases.


Using the MUSCLE program to align the sequences obtained from various plant species, we aligned the MIR159 stem-loops considering both sequences and observed that 85% of sibling mature miR159a.1 and miR159a.2 duplex regions are highly conserved among nested miR159a members from different organisms (Figures 2A–D; Supplementary Figure S1), demonstrating that sibling mature miR159 sequences are highly conserved among different plants. In addition to the conserved sibling mature miRNAs, 9% of mature sibling miRNAs were specific (Supplementary Table S2). The aligned predicted miR159 family member secondary structure determined by RNAfold software revealed that 83% of nested miR159a had conserved secondary structure patterns similar to those of ath-miR159. Furthermore, the difference of monocots and dicots nested structures with elongated stem-loop and branches is presented in Figure 2E. However, few locations in the loop and other double-stranded regions of the precursor were less conserved, implying less selective pressure. The overall sequence of miR159 has been maintained during plant evolution, with only a few minor modifications that make for simple alignment of small RNA sequences (Supplementary Figure S1).
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FIGURE 2
 Core sequences of sibling mature miRNA Sequences. (A–D) Conservation profile of foldback sequences of all the MIR159 genes with sibling mature miRNA sequences shown by MEME motif. (E) Monocots and dicots miR159 nested structures. Green: sibling miRNAs got by blastn search or MEME motif discovery.


As we observed, not all MIR159 precursors have conserved elongated stems and can be well aligned in loop-proximal regions because different miRNA family members have different secondary structures and sequence lengths, as shown in Figure S1. Further investigation of the miR159a precursor sequence obtained from various species using the T-Coffee program (Notredame et al., 2000) showed that the flanking sequence was variable, but the nested mature sequences of miR159a.1 and miR159a.2 were similar, confirming the structural conservation of MIR159 precursors (Supplementary Figure S2). Phylogenetic analysis of miR159a precursors revealed that ath-miR159a, aly-miR159a, and bra-miR159a were clustered together, while monocots and dicots were divided into two groups due to sequence conservation (Figure 3A). Additionally, RNAfold software was used to predict the stem-loop secondary structure of miR159a members to confirm the difference in the clustering group. The secondary structure analysis results revealed that miR159a possesses two major types of structures, one each for monocots and dicots. Monocot species possess a single elongated stem-loop, while dicots possess different branches near the loop region but have conserved nested miR159a structures (Supplementary Figure S3). Overall, these findings indicate that pri-miR159a encodes a second microRNA that is conserved across plant species in terms of sequence and location, as well as the stem-loop structure, and indicates the origin of MIR159 from a long stem-loop.
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FIGURE 3
 Phylogenetic tree and genomic loci of pri-miR159a. (A) Phylogenetic tree of miR159a from dicotyledonous and monocotyledonous plants. (B) Genomic position of ath-miR159a. (C) Nested miR159a secondary structure of Arabidopsis; Blue, green, and red colour indicate the position of duplex miR159a.1 (containing sibling’s miR159a.1–5 and miR159a. 1–3, that are located on 5 and 3 prime arm of miR159a secondary structure, respectively), miR159a.2 (Containing sibling’smiR159a.2–5 and miR159a. 2–3, that are also located on 5 and 3 prime arm of miR159a secondary structure, respectively) and miR159a.3, respectively. This figure is obtained from our previous published paper (Imran et al., 2022).


We further investigated nested structures in Arabidopsis and identified six groups of nested miRNAs in Arabidopsis thaliana containing 18 mature miRNAs (Supplementary Table S3) and classified them into three groups (Zhang et al., 2010). These nested miRNA structure groups are scattered in the genome with forward and reverse orders at different locations, and the majority of them possess 20 nucleotides except miR4471–3p and miR829a.1, which have 21 and 23 nucleotides, respectively (Supplementary Table S3). Additionally, the pre-miRNA coordinate for MIR159a is 808 bp long and ranges from 27,713,700 to 27,712,893 in reverse order according to TAIR10 based on chromosome one in A. thaliana (Figure 3B). While the nested miR159a structures are located between 27,713,416 and 27,713,234 bp, we further designated them miR159a.1–5, miR159a.2–5, miR159a.3, miR159a.2–3, and miR159a.2–5 based on their foldback secondary structure, which starts from the 5′-end of the precursor (Figure 3B). Each mature sequence precursor of the nested miR159a structure has 21 nucleotides, except miR159a.3, which possesses 20 nucleotides. While, the nested miR159a structure is presented in Figure 3C.



Role of ath-miR159a-3′UTR on rescuing the mir159ab phenotype

3′ regulatory regions play significant roles in gene transcription termination processes such as cleavage and polyadenylation (Rosenthal et al., 2018). Indeed, as evidenced by the usage of various 3′ regulatory regions in expression cassettes, 3′ regulatory regions have a major impact on gene expression levels (Hirai et al., 2011; Diamos and Mason, 2018; Rosenthal et al., 2018). Further, a C-to-T substitution in the second motif CNS2 of 3′UTR increased the URL1 mRNA stability and affected the leaf phenotype in rice (Fang et al., 2021). Besides, recent studies have revealed roles for miRNA sequences beyond the seed region in specifying target recognition and regulation (Chipman and Pasquinelli, 2019), suggesting more complex mechanisms of protein expression control. However, in contrast to miRNA 5′ (target complementarity) region, the 3′ region significance in miRNA-target identification is less clear. To understand the function of the nested miR159a 3′UTR in Arabidopsis and to determine whether overexpression of ath-MIR159a, including the 1.2 kb region, could interfere with the curly leaf growth process, we created ath-MIR159a overexpression lines driven by the CaMV 35S promoter (Figure 4A) and transformed them into the double mutant mir159ab. All 26 independent T1 transgenic plants showed a rescued mir159ab phenotype (Figure 4A). The overexpressed plants exhibited a longer lamina width, rosette diameter, leaf area, and laminae length and rounded leaf blade than the empty vector and were more similar to the wild type (Figure 4B). To investigate whether pri-miR159a was properly processed into mature miRNA, we checked the expression levels of sibling mature miRNAs through qRT-PCR analysis and found that miR159a.1–5 and miR159a.1–3 levels in the overexpressed line were significantly higher (Figure 4C). Thus, the miR159a.1 duplex was successfully expressed in the transgenic plants. However, miR159a.2–5 and miR159a.2–3 showed sixfold and twofold higher expression levels, respectively, in the empty vector than in the wild type and were not expressed in overexpression plants (Figure 4C), indicating that miR159a.1 may negatively regulate the expression of miR159a.2. Since MYB33 and MYB65 are the only two targets of miR159a, to test whether they are under miR159 control, we quantified the expression of MYB33 and MYB65 genes in 3-week-old rosettes of wild-type, mir159ab, and OE-miR159a plants. The expression of MYB33 and MYB65 was dramatically suppressed in the OE-miR159a plants compared to the empty vector (mir159ab); moreover, the expression level of MYB33 was similar to that in the wild type, but MYB65 was deregulated compared to that in the wild type (Figure 4D). Consistent with the MYB65 level, the expression of downstream GAMYB-like CYSTEINE PROTEINASE1 (CP1) gene in OE-miR159a plants was also reduced (Figure 4D). These results showed that overexpression of ath-MIR159a resulted in high expression levels of miR159a.1–5 and miR159a.1–3 and complemented the growth defect of mir159ab via downregulation of MYB33 and MYB65. However, overexpression of ath-MIR159a did not fully rescue the mir159ab phenotype, indicating that the precursor is being expressed in regions where is not normally there or miR159a.2 or miR159a.3 may regulate some potential unknown targets.
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FIGURE 4
 Pri-miR159a-3′UTR overexpression. (A) Phenotypes of 22-day-old wild-type (Col-0), mir159ab, empty vector, and OE-miR159a-UTR plants. Scale bar: 1 cm. The empty vector and OE-miR159a-3UTR constructs were transformed into the mir159ab background. (B) The rosette size and leaf lamina length, lamina width, and leaf area from Col-0, empty vector, and overexpressed plants were evaluated. For measurement, the fourth true leaf of 28-day-old plants was collected. Data were presented as the mean ± SE (n > 10) and analyzed with one-way ANOVA and multiple comparisons (p < 0.05, marked with different characters). (C) miRNA and (D) mRNA relative expression levels were normalized to U-6 and CYCLOPHILIN, and the relative expression in the wild type was set as 1. Measurements are the average of three technical replicates. Error bars represent the SEM. Asterisks indicate statistically significant differences at p < 0.05 (*) and p < 0.01 (**) by Student’s t-test.




The 1.0 kb promoter of ath-miR159a is sufficient for rescuing the mir159ab phenotype

Promoters are crucial for activating gene transcription and controlling transgene expression. Therefore, for the efficient implementation of transgenic breeding and gene function studies, a thorough understanding of promoter transcriptional activities and expression levels is required (Hernandez Garcia et al., 2009). Therefore, to understand how ath-miR159a is activated to express and determine whether these two MIRNAs are driven by the same promoter or two different promoters, the 3.0 kb promoter sequence of ath-MIR159a (AT1G73687.1) upstream of MIR159a precursor sequence and the 1.2 kb sequence downstream of MIR159a precursor sequence were isolated from A. thaliana genomic DNA based on the public sequence from TAIR.4 As deregulated MYB33/65 activity by miR159 is tightly correlated with the extent of upward leaf curl (Allen et al., 2007), this trait was used to visually assess the strength of the complementation of the mir159ab phenotype by each promoter construct. Furthermore, rosette diameter, leaf area, lamina length, and lamina width in transgenic plants were examined. By using this strategy, we analyzed promoter length of miR159a required for regulation in A. thaliana.

To identify the potential promoter length necessary for driving MIRNA in the miR159a promoter, a full-length promoter (3.0 kb) and a series of its 5′-truncated fragments (2.5, 2.1, 1.5, 1.0, 0.6, and 0.2 kb) were constructed (Figure 5A; Supplementary Table S4), transformed into the mir159ab mutant, and examined in transgenic Arabidopsis to view their expression patterns (Figure 5B). At least four T1-independent transgenic lines were analyzed for each promoter. The results from T3 transgenic lines for each construct are shown in Figure 5B. The deletion promoter from 3.0 to 1.0 kb drove the ath-MIR159a constructs and all rescued the mir159ab phenotype, while the 700 bp promoter partially rescued the phenotype, and the less than 173 bp promoter did not rescue the mir159ab phenotype (Figure 5B). To characterize the phenotype in more detail, plants were grown in a growth chamber under long-day conditions at 22°C for 3 weeks, and their phenotype showed that compared to mir159ab, the transgenic plant with promoters from 3.0 to 1.0 kb were significantly rescued (Figure 5B).
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FIGURE 5
 Pri-miR159a promoter truncations, and cis-element mutation analysis. (A) Schematic showing miR159a deletions used to drive miR159a transgenic Arabidopsis. Numbers refer to the end of the deletions from the transcription start site TATA box (black arrow). Cis-acting regulatory elements predicted by PLACE are shown between −858 and −946 with two predicted MybSt1 motifs (GGATA). Green thick lines represent the miR159a promoter. Numbers indicate positions from the putative transcription start site. (B) Phenotypes of 22-day-old wild-type (Col-0), mir159ab, and truncated and deleted promoter transgenic plants. Scale bar: 1 cm. (C) miRNA and (D) mRNA relative expression levels were normalized to U-6 and CYCLOPHILIN. Measurements are the average of three technical replicates. Error bars represent the SEM. Asterisks indicate statistically significant differences at p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) by Student’s t-test.


Next, the expression levels of sibling mature miRNAs were measured through qRT-PCR analysis in transgenic plants with different lengths of truncated promoters (3.0, 2.5, 2.1, 1.5, 1.0, 0.7, and 0.2 kb) to test their role in miR159 regulation. We found that miR159a.1–3 was expressed at low levels in non-rescued plants (curly leaves) but showed higher expression in fully rescued plants than in the double mutant mir159ab (Figure 5C). Even though the expression level of miR159a.1–3 was higher than that of the wild type in 2.5 and 3.0 kb transgenic plants, the phenotype was fully rescued. In contrast, the expression levels of miR159a.2–5 and miR159a.2–3 were highest in the non-rescued curly phenotype but lowest in fully rescued plants. However, miR159a.3 was highly expressed in the 1 and 3.0 kb promoters only (Figure 5C). Next, mRNA quantities of MYB33 were determined in transgenic plants with various promoters. The transcript levels of MYB33 can be affected by at least two factors: first, the strength of transcription of the transgene and, second, the strength of miR159-mediated silencing through a translational repression mechanism (Li et al., 2014). Consistent with the transcript translational repression mechanism, all the truncated prompter plants with fully rescued phenotypes had low levels of MYB33 and MYB65 (Figure 5D). To further confirm that mir159ab plants were fully complemented by the miR159a promoter, downstream gene expression of CP1 was also examined by qRT-PCR, as its mRNA is highly expressed in mir159ab due to the deregulation of MYB33/MYB65. The expression level of CP1 in truncated promoter transgenic plants complemented by mir159ab was less than that of wild-type plants. The results showed that all the promoters greater than 1 kb resulted in a high expression level of miR159a.1–3 and complemented the growth defect of mir159ab via downregulation of MYB33 and MYB65 (Figure 5D).



The MybSt1 motif-containing region is not responsible for activating the regulation of the ath-miR159a promoter

Furthermore, the progressive 5′ deletion analysis showed that the 0.2 kb promoter could not rescue the phenotype, while the 0.7 kb promoter could partly and the 1.0 kb promoter could fully rescue the mir159ab phenotype, suggesting that the 300 bp sequence between 0.7 and 1.0 kb is critical for the regulation of the miR159a promoter to fully rescue the mir159ab phenotype (Figure 5). Sequence analysis revealed the location of two MYB binding sites: one MybSt1 binding site is located between −858 and −862 (Figure 5A, Supplementary Table S4) and the other is between −946 and −950. We hypothesized that basal promoter activity may require these elements. To test this hypothesis, these MybSt1 binding sites regulate the expression level of miR159a to rescue the mir159ab phenotype, two mutated promoters with −Δ858 and −Δ946 were created by deleting the sequences between Δ-858 ~ 862 and Δ-946 ~ 950, respectively, and transferred into mir159ab (Figure 5A). The phenotype results showed that all the T1 transgenic plants had a rescued phenotype. Furthermore, we created two deletion constructs (Δ858–863 and Δ946–951) by excising the sequences corresponding to Δ-858 ~ 862 and Δ-946 ~ 950 from the intact promoter and transforming them into Arabidopsis mir159ab (Figure 5A), and the T1 transgenic plants also showed a rescued phenotype (Figure 5B). To further characterize the phenotype in more detail, plants were grown in a growth chamber under long-day conditions at 22°C for 3 weeks, the phenotype showed that there was no distinct difference compared to transgenic plants with a promoter of 1.5 kb. Overall, these results suggest that the MybSt1 cis-element of the miR159 promoter was not the key element in rescuing the mir159ab phenotype.

However, we found that although the expression level of miR159a.1–3 was increased compared to that of mir159ab in MybSt1-mutated transgenic plants, which rescued the phenotype, the changed level was less than 1.5 kb in promoter transgenic lines (Figure 5C). These results indicated that MybSt1 cis-elements are responsible for promoter activity but are not the main factors. Furthermore, consistent with the transcript translational repression mechanism, all the MybSt1-motif transgenic plants with fully rescued phenotypes had slightly higher levels of MYB33 in MybSt1-mutated lines than in the 1.5 kb promoter transgenic lines, although MYB33 was suppressed in MybSt1-motif transgenic plants compared to those with the mir159ab phenotype (Figure 5D).




Discussion

In plants, many miRNA-target relationships are ancient, and they appear to play fundamental roles in plant growth and development. Despite extensive analyses, there has been little investigation into the properties of structural determinants that govern their efficacy. Using the miR159-MYB33/MYB65 module as a model system in this case, we examined the new nested miR159 structure properties that control the efficacy of silencing by a highly conserved plant miRNA.


Sequence alignment and phylogenetic analysis reveal that the nested miR159 structure is broadly conserved across land plants

From an evolutionary point of view, miRNAs are usually divided into highly conserved ancient miRNAs and weakly conserved species-or clade-specific miRNAs (Voinnet, 2009). The phylogeny of highly conserved miRNA genes, such as the ancient MIR159 gene family, which plays an important role in plant growth, is largely unknown (Palatnik et al., 2007). According to previous studies, the precursors of miR159a in Arabidopsis had two additionally highly conserved regions outside of the miRNA/miRNA* duplex base-paired region (Palatnik et al., 2003), while cloning and northern blot analysis confirmed the existence of a second small RNA in the precursor of miR159.2 from P. voulgaris, and studies in Arabidopsis led us to functionally characterize its silencing efficacy (Arenas Huertero et al., 2009; Zhang et al., 2010). MIR159a homologs identified in this study were compared, and two blocks of sequence conservation were observed. Comparison of different miR159a precursor sequences revealed an extended occurrence of miR159a.2 (Li et al., 2011). The overall sequence of miR159a.2–5/miR159a.2–3 itself has been conserved during plant diversification with a limited number of changes that still allow comparison of the small RNA sequences (Figure 3; Axtell and Bartel, 2005; Li et al., 2011; Chorostecki et al., 2017).

To further explore the evolutionary relationships of miR159a, we aligned a large number of land plant MIR159 stem-loops and constructed a phylogenetic tree using maximum likelihood (ML). We observed two groups of MIR159a in our consensus tree. Group I included dicots, while the monocots formed Group II. Similarly, alternative conserved region (ACR) miRNAs also have two main types (branched and long stems, Supplementary Figure S3), indicating different selection pressures imposed on monocot and dicot miRNAs on the same stem-loop. Our results support a common origin of MIR159a aspects because another duplex outside miR159 is highly conserved in most MIR159 stem-loops across land plants (Chorostecki et al., 2017). Furthermore, the partitions indicated by the conserved areas are compatible with the phasing of mature MIR159 miRNAs from mosses to flowering plants, which has been seen in previous research (Figure 1; Addo Quaye et al., 2009; Bologna et al., 2009). These findings show that MIR159 was derived from a common phased stem-loop RNA, similar to those recently found in the green alga Chlamydomonas reinhardtii and rice (Zhao et al., 2007; Zhu et al., 2008).

MiRNAs are important in many aspects of plant growth (Rubio Somoza et al., 2009). As in the shared ancestor of all embryophytes, miR159 was discovered to be one of the eight closely conserved miRNA families (Cuperus et al., 2011). Transgenic plants constitutively overexpressing miR159 have been constructed in Arabidopsis, rice, wheat, and Gloxinia. In all these species, our miR159a resulted in similar phenotypes, including in the 3´-UTR-overexpressing Arabidopsis plants, which had a larger leaf size and delayed flowering, suggesting an evolutionarily conserved function of miR159 and MYB target genes in plant development. miR159a-3´-UTR-overexpressing Arabidopsis have effect on phenotype and showed a decreased level of MYB33 mRNA, which is consistent with previous reports (Achard et al., 2004). Similarly, in rice, overexpression of miR159 results in delayed head formation mainly due to decreases in OsGAMYB and OsGAMYBL1 (Tsuji et al., 2006). In contrast, another piece of evidence showed that overexpressed miR159 downregulated MYB101 but not MYB33 and MYB65 (Schwab et al., 2005). Based on these findings, the biological function of miR159 in plant growth and development appears to be determined by a complex mechanism.



5′-UTR roles in the determination of the specific promoter length regulating miR159a

It is well known that the 5′-untranslated region (5′-UTR) plays a key role in transcriptional and posttranscriptional regulation of gene expression (Hua et al., 2001; Hulzink et al., 2002). Plant pri-miRNA transcription is identical to that of protein-coding genes, the majority of which are transcribed from their own transcriptional units termed MIR genes, whose genome sequences are usually located at intergenic regions of protein-coding genes and have their own promoters and independent regulatory patterns (Griffiths Jones et al., 2008; Meyers et al., 2008; Nozawa et al., 2012). In addition, short open reading frame sequences involved in the synthesis of regulatory peptides have recently been discovered in pri-miRNAs and can facilitate the aggregation of their own mature miRNAs (Lauressergues et al., 2015).

In our study, the ath-miR159a promoter from A. thaliana was isolated and characterized by deletion analysis in mir159ab transgenic plants. Following deletion analysis, we found that constructs with the ath-miR159a promoter (−3.0 kb) and its 5′ deletion fragments (−3.0 to −1.0 kb) could rescue the phenotype of mir159ab and deregulate the MYB33/65 gene. In contrast, the truncated −0.7 kb promoter showed slightly higher expression of MYB33 than the −1.0 kb promoter and partially rescued the phenotype, indicating that important regulating elements located between −0.7 and −1.0 kb govern the expression of miR159. However, all the truncated constructs longer than 1.0 kb fully rescued the mir159ab phenotype, which suggested that the 1.0 kb core functional segment of the miR159a promoter was a potential regulator of MIR159a (Figure 5).

Promoters usually regulate the intensity of gene expression through the interaction of some specific cis-acting elements on the sequence with their interacting proteins, such as transcription factors. Our bioinformatic analysis showed that the 3.0 kb sequence, including the 1.0 and 0.7 kb regions, contains various elements, including two MybSt1 motifs (Figure 5A). Members of the MYB-related protein family are known to be DNA binding proteins, and the binding site for MybSt1 contains the core element GGATA (Baranowskij et al., 1994). Interestingly, we found two MybSt1 binding sites at positions −858 and −946. Thus, we speculate that MYB could bind to these sequences, enhance the activation of promoters, and form a negative feedback loop by suppressing miR159a. It has been confirmed previously that MybSt1 binding sites in the promoter are important and contribute to its promoter activity (Baranowskij et al., 1994). Based on the above results, we speculated that the MybSt1 elements may be important factors contributing to the high promoter activity of 1.0 kb and enhanced activities of the 858 and 946-bp fragments. Moreover, the deletion of the −858, −946, and both (−858 ~ −946) sequences resulted in a decrease in miR159a.1–3, thus causing little change by increasing the MYB33 expression activity of Arabidopsis transgenic plants, although the phenotype was almost rescued. To conclude, the findings reported here have identified specific regions in the 5′UTR required for regulating the expression of miR159a and presented in model (Figure 6). These MybSt1 cis-acting elements have affected the expression of miR159a; therefore, it is interesting to determine which MYB transcription factor will bind to this site to elevate miR159. Overall, our results revealed the conserved structure of miRNA159 among different species and rendered the regulation of the nested structure of each distinct miR159.

[image: Figure 6]

FIGURE 6
 Model figure representing the evolutionary conservation of nested MIR159 structures in plants and functional characterization of ath-miR159a promoter in Arabidopsis.





Conclusion

In summary, our results from sequence alignment and phylogenetic analysis suggest that the nested miR159 structure is broadly conserved in their stem-loops across land plants. Further, genetic analysis proposed that a 1.0 kb promoter can completely rescue the mir159ab phenotype and miR159.2 accumulation indicates that this may have regulatory functions that need to be tested.
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The development of food and forage crops that flourish under saline conditions may be a prospective avenue for mitigating the impacts of climate change, both allowing biomass production under conditions of water-deficit and potentially expanding land-use to hitherto non-arable zones. Here, we examine responses of the native halophytic shrub Atriplex leucoclada to salt and drought stress using a factorial design, with four levels of salinity and four drought intensities under the arid conditions. A. leucoclada plants exhibited morphological and physiological adaptation to salt and water stress which had little effect on survival or growth. Under low salinity stress, water stress decreased the root length of A. leucoclada; in contrast, under highly saline conditions root length increased. Plant tissue total nitrogen, phosphorus and potassium content decreased with increasing water stress under low salinity. As salt stress increased, detrimental effects of water deficit diminished. We found that both salt and water stress had increased Na+ and Cl– uptake, with both stresses having an additive and beneficial role in increasing ABA and proline content. We conclude that A. leucoclada accumulates high salt concentrations in its cellular vacuoles as a salinity resistance mechanism; this salt accumulation then becomes conducive to mitigation of water stress. Application of these mechanisms to other crops may improve tolerance and producitivity under salt and water stress, potentially improving food security.
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salt stress, water stress, A. leucoclada, alternate crops, saline agriculture


Introduction

Climate change has increased the global mean temperature and water scarcity throughout the world (Zamin et al., 2019a). Demand for water supply is continuously increasing and had increased threefold since the 1950s as the freshwater supply has been on the wane (Gleick, 2003; Wu and Tan, 2012). According to an estimate, an average of 90% of global fresh water is being used for agriculture (Shiklomanov, 2000). According to the (FAO, 2005) report salinity had affected 800 Mha of land globally. It is expected that salinity will annually destroy about 10 Mha of agricultural land (Khan et al., 2006; Zamin et al., 2019b). Thus, the landscaping sector will face serious challenges, to meet irrigation requirements (Shahin and Salem, 2014a).

To solve the problems of water shortage and groundwater salinity many irrigation systems and much equipment is being introduced (Shahin and Salem, 2014b; Zamin and Khattak, 2018). Two types of approaches had been taken on so far to overcome these problems. The first is modifying the environment by managing the irrigation and drainage and the second approach is genetically modifying the plants to enhance their stress tolerance (Läuchli and Lüttge, 2002; Mahmood et al., 2003). However, stress tolerance responses of plants are complex and the functions of many genes controlling these mechanisms are unknown (Chaves et al., 2003). Halophytes had been recommended as a solution for production with salt/brackish water (Khan and Weber, 2006). Native halophyte plants can grow in harsh environmental conditions and can be introduced into urban landscaping under drought and saline conditions (Franco et al., 2006; Zamin and Khattak, 2017).

Increasing water shortage and irrigation water salinity are the main abiotic stresses for the plants. These stresses disturb plant physiology and growth by disrupting their gene expression (Wu and Tan, 2012; Zamin et al., 2018). Plants have evolved numerous mechanisms to adapt to salt stress conditions (Munns and Tester, 2008). Water stress-avoiding refers to a range of morphological and physiological adaptations of plants to sustain suitable water status. Another approach to withstand water stress is water stress tolerance which includes physiological and biochemical mechanisms (Clarke and Durley, 1981).

Atriplex leucoclada (English name: Orache; Arabic name: Ragal, رغل), a halophytic plant, is a low perennial shrub that has developed various strategies to adapt to saline environments with excessively high salt content in the soil. Originating in the Mediterranean basin, A. leucoclada grows in many different habitats, but it usually occurs on sabkha, coastal and inland salt marshes with a high accumulation of salts, and occasionally on silty soils. A. leucoclada is an important species for agricultural use in arid regions. Atriplex species can be planted for soil desalination and CO2 sequestration. It is a useful plant for desert and extensive landscape schemes as a groundcover, occasionally requiring watering and maintenance to improve its appearance (Arriyadh, 2014).

Studying A. leucoclada under stress conditions will help us to better understand the salt and water stress resistance mechanisms. Moreover, introducing the identified species in landscaping will not only save a huge amount of water but also preserve the biodiversity, wildlife habitats, horticulture heritage, and national unique landscape of the country.



Materials and methods


Research site

The field experiment was conducted at AL-Foa Research Farm, United Arab Emirates University, Al Ain, Abu Dhabi, United Arab Emirates (24°12′ N and 55° 44′ E) during December 2015–July 2016. The experimental site is situated in the arid region, having a long, hot summer season of 4 months, i.e., from May to September with maximum temperatures above 45°C. The winter prevails from mid-November to the end of February followed by a short spring season from March to April. The mean annual temperature varies between 12 and 45°C during the winter and summer seasons, respectively (SCAD, 2015). Soil type was classified as Typic Torriorthent sandy-skeletal hyperthermic soil and is silty loam having pH (H2O) of 8.6, ECe of 8.2 dS m–1 with SAR of 22.4 and 0.6% organic matter (Abdelfattah et al., 2009).



Experimental design

Atriplex leucoclada seeds were sown in germinating trays with growing media of potting soil and sweet sand (Red desert sand with low salinity used for agriculture) 1:1 by volume. The soil used in potting mix was sandy in nature having 24.53 percent carbonate content with pH of 7.58 and Ec 9.49. The Ca content of soil sample was 25 mg/kg whereas Mg was 34.2 mg/kg and low K content, i.e., 7.53 mg/kg (Table 1). After 3 weeks of germination, seedlings were transplanted to 20 cm pots filled with red desert sand. Seedlings were thinned to one seedling per pot. The fertilization and weeding practices were equally applied to all treatments during the entire growing period of the plants. After 2 months of growth, four saltwater treatments, i.e., 5 dS m–1 (Control; S1), 10 dS m–1 (low salinity level; S2), 15 dS m–1 (moderate salinity level; S3), and 20 dS m–1 (high salinity level; S4) were prepared by dissolving NaCl to fresh water, supplied by Al-Ain municipality (Al-Dakheel et al., 2015; Zamin et al., 2019a). Salinity treatments were prepared in four different water tanks. These water tanks were connected to a drip irrigation line to supply water to each pot individually with four irrigation intestines. To estimate field capacity the fully water-saturated soil was weighed and then dried to constant weight at 105°C. The weight difference between water-saturated and oven-dried soil was taken as the weight of water needed to bring soil to field capacity, and lower FC was calculated accordingly. Four irrigation intensities were: 100% field capacity (Control; WL1), 80% field capacity (low stress; WL2), 60% field capacity (moderate stress; WL3), and 40% field capacity (severe stress; WL4). Irrigation water was quantified for each water stress treatment and was applied to the plants through a drip irrigation system. The experiment was conducted in an open field and plants were grown under natural environmental conditions. The experiment was conducted in a randomized complete block design with a split-plot arrangement replicated three times. The salinity levels were allotted to the main plot while the irrigation intensities were allotted to sub-plots.


TABLE 1    Physicochemical properties.
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Harvesting and sampling

Three plants from each treatment were harvested at the end of each month. Data was recorded for morphological parameters each month. For the quantitative chemical analysis, representative specimens of each plant were instantly ground in liquid nitrogen and stored at −80°C.



Morphological traits

After harvest, the plant samples were carefully cleaned from sands, washed with distilled water, and dried with the help of tissue paper. After harvesting each plant was divided into shoots and roots and oven-dried (60°C) and weighted (± 0.0001 g). For morphological traits, all the samples were put in Ziploc bags, placed in an ice bag at 4°C, and transferred to the laboratory. Shoot length was measured from the base of the stem to the apex end while root length was measured from the root base up to the end of the primary root.



Physiological traits

Photosynthetic rate (P) of upper, lower, and basal leaves was measured weekly using a Plant Photosynthesis Meter (EARS, Netherlands) (Samarah, 2005). Leaf water potential was recorded during midday using a WP4C Dewpoint psychrometer (Decagon Devices, Inc., United States) (Xiong et al., 2014). Leaf water potential was recorded after 1 and 5 months of treatment application. Phosphorus concentrations were estimated in plant leaves at the end of the experiment by the methodology laid out by Olsen (1954). K and Na+ content of plant extracts were determined by Flame Emission Spectroscopy at the end of the experiment. For Cl– content 50 mg of leaf and root samples were ground and heated in distilled water for 3 h (80°C). The Cl– content of the extract was then determined with the chloride analyzer at the end of the experiment.



Biochemical traits

ABA and Proline extraction was performed on 10 mg of freeze-dried leaf tissue as described by Forcat et al. (2008). The samples were analyzed for ABA and Proline using LCMS/MS and were filtered through a 0.45 μm cellulose acetate syringe. The phytohormones separation was done using a C18 column (ZORBAX Eclipse Plus). An injection of 2 μl was loaded onto the C18 column (1.8 μm particle size, 2.1 mm inner diameter and 50 mm long) at a flow rate of 0.2 mL/min and the column temperature was kept at 35°C. The liquid chromatography was connected to an Agilent Technologies Mass Spectrometry (6420 Triple Quad detector). For elution solvent A consist of formic acid (0.1%) with distilled water and solvent B consisted of an LCMS grade acetonitrile was used. The analytical procedure was as follows: Solvent A was used (5 min), then the gradient from 0 to 100% solvent B was used, (5–20 min) after the solvent B was kept constant (5 min) and at 25.1 min solvent A was 100% was used for (30-min). During the analysis with LC-MSMS only negative polarity mode was used for ABA and Proline analysis. For fragmentation nitrogen gas was used. The capillary voltage was 4,000 V, the gas flow was 8 L/min, the gas temperature was 300°C and the nebulizer pressure was 45 psi.



Statistical analysis

Two-way (ANOVA) was used to check the effect of salinity and drought, and their interaction on morphological, biochemical, and physiological traits. The normality was checked with the Shapiro–Wilk test. The post-hoc Tukey’s HSD was used to check the comparison between treatments. All the analysis was performed using the SPSS software.




Results and discussion


Percent survival (%), root and shoot length (cm), and weight (g)

Results concerning the morphological response of A. leucoclada to varying salt and drought stresses are given in Table 2. Analysis of variance revealed that all the morphological parameters (percent survival, root and shoot length, and weight) did not show any significant (P > 0.05) effect from salt stress. It is clear from the results of survival percentage that A. leucoclada can survive on all studied salt and water stress levels. Analysis of variance revealed that different water stress levels significantly (P ≤ 0.05) affected Shoot dry weight (SDW), RDW, and SL of A. leucoclada. Increasing the water stress level decreased the SDW. The highest SDW was recorded for WL1 (18.15 g) while the other three water stress levels have lower SDW. Maximum RDW was measured for WL1 (3.72 g) while the other three water levels of WL2, WL3, and WL4 were significantly lower and like each other. Maximum SL was recorded for 44.37 cm for WL1 while other three water levels of WL2, WL3, and WL4 were significantly lower and similar to each other. Different salt and water stress levels and interaction of salt and water stress levels had a non-significant effect (P > 0.05) on the RL of A. leucoclada.


TABLE 2    Morphological response of Atriplex leucoclada to varying drought and salinity stresses.
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Photosynthetic rate (Pr) (μmol/m2/s), leaf water potential (MPa), Na+1 uptake (μ mole g–1), Cl–1 uptake (μ mole g–1)

Different salt and water stress levels had a significant (P ≤ 0.05) effect on the Pr of A. leucoclada (Table 3). Pr increased with increasing water stress while decreasing with increasing salt stress.


TABLE 3    Physiological response of Atriplex leucoclada to varying drought and salinity stresses.
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FIGURE 1
Interactive effect of salinity and drought stress on ABA content (μg. g–1 FW) content of Atriplex leucoclada. Error bars represent the standard error of the mean (n = 3). WL stands for water level (WL1 = 100% field capacity, WL2 = 80% field capacity, WL3 = 60% field capacity and WL4 = 40% field capacity) while S represents salinity (S1 = 5 dS m–1, S2 = 10 dS m–1, S3 = 15 dS m–1, and S4 = 20 dS m–1). Letters a–g indicate whether the bar graphs showing parameters are significant or nonsignificant. Bars having the same letters are nonsignificant.
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FIGURE 2
Interactive effect of salinity and drought stress on Na+ content of Atriplex leucoclada. The error bars represent the standard error of the mean (n = 3). WL stands for water level (WL1 = 100% field capacity, WL2 = 80% field capacity, WL3 = 60% field capacity and WL4 = 40% field capacity) while S represents salinity (S1 = 5 dS m–1, S2 = 10 dS m–1, S3 = 15 dS m–1, and S4 = 20 dS m–1). Letters a–g indicate whether the bar graphs showing parameters are significant or nonsignificant. Bars having the same letters are nonsignificant.
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FIGURE 3
Interactive effect of salinity and drought stress on water potential (MPa) of Atriplex leucoclada. The error bars represent the standard error of the mean (n = 3). WL stands for water level (WL1 = 100% field capacity, WL2 = 80% field capacity, WL3 = 60% field capacity and WL4 = 40% field capacity) while S represents salinity (S1 = 5 dS m–1, S2 = 10 dS m–1, S3 = 15 dS m–1, and S4 = 20 dS m–1).


Salt × water stress had a significant effect (P ≤ 0.05) on the leaf water potential of A. leucoclada. After months of treatment application, S2WL1 had a maximum LWP of −46 MPa, and a minimum LWP (−64 MPa) was recorded for S1WL2 Table 3 and Figure 1.

Na+ and Cl– content had an interactive effect (P ≤ 0.05) on salt and water stress. Na+ and Cl– content increased not only with increasing salt stress but also with increasing water stress. Na+ was lower in S1WL2 and S1WL1 and increased with increasing salinity and water stress. Maximum Na+ content was reported for S3WL4 and S4WL4 (Figure 2). Similarly, the lowest Cl– content was recorded for S1WL1 and S1WL2. The highest Cl– content was recorded for S4WL1 (Table 3 and Figure 3).



Abscisic acid (μg. g–1 FW) and proline content (μg. g–1 FW)

Means of ABA quantified are represented in Table 4 and Figure 4. Salt and water stress levels had statistically significant (P ≤ 0.05) interaction for ABA production. ABA production showed an increasing trend with increasing both salt and water stress levels. Maximum ABA content was 92 μg. g–1 FW quantified at S4WL4. ANOVA revealed that different salt and water stress levels and their interaction had a significant effect on the proline content of A. leucoclada. Proline content increased with increasing the combined effect of salt and water stress and maximum proline content was 16,654 μg–1 FW recorded for S4WL4 (Table 4 and Figure 5).


TABLE 4    Biochemical response of Atriplex leucoclada to varying drought and salinity stresses.
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FIGURE 4
Interactive effect of salinity and drought stress on Cl– content of Atriplex leucoclada. Error bars represent the standard error of the mean (n = 3). WL stands for water level (WL1 = 100% field capacity, WL2 = 80% field capacity, WL3 = 60% field capacity and WL4 = 40% field capacity) while S represents salinity (S1 = 5 dS m–1, S2 = 10 dS m–1, S3 = 15 dS m–1, and S4 = 20 dS m–1). Letters a-i indicate whether the bar graphs showing parameters are significant or nonsignificant. Bars having the same letters are nonsignificant.
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FIGURE 5
Interactive effect of salinity and drought stress on Proline content (μgg–1FW) content of Atriplex leucoclada. Error bars represent standard error of the mean (n = 3). WL stands for water level (WL1 = 100% field capacity, WL2 = 80% field capacity, WL3 = 60% field capacity and WL4 = 40% field capacity) while S represents salinity (S1 = 5 dS m–1, S2 = 10 dS m–1, S3 = 15 dS m–1, and S4 = 20 dS m–1. Letters a–i indicate whether the bar graphs showing parameters are significant or nonsignificant. Bars having the same letters are nonsignificant.





Discussion


Percent survival (%), root and shoot length (cm), and weight (g)

Salt and water stress were mostly studied separately for their effects on crop growth (Hamed et al., 2013). Hence only a few studies had examined their interactions (Hamed et al., 2013). A. leucoclada has been found to be resistant to salt and water stress and survived under all salt and water stresses applied. Salt stress had no significant effect on the growth of A. leucoclada. On the other hand, increasing water stress had shown a major decrease in growth parameters except for root length (Table 2). Similar results for reduced growth under salt stress as compared to water stress are also resorted by Hassine and Lutts (2010) for Atriplex halimus, Melo et al. (2016) for Atriplex nummularia and Almas et al. (2013) in Artemisia vulgaris and Álvarez et al. (2018) for Pistacia lentiscus. The same is reported for A. canescens (Glenn and Brown, 1998), A. lentiformis (Meinzer and Zhu, 1999), A. halimus (Alla et al., 2011), and Anethum graveolens (Tsamaidi et al., 2017). Result similar to our experiment for decreased RDW under water stress as compared to salt stress are reported by Wang et al. (2011) for tamarisk (Tamarix chinensis Lour), Yagmur and Kaydan (2008) for triticale (Triticosecale Witm., cv. Presto), Khan et al. (2017) for soybean and, Miranda-Apodaca et al. (2018) for Quinoa (Chenopodium quinoa).

Although soil water potential is decreased by saline water irrigation water flow to the roots remains the same. On the other hand, water stress decreases the soil matric potential and decreases water flow to the roots (Homaee et al., 2002). This can be the reason that the matric potential during water stress affected the shoot growth of studied species more than that did the osmotic potential (Shainberg and Shalhevet, 2012). These results corroborate with the results of Maggio et al. (2005) who reported 22% less aboveground dry weight in salt stress and 46% less dry weight in water stress than control.



Photosynthetic rate (μmol/m2/s), leaf water potential (MPa)

Both salt and water stress had an interactive effect (P ≤ 0.05) on Pr of A. leucoclada. Pr was maximum during the cooler month of March and start decreasing with increasing temperature in the months after that. Pr was significantly affected by salt x water stress. Salt stress decreased the Pr while water stress increased the Pr significantly. The current results are in line with Wang et al. (2011) for Tamarix chinensis. Water deficit led to earlier peaks of net photosynthetic rate (PN) during the day. In the case of quinoa, the highest salt concentration of (500 mM) decreased net Pr by 65% compared to controls. However, water stress resulted in 77% lower values for net Pr (Miranda-Apodaca et al., 2018).

Under water stress, leaf water potential and thus photosynthetic activity is decreased (Razzaghi et al., 2011). This reduction in photosynthesis can be caused by stomatal closure (Goldstein et al., 1996), disturbance of photosynthetic activity (Drew et al., 1990), or at both low and high salt concentrations (Yeo et al., 1991). Decreasing soil moisture content and water potential reduces the water potential of the plant tissue. In response to low water potential additional solutes are accumulated which is referred to as osmotic adjustment (OA) (Zhang et al., 1999; Verslues et al., 2006). In halophyte species, Na+ is involved in OA. It is supposed that Na+ largely exists in the vacuoles (Martínez et al., 2005).

Salt and water stress had an additive effect on LWP and leaf osmotic potential reduction of Zygophyllum xanthoxylum (Ma et al., 2012). Miranda-Apodaca et al. (2018) compared the effect of osmotic and ionic stress on quinoa. It was reported that plants subjected to saline treatment observed a greater capacity for osmotic adjustment. In contrast, plants subjected to water stress treatment showed more dehydration. The water potential diminished significantly due to salt and water stress (González et al., 2012). Álvarez et al. (2018) reported decreased water potential for all salt and water stress treatments in Pistacia lentiscus.

It was concluded that osmotic adjustment through the uptake of readily available inorganic ions (Na+ and Cl–) under salt stress is more efficient than adjustment through the production of organic solutes under water stress (Liu et al., 2008; Slama et al., 2008; Sucre and Suarez, 2011; Álvarez et al., 2012).

Herralde et al. (1998) submitted plants of Argyranthemum coronopifolium to salt and water stress independently. Water stress promoted significant differences in leaf water potential (−1.76 MPa for Ψw) in stressed plants vs. control.

Hassine et al. (2008) exposed Atriplex halimus plants to 40/160 mM NaCl or 15% polyethylene glycol. Shoot water potential in plants exposed to PEG remained lower than the plants under the highest salt stress. Duarte and Souza (2016) investigated water potentials in Capsicum annuum by irrigating with different levels of saline water. Salt stress resulted in a decrease in LWP. The decrease in the osmotic potential in plant leaves was a mean of saline stress adoption.

Our results are in agreement with the findings of Omami and Hammes (2006) in amaranth under salt and water stress, Mannan et al. (2013) for soybean, and Khan et al. (2015) for mung bean under salinity stress. It can be concluded that salt stress can help to reduce the negative effects of water stress by osmotic adjustment through Na+ and proline accumulation.



Na+1 uptake (μ mole g–1), Cl–1 uptake (μ mole g–1)

Under saline conditions, Na+ in the growth medium might compete with K absorption by the roots (Blumwald, 2000). It is assumed that K uptake and its deposition in tissues by the plant is reduced under salt stress (Lazof and Bernstein, 1999). This reduced potassium concentration in plant tissues grown under salt stress conditions is reported by many authors (Hu and Schmidhalter, 1997; Khan et al., 2000; García et al., 2004; Carter et al., 2005). This decrease is attributed to the antagonistic effects of Na+ and K ions (Suhayda et al., 1990).

The present study revealed a significant interactive effect of salt and water stress on Na+ and Cl– uptake. Increasing salt stress increased Na+ and Cl– uptake. Water stress also increased the Cl– uptake even at low salinity stress. Cl– uptake increased with increasing water stress at the lowest salinity level S1 only. Under the highest salinity level of S4 Cl– uptake decreased with increasing water stress levels.

An important “salt includer,” Jojoba also accumulated significant amounts of sodium under slat stress (Mills and Benzioni, 1992). Na+ content in shoots increased sharply across the salt levels in Atriplex canescens (Glenn and Brown, 1998) Salicornia rubra (Khan et al., 2001) Bruguiera cylindrica (Atreya et al., 2009) sea aster (Aster tripolium L) (Ueda et al., 2003), jojoba explants (Roussos et al., 2007), Atriplex halimus (Martínez et al., 2005), and S. portulacastrum (Slama et al., 2008).

Halophytic species Salicornia rubra was studied by Khan et al. (2001). Chloride concentration in shoots increased with increasing irrigation water salinity. Another halophyte Aster tripolium L was evaluated by Ueda et al. (2003) under water stress and NaCl (300 mM) stress. Cl– content increased three times and Na+ content increased up to five times in the NaCl-stressed leaves that of the control. Similarly, Sesuvium portulacastrum and Arthrocnemum macrostachyum also reported Na+ and Cl– compartmentalization (Messedi et al., 2004; Khan et al., 2005).

Under salt stress osmotic adjustment is achieved through increased Na+ and Cl– uptake. The production of organic osmotica is more energy-consuming (Greenway and Munns, 1980). Thus inorganic ion accumulation is an alternative mechanism to adjust osmotic potential and seems to save energy, which enables a plant to grow in less favorable conditions (Khalid and Cai, 2011). The shoot acts as a sink for Na+ ions when plants were grown under salt stress (Jefferies et al., 1979). Cells are able to avoid high levels of salts in the cytoplasm and achieve osmoregulation by increasing salt levels in the vacuoles by intracellular compartmentalization (Khan et al., 2000, 2005).



Abscisic acid (μg. g–1 FW) and proline content (μg. g–1 FW)

Kefu et al. (1991) stated saltbush (Atriplex spongiosa) plants did not increase ABA content on 75 mol m–3 NaCI salinity but increased at 150 mol m–3. Hassine and Lutts (2010) exposed Atriplex halimus plants to iso-osmotic stress of NaCl (160 mM) or PEG (15%). Hassine and Lutts (2010) reported that ABA accumulated in response to salt (160 mM NaCl). Alla et al. (2011) while studying A. halimus responses for salt (NaCl) or water stress (PEG) found that salt stress produced more metabolic disturbance than water stress. Razzaghi et al. (2011) observed an increase in ABA with increasing water stress.

These ABA-induced stress responses are important for plant survival during both salt and water stress but affect different physiological processes (Hassine et al., 2009). ABA stimulates Na+ and Cl– excretion by external salt bladders under salt stress and reduces water loss during water stress (Hassine and Lutts, 2010; Walker and Lutts, 2014). ABA acts as a major signal to regulate transpiration through stomatal pores (Schroeder et al., 2001; Bartels and Sunkar, 2005). ABA-regulated stomatal opening, root growth, and conductance (Schroeder et al., 2001; Sharp and LeNoble, 2002) are important in the avoidance of low water potential. ABA-induced increase of compatible solutes is important for drought avoidance (Ober and Sharp, 1994). The relative root and shoot growth is a response to water stress (Hsiao and Xu, 2000) and is the result of regulation of growth by ABA (Sharp and LeNoble, 2002).

This proline accumulation is involved in osmotic adjustment and protects cellular structures against salt stress and ROS (Hoque et al., 2007). Proline is one of the prominent organic solutes that are stored in the cytoplasm and organelles to balance the osmotic pressure of the ions in the vacuole under stress conditions (Hasegawa et al., 2000). Proline accumulation relates more to osmotic stress than any specific salt effect (Munns, 2002). Proline accumulation is a preventive metabolic adaptation that act as osmoprotectants and antioxidants and/or free radical scavengers (Larher et al., 2009).

Khalid and Cai (2011) reported M. officinalis response to proline accumulation by applying various levels of salt and water stress. The highest proline content resulted from combined application of salt and water stress. The same results were reported by Watanabe et al. (2000) and Wu et al. (2015). Teymouri et al. (2009) reported similar results studying three halophytic salsola species (S. rigida, S. dendroides, and S. richteri). The maximum increase in proline concentration under salt stress was recorded for S. richteri. Atriplex spongiosa had a similar trend of decreasing proline content in the range of 50–300 mol/m3 but increased rapidly at higher salinities (Storey and Jones, 1979). The same is the case for Suaeda monoica, low proline contents were recorded at 500 mol/m3 NaCl and below. However, a significant increase was detected at high salinities (Storey and Jones, 1979). Martínez et al. (2005) reported the same results as that of our experiment. He reported that 0 or 15% PEG had no impact on the proline concentration at low NaCl (50 mM) concentration. Atriplex halimus showed similar responses after treating seedlings with either NaCl (50, 300, and 550 mM NaCl) or drought (control and withholding water) (Alla et al., 2012). Similar responses of proline to salinity (Bajji et al., 1998) and to osmotic stress (Martinez et al., 2003) had been reported. This can be concluded that proline is efficiently only involved in stress tolerance within the first few hours of stress rather than in long-term stress tolerance (Hassine et al., 2008).




Conclusion

Atriplex leucoclada, showed morphological and physiological adaptations to both salt and water stress and had no negative effect of these stresses on survival percentage. A. leucoclada could be classified as obligatory halophyte. A. leucoclada resisted maximum salt stress with no significant effect on growth parameters. However, drought stress significantly decreased the growth of A. leucoclada. Na+ and Cl– content increased not only with increasing salt stress but also with increasing water stress. Cl– uptake in A. leucoclada increased with increasing water stress at lowest salinity level S1 only. Both salt and water stress had an additive role in increasing ABA and proline content. Higher salt stress levels increased proline content with increasing water stress levels.

In conclusion, A. leucoclada used salt-resistant mechanism to accumulate higher concentrations of salts in the cells. They use physiological adaptation using enzymatic and non-enzymatic mechanisms to cope with the negative impacts of higher salt stress and ROS (Reactive Oxygen Species) produced. A. leucoclada could be recommended for production as an alternate for landscape plants and as a fodder crop in areas with salt or brackish water. This will not only save limited available fresh water resources, but also bring more land under cultivation.
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Nanotechnology has a wide range of applications. Nanotechnology refers to the particle in nanoscale used to improve agricultural productivity and to encounter the unsolved problems conventionally. Nanostructured formulation through mechanisms, such as targeted delivery or slow/controlled release mechanisms as well as conditional release, could release their active ingredients in response to the environmental conditions and biological demands more precisely. Nanotechnology has a great potential for achieving sustainable agriculture, especially in developing countries. Salinity is among the major abiotic stresses which limits the yield and quality of global crops. Zinc (Zn) is a vital micronutrient that is mandatory for the ideal growth of plants and has proved to reduce the hazardous effects of salt stress. To counter the salinity problem, a pot experiment was conducted at wire house of the Institute of Soil and Environmental Sciences (ISES), University of Agriculture, Faisalabad, Pakistan, to observe the effects of zinc oxide (ZnO) nanoparticles (NPs) on wheat variety “Gemmieza” imported from Egypt under salt stress. Notably, 10 dS m–1 salinity was developed artificially, and different doses of Zn conventional fertilizer and ZnO NPs were applied to potted wheat. ZnO NPs (0.12 g pot–1) significantly increased the physical parameters of wheat compared to control under salt stress. Application of ZnO NPs (0.12 g pot–1) significantly increased chlorophyll A and B contents by 24.6 and 10%, plant height at vegetative and maturity stages by 34.6 and 37.4%, shoot and spike lengths by 30.7 and 27.6%, root fresh and dry weights by 74.5 and 63.1%, and wheat grain yield by 42.2%, respectively. ZnO NPs performed better compared to Zn conventional fertilizer under salt stress and could be used in place of Zn conventional fertilizer in salt-affected soils for attaining better crop production.

KEYWORDS
salinity, oxidative stress, ZnO nanoparticles, chlorophyll contents, wheat yield


Introduction

Wheat (Trilicum aestivum) is among the major cereal crop in the world (Adil et al., 2022). It fulfills the maximum food requirements by providing almost 60% of the protein and calories of a normal diet (Khalil and Jan, 2002) and is the predominant ingredient in the human diet (Arshad, 2021). In Pakistan, wheat is grown on a total area of 9.18 million hectares (Chandio et al., 2016). Demand for wheat to feed a growing population is increasing gradually, but the land under cultivation of wheat is reducing regularly due to rapid urbanization and industrialization (Salem et al., 2016). In this alarming situation, there is a dire need to improve wheat production per unit area from existing land (Kiome, 2003). In spite of the best efforts and intensive research, farmers have failed to exploit the impending yield of high-yielding wheat cultivars. One of the key reasons for low yield in Pakistan is the low use efficiency of fertilizers and salinity (Syed et al., 2021). By altering the existing fertilizers into more efficient fertilizers, this gap in the existing yield of a cultivar can be narrowed down. Millions of people and various soils around the world suffer from micronutrient deficiency affecting human health. As a result of a soil test, fertilization of soils deficient in nutrients with micronutrients separately and with nitrogen, phosphorous, and potassium (NPK) increases crop yield. As there is less synchronization between fertilizer release and crop demand during the growth period, fertilizer use efficiency by crops is nearly about 50%.

Nanotechnology has the potential to play an important role in changing agriculture and food production around the world in the coming years. The consumption of food deficient in micronutrients adversely affects human health, resulting in major health issues like reduction of growth, anemia, reproductive health, and decreased mental and physical performance (Swaminathan et al., 2013). Nanotechnology is a multidisciplinary and quickly evolving field in science and technology which involves the manufacturing, processing, and application of nano-sized associations of atoms and molecules (Tran et al., 2005). Nanoparticles (NPs) are materials with at least one dimension and a size less than 100 nm (Powers et al., 2006). Nanotechnology has a clear position in transforming agriculture and food production and the capability to modify conventional agricultural practices. Most of the agrochemicals applied to the crops do not reach the target site and are lost due to several environmental factors including leaching, drifting, hydrolysis, photolysis, and microbial degradation. The development of nanosensors can be useful to know the required amount of farm inputs such as fertilizers and pesticides. They can also detect the level of soil moisture and soil nutrients. Plants can rapidly absorb nano-fertilizers. Nano-encapsulated slow-release fertilizers can save fertilizer consumption and minimize environmental pollution. Nano-fertilizer is formulated in a controlled manner to allow the release of the nutrients according to crop needs and inhibits nutrient interaction with microorganism, water, and soil which cause immobilization of nutrients (Derosa et al., 2010). NPs can be used as fertilizers to make their release in a controlled pattern such that the nutrients are only taken up by the plant and not lost to unintentional targets like soil, water, and microorganisms. The coating of nanomaterial on chemicals, such as fertilizers and pesticides, is an important use of nanotechnology (Chen and Yada, 2011). Among different nutrients required for wheat growth, zinc (Zn) is a vital micronutrient that is mandatory for the ideal growth of wheat such as increased grain yield, and dry matter production in wheat plants by the application of Zn is observed (Modaihsh, 1997; Imtiaz et al., 2003; Ozkutlu et al., 2006). Zn is valuable to increase the yield components of wheat (Kaya et al., 2002; Singh et al., 2004) and it will be helpful in improving the water use efficiency of plants if applied in an adequate amount (Bagci et al., 2007). Genc et al. (2006) reported that Zn is useful in carrying out important functions in plant metabolism, and its deficiency causes a number of harmful effects on plant growth. Zn is an important essential element in controlling plant enzymatic systems. ZnO NPs are preferably soluble, approachable, and responsive as compared to ZnO conventional fertilizer because of its size in nanoscale and more specific surface area (Borm et al., 2006). Therefore, replacing the Zn conventional fertilizer with ZnO NPs could be helpful in increasing the availability of Zn for crop nutritional demands in Zn-deficient soils.

Zn can be directly applied to the soil in organic and inorganic forms. Due to high solubility and low cost, zinc sulfate (ZnSO4) is the most commonly applied inorganic source of Zn. There are numerous forms in which Zn can be applied to soils including ZnO, Zn-EDTA, and Zn-oxysulfate (Cakmak, 2008). The use of artificial ZnO NPs can be helpful in enhancing the fertilizer use efficiency and may have a positive effect on the environment, e.g., decreased use of energy and fertilizer.

Keeping in view the background considerations, an experiment was planned with the following objectives: to determine the effect of ZnO NPs on physiological parameters of wheat under saline conditions and to compare the effects of ZnO NPs and ZnSO4 (conventional fertilizer) under both saline and non-saline conditions on wheat.



Materials and methods


Collection and preparation of soil

A pot experiment was conducted at the research area of the Institute of Soil and Environmental Sciences (ISES), University of Agriculture, Faisalabad (31.4278°N, 73.0758°E), Pakistan, in 2016–2017. Soil samples were collected from the research area of ISES. The soil was air-dried and ground to pass through a 2.0-mm sieve and thoroughly mixed and homogenized. An amount of 12 kg soil was added to each pot with a height of 18 inches and 12 inches wide. Treatment calculations were made for 12 kg of soil for the pot experiment. Recommended doses of treatments were applied at the time of sowing. Irrigation was given by a hand sprayer. The plant physiological parameters were measured at vegetative and harvesting stages, while chlorophyll contents were measured at harvesting. Physical and chemical characteristics of the soil (Table 1) indicated that the soil was non-saline/sodic (ECe = 2.14 dSm–1) with a pH 7.35. The textural class of the soil was sandy loam and the saturation percentage of the soil was 29%.


TABLE 1    Physico-chemical properties of soil taken for experiment.

[image: Table 1]

Applied treatments were T1: without fertilizer application (control), T2: N:P:K (150:100:60 kg ha–1) + Salinity (10 dS m–1), T3: N:P:K (150:100:60 kg ha–1), T4: Zn Bulk (0.06 g) + N:P:K (150:100:60 kg ha–1) + Salinity (10 dS m–1), T5: Zn Bulk (0.12 g) + NPK (150:100:60 kg ha–1) + Salinity (10 dS m–1), T6: Zn Nano (0.06 g) + NPK (150:100:60 kg ha–1) + Salinity (10 dS m–1), and T7: Zn Nano (0.12 g) + NPK (150:100:60 kg ha–1) + Salinity (10 dS m–1).

Basal doses of NPK were applied with fully recommended doses (150:100:60 kg ha–1) to each pot except T1 (control) at the start of the experiment. The ZnO NPs were applied at the time of sowing. The sources of NPK were urea, di-ammonium phosphate, and sulfate of potash, respectively.

The experiment was planned according to a completely randomized design (CRD) under seven treatments with three replications. Eight seeds of wheat variety (Gemmieza) were sown in each pot. According to the treatment plan, Zn NPs were applied at two different levels of 0.06 g and 0.12 g on treatments (T6 and T7) and Zn fertilizer (bulk) was applied at two different levels of 0.06 g and 0.12 g (T4 and T5), whereas salinity was produced and maintained at the rate of 10 dS m–1 in (T2, T4, T5, T6, and T7). The irrigation was carried out after every 15 days and whenever required. The amount of irrigation applied was 300 ml per pot up to the vegetative stage. After the vegetative stage, the amount of irrigation was increased to 500 ml. Wheat was harvested on 15 April 2017.



Preparation of zinc oxide nanoparticles

Zinc oxide (ZnO) NPs were prepared by the precipitation method (Hsieh, 2007) for which ZnSO4 (0.25 M) and NaOH (0.5 M) were used in the ratio of 1:2. ZnSO4 (0.25 M) was prepared by dissolving 17.97 g ZnSO4 in 250 ml distilled water. NaOH (0.5 M) was prepared by dissolving 5g NaOH in 250 ml distilled water. ZnSO4 solution was taken in a 500-ml beaker and placed on a water bath. The temperature of the water bath was maintained at 65°C. NaOH (0.5 M) solution taken in the burette was added dropwise in ZnSO4 solution. The pH was maintained at 5.5. The solution was stirred continuously, while the dropping speed was constant during the whole procedure. The reaction is given as follows (Sheela et al., 2012):

[image: image]

The stirring process continued until fine ZnO precipitates were obtained; stirring helps in increasing the quality of precipitates. At the end of the reaction, ZnO precipitates were formed in the bottom of the flask. The effluent was discarded and precipitates were washed out with the help of ethanol or washed with distilled water two to three times and then filtered. For drying purpose, these precipitates were placed in a vacuum oven for 6 h at 60–70°C. These dried precipitates obtained in nanoscale were called “ZnO NPs.” The crystalline structure of the ZnO NPs was confirmed by the X-ray diffraction technique and the size of the nanoparticles was determined using UV-visible absorption spectroscopy by using an equation derived from the effective mass model (Talam et al., 2012). The average particle size of synthesized NPs was 53.79 nm.

Diethylenetriaminepentaacetic acid (DTPA) 1.97 g was added to 800 ml distilled water and then added 2 ml 1:1 ammonium hydroxide (NH4OH) to facilitate dissolution and to prevent bubbliness when bicarbonate is added to obtain 0.005 M DTPA. When most of the DTPA was dissolved, 79.06 g of ammonium bicarbonate (NH4HCO3) was added and stirred gently until dissolved. The pH was adjusted at 7.6 with 6N HCl to make 1 L volume with deionized (DI) water. An amount of 10 g air-dried soil (sieved with 2 mm mesh) was weighed into a 125-ml Erlenmeyer flask, and a 20-ml extracted solution was added. Flask was shaken for 2 h on a reciprocal shaker. The suspension was filtered out by using Whatman filter paper No. 42. According to the instructions provided for the use of the equipment, atomic absorption spectrophotometer (UNICAM 969, Unicam, Cambridge, United Kingdom) was operated. Suitable standards were run (Zn: 0, 0.2, 0.4, 0.6, 0.8, and 1 ppm) and prepared a calibration curve. Micronutrient cation was measured in the samples (soil extracts) by atomic absorption spectrophotometer using an appropriate lamp for each element. Then, micronutrient cation concentrations were recorded according to the calibration curve.

The calculation was performed according to the standard scientific procedures given by Ryan et al. (2001).

Micronutrient cation (ppm) = ppm cation from calibration curve × dilution factor



Determination of plant parameters

Plant height was recorded at vegetative and maturity stages. The height was recorded with the help of a meter rod from the point where the stem begins to the upper tips of the shoot (vegetative stage) and spike (maturity stage) of the plant and then averaged.

Spike length was recorded at maturity of the crop. The length was recorded with the help of a meter rod from the point where the spike begins to the upper tip of the spike of the plant and then averaged.

Chlorophyll a and b were calculated according to Arnon (1949) using 500 mg of fresh leaf extracted overnight with 80% acetone and centrifuged at 10,000 rpm for 5 min. The second leaf from the apex was measured at three different positions for chlorophyll contents and then averaged.

Shoot fresh weight was measured as follows. At vegetative and maturity stages, plants per pot were harvested, and immediately their fresh weight was recorded with the help of electrical balance. Shoot dry weight was measured as follows. At vegetative and maturity stages, plants from each pot were harvested and air-dried for 2 days. Then, the samples were placed in an oven at 65°C for 1 week. After oven drying, shoot dry weight was recorded with the help of an electrical balance. Root fresh weight was measured as follows. After taking roots from pots, they were immediately weighed on an electrical balance. Root dry weight was measured as follows. Roots were air-dried for 2 days and then placed in an oven at 65°C for 1 week. After oven drying, root dry weight was recorded in grams using an electrical balance (Chyo MJ-3000) in lab. Grains and shoot samples were collected for analysis and then air-dried. After air-drying, samples were placed in an oven (EYELA, WFO-600 ND) for oven drying at 65°C. After oven drying, the samples were ground to a fine powder in a sample grinder fitted with stainless steel blades. Ground samples were stored in polythene zip bags for analysis.

Harvest index (HI) was calculated by the following formula (Sharma and Smith, 1986):

Harvest index (%) = Grain yield/Biological yield × 100.



Statistical analysis

Data for different growth and yield attributes were collected and analyzed statistically using the software “Statistix 8.1® “ version and means were compared using an least significant difference (LSD) test (Steel et al., 1997) at a 5% probability level.




Results


Effect of zinc oxide nanoparticle on plant height

The effect of ZnO NPs on plant height varied significantly among different concentrations of applied fertilizers. Figure 1 designates the effect of foliar application of Zn NPs on wheat height. The data regarding plant height showed that ZnO NPs significantly increased plant height at vegetative and maturity stages compared to other treatments such as maximum plant height at the vegetative stage (54.4 cm) with an increase of 34.6% and at the maturity stage (96.5 cm) with an increase of 37.4% was recorded with ZnO NPs (T7) compared to control (T1) treatment (Figure 1). However, ZnO NPs (T6) also performed better with a plant height of 52.1 cm at the vegetative stage, followed by T5 (50.5 cm), and at the maturity stage (88.5 cm) and (86.5 cm); however, the control treatment showed plant heights of 40.4 cm at the vegetative stage and 70.2 cm at the maturity stage (Table 2).
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FIGURE 1
Effects of different treatments on plant heights under salinity stress. Different letters indicate a significant difference by Duncan’s multiple range tests at p < 0.05. Values are means ± SE (n = 3). T1: without fertilizer application (control), T2: N:P:K (150:100:60 kg ha– 1) + Salinity (10 dS m– 1), T3: N:P:K (150:100:60 kg ha– 1), T4: Zinc Bulk (0.06 g) + N:P:K (150:100:60 kg ha– 1) + Salinity (10 dS m– 1), T5: Zinc Bulk (0.12 g) + NPK (150:100:60 kg ha– 1) + Salinity (10 dS m– 1), T6: Zinc Nano (0.06 g) + NPK (150:100:60 kg ha– 1) + Salinity (10 dS m– 1), and T7: Zinc Nano (0.12 g) + NPK (150:100:60 kg ha– 1) + Salinity (10 dS m– 1).



TABLE 2    Wheat physical parameters under different doses of Zn application.

[image: Table 2]



Root fresh and dry weights

Root fresh and dry weights varied significantly among different concentrations of ZnO NPs and Zn bulk treatments. Figure 2 designates the effect of different concentrations of foliar application of ZnO NPs on root fresh and dry weights of wheat. Figure 2 shows that salt stress decreased yield per plant and thousand-grain weight of wheat in T2 treatment. However, with the addition and increase in ZnO NPs concentration, root fresh and dry weights increased which ultimately increased the wheat yield. Root fresh and dry weights varied noticeably among different ZnO NPs concentrations under saline condition (Figure 2). The highest root fresh weight (5.71 g) and dry weight (4.88 g) were obtained under the highest ZnO NPs concentration (T7) compared to the control treatment (3.31 g) and (3.08 g), respectively; however, the lowest was observed with T3 (Figure 2). In both ZnO NPs treatments, with an increase in ZnO NPs from 0.06 g to 0.12 g, root fresh and dry weights also increased; in contrast, the lowest obtained under salinity with no Zn applied T2 treatment followed by T4, T5, T3, and T6, respectively (Table 2).
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FIGURE 2
Effects of different treatments on root fresh and dry weights under salinity stress. Different letters indicate a significant difference by Duncan’s multiple range tests at p < 0.05. Values are means ± SE (n = 3). T1: without fertilizer application (control), T2: N:P:K (150:100:60 kg ha– 1) + Salinity (10 dS m– 1), T3: N:P:K (150:100:60 kg ha– 1), T4: Zinc Bulk (0.06 g) + N:P:K (150:100:60 kg ha– 1) + Salinity (10 dS m– 1), T5: Zinc Bulk (0.12 g) + NPK (150:100:60 kg ha– 1) + Salinity (10 dS m– 1), T6: Zinc Nano (0.06 g) + NPK (150:100:60 kg ha– 1) + Salinity (10 dS m– 1), and T7: Zinc Nano (0.12 g) + NPK (150:100:60 kg ha– 1) + Salinity (10 dS m– 1).




Chlorophyll contents

The effect of ZnO NPs on chlorophyll contents varied significantly among different concentrations of applied fertilizers. Figure 3 designates the effect of different concentrations of foliar application of ZnNPs on chlorophyll contents.
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FIGURE 3
Effects of different treatments on chlorophyll contents under salinity stress. Different letters indicate a significant difference by Duncan’s multiple range tests at p < 0.05. Values are means ± SE (n = 3). T1: without fertilizer application (control), T2: N:P:K (150:100:60 kg ha– 1) + Salinity (10 dS m– 1), T3: N:P:K (150:100:60 kg ha– 1), T4: Zinc Bulk (0.06 g) + N:P:K (150:100:60 kg ha– 1) + Salinity (10 dS m– 1), T5: Zinc Bulk (0.12 g) + NPK (150:100:60 kg ha– 1) + Salinity (10 dS m– 1), T6: Zinc Nano (0.06 g) + NPK (150:100:60 kg ha– 1) + Salinity (10 dS m– 1), and T7: Zinc Nano (0.12 g) + NPK (150:100:60 kg ha– 1) + Salinity (10 dS m– 1).


Figure 3 shows that salt stress decreased chlorophyll a, b and total content of wheat. However, with an increase in ZnO NPs concentration, chlorophyll content increased gradually. The amount of chlorophyll a and total chlorophyll varied noticeably among different ZnO NP concentrations under saline condition (Figure 3). The highest content of chlorophyll a (1.86 mg g–1) and b (1.03 mg g–1) was obtained under the highest ZnO NP concentration (T7) compared to control treatment (1.49 mg g–1) and (0.92 mg g–1), respectively; however, the lowest was observed with T2 (Figure 3). In both ZnO NP treatments, with an increase in ZnO NPs from 0.06 g to 0.12 g, the content of chlorophyll a, b and total also increased. The highest total chlorophyll content was found in ZnO NPs 0.12 g (T7) under salinity; in contrast, the lowest was obtained with T2 treatment followed by T4, T1, T3, and T5, respectively (Table 2).



Yield per plant and 1,000 grain weight

The application of ZnO NPs on grain yield per plant and thousand-grain weight varied significantly among different concentrations of ZnO NPs and Zn bulk treatments. Figure 4 designates the effect of different concentrations of foliar application of ZnO NPs on yield per plant and thousand-grain weight. Figure 4 shows that salt stress decreased grain yield per plant and thousand-grain weight of wheat. However, with the addition and increase in ZnO NPs concentration, yield per plant increased which ultimately increased thousand-grain weight. Grain yield per plant and thousand-grain weight varied noticeably among different ZnO NPs concentrations under saline condition (Figure 4). The highest yield per plant (45.33 g) was obtained under the highest ZnO NPs concentration (T7) compared to the control treatment (36.7g); however, the lowest was observed with T3 (Figure 4). In both ZnO NPs treatments, with an increase in ZnO NPs from 0.06 g to 0.12 g, yield per plant and thousand-grain weight increased (Table 2). The highest thousand-grain weight (55.3 g) was found with ZnO NPs 0.12 g (T7) under salinity; in contrast, the lowest was obtained with T3 treatment followed by T2, T1, T5, and T4, respectively.
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FIGURE 4
Effects of different treatments on grain yield per plant and 1,000 grain weight under salinity stress. Different letters indicate a significant difference by Duncan’s multiple range tests at p < 0.05. Values are means ± SE (n = 3). T1: without fertilizer application (control), T2: N:P:K (150:100:60 kg ha– 1) + Salinity (10 dS m– 1), T3: N:P:K (150:100:60 kg ha– 1), T4: Zinc Bulk (0.06 g) + N:P:K (150:100:60 kg ha– 1) + Salinity (10 dS m– 1), T5: Zinc Bulk (0.12 g) + NPK (150:100:60 kg ha– 1) + Salinity (10 dS m– 1), T6: Zinc Nano (0.06 g) + NPK (150:100:60 kg ha– 1) + Salinity (10 dS m– 1), and T7: Zinc Nano (0.12 g) + NPK (150:100:60 kg ha– 1) + Salinity (10 dS m– 1).




Grain yield and harvest index

The application of ZnO NPs on grain yield ha–1 and HI varied significantly among different concentrations of ZnO NPs and Zn conventional fertilizer treatments. Table 2 designates the effect of different concentrations of foliar application of ZnO NPs on grain yield ha–1 and HI. Table 2 shows that salt stress decreased grain yield and HI of wheat. However, with the addition and increase in ZnO NP concentration, grain yield increased which ultimately increased HI. Grain yield and HI varied noticeably among different ZnO NP concentrations under saline condition (Table 2). The grain yield (4.99 Mg ha–1) was obtained under the highest ZnO NP concentration (T7) compared to the control treatment (3.51 Mg ha–1); however, the lowest (2.11 Mg ha–1) was observed with T2 (Table 2). In both ZnO NP treatments, with an increase in ZnO NPs from 0.06 g to 0.12 g, grain yield and HI increased (Table 2). The highest HI (0.35) was observed in ZnO NPs 0.12 g (T7) under salinity; in contrast, the lowest (0.22) was obtained with T2 treatment.




Discussion

Nanotechnology is a multidisciplinary and quickly evolving field in science and technology which involves manufacturing, processing, and application of nano-sized associations of atoms and molecules (Tran et al., 2005). NPs are materials with at least one dimension and a size of less than 100 nm (Powers et al., 2006). NPs can be used as fertilizers to make their release in a controlled pattern such that the nutrients are only taken up by the plant and are not lost to unintentional targets such as soil, water, and microorganisms. The coating of nanomaterial on chemicals such as fertilizers and pesticides is an important use of nanotechnology (Chen and Yada, 2011). ZnO NPs are preferably soluble, approachable, and responsive as compared to ZnO conventional fertilizer because of its size in nanoscale and more specific surface area (Borm et al., 2006). Therefore, replacing the Zn fertilizer with ZnO NPs could be helpful in increasing the availability of ZnO for crop nutritional demands in Zn-deficient soils.

The application of ZnO NPs at the time of sowing significantly increased the plant height compared to Zn bulk (Table 2) (Prasad et al., 2012).

The data regarding the effect of ZnO NPs on shoot length indicated that the application of ZnO NPs showed a better response for shoot length at the maturity stage as compared to Zn bulk (Hosseini and Maftoun, 2008).

The results for the spike length of this research were similar to the results of Rizwan et al. (2019) who reported that the spike length of wheat increased significantly by Zn NPs application. Zn bulk treatments showed less root fresh matter production than that of ZnO NPs and caused more loss of fertilizer and remained less available for plants (Ellison et al., 2013). In the case of ZnO NPs, the fertilizer was released slowly and fulfilled the crop Zn need (Trenkel, 2010), and increased the root fresh matter due to more moisture contents because both Zn and nano-sized ZnO NPs favor moisture retention in plants (Lau and Sarkar, 1984).

Zn can be directly applied to soil in both organic and inorganic forms. Due to high solubility and low cost, ZnSO4 is the most commonly applied inorganic source of Zn. There are numerous forms in which Zn can be applied to soils which include ZnO, Zn-EDTA, and Zn-oxysulfate (Cakmak, 2008). The use of artificial ZnO NPs can be helpful in enhancing the fertilizer use efficiency and may have a positive effect on the environment, e.g., decreased use of energy and fertilizer. Nano-fertilizer is formulated in a controlled manner to allow the release of the nutrients according to crop needs and inhibits nutrient interaction with microorganism, water, and soil which cause immobilization of nutrients (Derosa et al., 2010).

The results designated that chlorophyll contents, plant height, leaf area, shoot and root fresh and dry weights, and the concentration of Zn in soil decreased under saline conditions. The key inhibitory result of salinity on plant growth parameters and grain yield may be due to specific ion toxicity, osmotic effect, and nutritional imbalance, which results in a reduction in photosynthetic proficiency and other physiological disorders.

The critical concentration range of Zn may differ for different crop plants. Critical Zn concentration lies between 15 and 20 μg g–1 in young leaves of crops (Hafeez et al., 2013). However, Zn deficiency may occur at 7–30 μg g–1, depending upon plant species and stage of growth and development (Reuter and Robinson, 1997). Critical concentration (on a dry weight basis) in the young expended leaves for the diagnosis of Zn deficiency ranges from 11 to 14 μg g–1 in wheat. Zn deficiency symptoms are first appeared in the young leaves, demonstrating the low phloem movement of Zn in most of the plant species. In broad-leaf crop plants, reduced internodal length, known as resetting, is also accompanied by small leaves.

The application of Zn NPs on plant height, chlorophyll content, shoot and root dry matter, grain yield, thousand-grain weight, and Zn concentration in soil was significant under saline stress. Salt stress reduced all the above traits under salinity. Moreover, salinity also decreased the percentage of these traits. The application and increased concentration of Zn NPs alleviated the negative effects of salinity, which is revealed in increased plant height and grain yield. Less root fresh matter was produced than in treatments in which both NPK and Zn were applied in the form of ZnO NPs as Zn is an essential element for plant growth (Havlin and Benson, 2006).

Zinc oxide (ZnO) NPs made a slow release of fertilizer and enhanced the bioavailability of Zn for plants which increased plant growth, plant dry matter, and root fresh and dry matter. The treatments where Zn was not applied showed less root dry matter production than Zn applied treatment (Ellison et al., 2013). In the case of ZnO NPs, ZnO was constantly released due to coated urea and fulfilled the crop need for ZnO (Trenkel, 2010) and increased the root dry matter and grain yield due to more moisture contents because ZnO NPs favor moisture in plants (Lau and Sarkar, 1984).

Zinc (Zn) NPs showed a better response in increasing root dry matter production than control and also than other treatments in which Zn bulk treatment was applied, and this might be due to the reasons that ZnO NPs improved the fertilizer use efficiency and Zn is an essential micronutrient for plant growth (Havlin and Benson, 2006). The effect of ZnO NPs on the plant height, chlorophyll contents, shoot and root dry weights, and grain yield varied significantly between different concentrations of ZnO NPs and Zn bulk treatments. The values of all these traits for Zn NPs were greater than those for Zn bulk. In addition, there is a significant difference between the two levels of Zn NPs in terms of plant height, chlorophyll contents, and grain yield. The response of higher levels of ZN NPs was more considerable than that of low levels, which have been shown in the overall dry matter of wheat.



Conclusion

Nanotechnology has a great potential for achieving sustainable agriculture. Zn NPs performed better compared to conventional Zn fertilizers. ZnO NPs significantly increased the physical parameters of wheat compared to control under salt stress. Application of ZnO NPs (0.12 g pot–1) increased chlorophyll A and B contents, plant height at vegetative and maturity stages, shoot and spike lengths, and root fresh and dry weights which ultimately increased grain yield. Although the application of conventional fertilizers enhanced wheat physical parameters under saline conditions, Zn NPs had more prominent effects on wheat physical parameters and chlorophyll contents. Therefore, in saline agricultural systems, the application of Zn NPs is a better option for increasing crop productivity.
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Cropland reactive nitrogen losses (Nr) are of the greatest challenges facing sustainable agricultural intensification to meet the increases in food demand. The environmental impacts of Nr losses and their yield responses to the mitigation strategies were not completely evaluated. We assessed the environmental impacts of Nr losses in China and coupled the efficiency of mitigation actions with yield responses. Datasets about Nr losses in China were collected, converted into potentials of acidification (AP), global warming (GWP), and aquatic eutrophication (AEP), and analyzed by a meta-analysis program. Results showed that producing 1 Mg of rice grains had the highest AP (153 kg acid equiv.), while wheat had the highest GWP and AEP (74 kg CO2 equiv. and 0.37 kg PO4 equiv., respectively). Using the conventional rates (averagely, 200, 230, and 215 kg N ha−1) of urea as a surface application to produce 131.4, 257.2, and 212.1 Tg of wheat, maize, and rice resulted in 17–33 Tg, 7–10 Tg, and 6–87 Gg of AP, GWP, and AEP, respectively. For their balanced effect on reducing AP, GWP, and AEP while maximizing yields, inhibitors, and subsurface application could be set as the best mitigation strategies in wheat production. Inhibitors usage and biochar are strongly recommended strategies for sustainable production of maize. None of the investigated strategies had a balanced effect on rice yield and the environment, thus new mitigation technologies should be developed.

KEYWORDS
acidification, global warming, aquatic eutrophication, nitrogen fertilizer, mitigation strategies, meta-analysis


Introduction

The grain crops (wheat, maize, and rice) are the main sources of energy and food worldwide. China is the main contributor to these crops' production by 17.9, 22.9, and 28.1%, respectively (F. A. O., 2020). However, wheat, maize, and rice represented only 11.3, 21.4, and 18.4%, respectively, of the global harvested area, which indicates an agricultural intensification of these crops in China that consumes 30% of the global produced reactive nitrogen (F. A. O., 2020). Ensuring global food security by maximizing yields while mitigating the environmental costs is a great challenge to agriculture production. This challenge is expected to grow soon because of the doubled increase in food demand by 2050 against a backdrop of growing competition for water, land, energy, labor, and climate change (Tilman et al., 2011). Reactive nitrogen (Nr) is a crucial nutrient for agricultural production and world feeding. Main source of Nr in agriculture sector is Haber–Bosch N fixation (HBNF) (Bodirsky et al., 2014). Globally, HBNF supplied ~108 Tg of Nr to agricultural uses, of which 30% is used by the main staple crops (wheat, maize, and rice) in China in 2018 (F. A. O., 2020). In parallel, the area of these crops in China represents only 9% of the world's producing area (F. A. O., 2020; Wang et al., 2020). The use efficiency of Nr decreased from 65% in 1961 to 25% in 2010, which indicated that a great amount of Nr (~270 kg N ha−1 yr−1) is being lost to the environment (Lassaletta et al., 2014). Thus, in addition to the substantial contribution of Nr in increasing food production in China, it has come at enormous environmental and economic costs (Chen et al., 2014). In monetary terms, Nr-induced pollution is assessed to cause damage to global gross domestic product by the magnitude of 0.3–3% (Sutton et al., 2013). The fates of Nr losses to the environment have been intensively assessed through emissions (NH3 and N2O gases) or leaching ([image: image]) (Bodirsky et al., 2014; Gu et al., 2015). Emissions of ammonia (NH3) and nitrous oxide (N2O) presented 7.6 and 0.2 Tg, respectively, of the total Nr (HBNF) losses that applied to the three main crops in 2018 (Abdo et al., 2020; Garba et al., 2021).

The emitted NH3 is the main air pollutant that contributes to acidification by forming acidic compounds (sulfate and nitrate aerosols) in the atmosphere, which is then rained out (acid rain) (Ye et al., 2011; Lindley et al., 2019). Anhydrous ammonia reacts with sulfur dioxide (SO2) and forms soluble (NH4)2 SO2 in atmospheric water vapor, which is the main source of N deposition (Vance and Peters, 2010; Liu et al., 2019). Agriculture production intensification with synthetic N fertilizers as the main input becomes a major source of global N2O emissions by 60% (Tian et al., 2020). Nitrous oxide (N2O) is a long-lived greenhouse gas and stratospheric ozone-depleting compound with an atmospheric lifetime of 116 ± 9 years (Prather et al., 2015). Aquatic eutrophication is the undesired growth of biomass production in aquatic ecosystems under higher nutrient inputs causing a shift in species ecosystems (Brentrup et al., 2004). Nitrate leaching is the main fate for diffuse N emission to aquatic ecosystems (groundwater) from soils (Wang et al., 2019b). There are no direct measures for the induced acidification (AP), global warming (GWP), and aquatic eutrophication (AEP) by Nr losses from agriculture production and none has indirectly quantified them previously. Therefore, the core idea of the current work was to address the environmental impacts of Nr losses as potentials of AP, GWP, and AEP.

A number of key mitigation strategies have been adopted to attenuate the trade-off between Nr pollution and food availability (Bodirsky et al., 2014; Chen et al., 2014). These mitigation actions included reducing the N rate, using controlled release fertilizers and inhibitors, deep placement, organic amendments, mulch, and biochar (Wang et al., 2014; Abdo et al., 2020). Although the mitigation strategies have shown the potential of reducing Nr losses and the related environmental hazards, they still have debates on increasing crop production parallelly (Huang et al., 2016; Adalibieke et al., 2021). Contrarily, setting integrated crop-soil system management actions based on a modern understanding of soil biogeochemistry and crop ecophysiology could optimize yield while reducing Nr losses (Chen et al., 2014). Additionally, the changes in crop yield in response to a mitigation strategy have been neglected in some studies that quantify the abatement costs of Nr losses (Zhang et al., 2020). Here, this study hypothesized that the direct losses of Nr applied to main crops are linked with serious and substantial environmental hazards. In addition, the mitigation strategies of these losses may be effective with one source but not another and can affect the yields that lower their applicability. Therefore, the current study aimed the quantification of AP, GWP, and AEP potentials induced by nitrogen fertilizers' application for wheat, maize, and rice production in China and the driving factors. Also, this study aimed at coupling the changes in yield and the mitigation strategies of AP, GWP, and AEP to choose the optimal actions for future planning.



Materials and methods

Data visualization meta-analysis, statistical analysis, figures, and forest plots were implemented using R version 4.0.2 (R Core Team, 2015) and OriginLab 2021b.


Literature review and data collection

A systematic search was used to collect a wide range of studies covering almost management practices and diverse environmental conditions to minimize bias. The publication screening was cut-off on 5 September 2021. The peer-reviewed papers were collected from Web of Science, Google Scholar, Elsevier's Scopus, and China National Knowledge Infrastructure (CNKI) due to their broad coverage and capacity to carry out intricate search strings. The keywords (ammonia emission or volatilization, nitrous oxide emission, nitrate leaching, environmental impact assessment, nitrogen fertilizers, acidification, global warming, and aquatic eutrophication) were used to screen databases. More than 600 papers were screened and 204 papers were selected (Data S1) with 1,893 datasets. These datasets were assessed for their relevance to the current study by the inclusion of the following criteria:

i. Experimental details include study location, type, setup year, replicates number, crop type (maize, wheat, and rice), climatic conditions (air temperature and precipitation), and soil parameters [pH, soil organic matter content (SOM) clay content, and total nitrogen content (STN)]. Field and lysimeters studies only were included in the meta-analysis, while watershed-scale or modeling calculations and lab-based studies were excluded (Huddell et al., 2020).

ii. Agronomic practices such as fertilizer type (urea, other mineral N fertilizers, organic amendments, and slow released fertilizers), rate and application depth, irrigation and amendments including biochar, inhibitors (urease and nitrification inhibitors, mainly N-(n-butyl) thiophosphoric triamide dicyandiamide), and mulching.

iii. Accumulative seasonal Nr losses (NH3, N2O, and [image: image]) as a percentage or kg ha−1, grain yield (Mg ha−1), standard deviation (STD), and standard error (SE).

Data from the papers that fit our study criteria were extracted and input into the Microsoft excel 2013 package. The figures were digitized using the software Plot Digitizer to extract the numerical data that are not available in paper text (Huwaldt, 2015). Next, the missing data were completed. The sites of observations (Figure 1) were drawn using the “tmap” package (Tennekes, 2018). Almost wheat and maize studies came from Northern to Middle China and rice studies from Southern China with 60, 21, and 19% of tested NH3, N2O, and [image: image]. The trial site, year, crop type, and growth season period were used to extract the missing climatic data from China Meteorological Data Service Center (CMDC). Then, daily observations of temperature and precipitation were summed during the crop growth season to calculate the seasonal accumulation. The irrigation amount (mm) during growth season was summed with the seasonal precipitation (mm) to calculate the total water input as water load (mm). Missing data on soil properties (pH, SOM, STN, and clay) were collected using databases and other papers that have been carried out at the same experimental site. Missed STDs were imputed using SE, coefficient of variance (CV), p-values, confidence interval (CI), and t-values using the meta-analysis software (Borenstein et al., 2009; Nkebiwe et al., 2016), using the following equations (Equations 1–5):

[image: image]

[image: image]

[image: image]

[image: image]

[image: image]

Where n1 and n2 are sample sizes of treatments and control, [image: image] is the squared standard deviation of pooled effect size ([image: image]), SED is the standard error, VD is the variance of difference in means, W is the weight, ES is the effect size for each variable, τ is variance between groups, and k is the number of effect sizes within the group.
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FIGURE 1
 Map of the dataset sites collected in this study. The symbol color indicates the type of environmental impact and the size indicates observations number within each site (n = 1,030 sites for AP, n = 398 sites for GWP, n = 365 sites for AEP). AP is air acidification potential (Acid equiv. Mg−1 grains), GWP is the global warming potential (kg CO2 equiv. Mg−1 grains) and AEP is the aquatic eutrophication potential (kg PO4 equiv. Mg−1 grains).




Calculating the potentials of acidification, global warming, and aquatic eutrophication and grouping

First, the yield scaled Nr losses were calculated using the following equation [Equation 6 (Wang et al., 2014)]:

[image: image]

where Nri is the nitrogen losses (kg N ha−1) via i which represents NH3, N2O, or [image: image] and GY is the grain yield (Mg ha−1). Then, Nr losses were converted into AP [Equation 7 (Lindley et al., 2019)], GWP [Equation 8 (IPPC, 2006; Cui et al., 2013)], and AEP [Equation 9 (Seppäl et al., 2004)]:
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where AP is the acidification potential (Acid equiv. Mg−1 grains), GWP is the global warming potential (kg CO2 equiv. Mg−1 grains), and AEP is the aquatic eutrophication potential (kg PO4 equiv. Mg−1 grains). NrNH3, NrN2O, and [image: image] are the Nr losses through different sources (kg N Mg−1) and the equivalency factors for AP, GWP, and AEP are 58.75, 298, and 0.1, respectively.

After data completion and arrangement, datasets were grouped into three main groups (wheat, maize, and rice) including every three subgroups, which represent AP, GWP, and AEP.

Under each subgroup, datasets were classified based on N source into four categories including urea, other synthetic fertilizers (OCF), improved urea (IU, slow released fertilizers), and organic sources (OA). According to the previous studies, the conventional N rates ranged between 150 and 250, 200 and 260, and 170 and 260 kg N ha−1 for wheat, maize, and rice, respectively (Zhang et al., 2013; Chen et al., 2014; Tingyu et al., 2020). Therefore, the observations were categorized based on N rates into three groups representing 0 < R1 < 150 (the reduced N rate strategy), 150 < R2 < 250 (the conventional rate), and R3 > 250 (the excessive use scenario). The collected observations showed biochar, mulch, and inhibitors as common amendments that have been used to mitigate Nr losses. Thus, the datasets were grouped into those three amendments categories under the conventional N rate of urea as a common N fertilizer source in China (Abdo et al., 2020). Another important strategy for controlling Nr losses is the subsurface application; here, we divided the datasets into two groups (surface and subsurface applications) under R2 of urea.



Quality control of data

The quality control for raw and calculated data was implemented, wherein the normality test was done using the Shapiro–Wilk normality test at p < 0.05. The average SD/mean ratio was estimated using the bootstrap method to adjust the normality of non-normal distributed data (Jian et al., 2020). Publication bias at p > 0.05 was tested graphically using funnel plot “funnel” and the fail-safe number “fsn” functions in “metafor” (Viechtbauer, 2010). Heterogeneity was tested at p ≤ 0.05 using the “r2_ml” function in the R package “orchard.” The test confirmed that variations among pairwise comparisons were greater than the sampling error as all estimated effect sizes were located within the pooled ES and 95% confidence interval (CI) limits.



Averages of acidification, warming, and eutrophication potentials and driving factors

The meta-analysis was implemented after quality control for each pairwise comparison to calculate the effect sizes and pooled effect size of each group using the “escalc” function, R package METAFOR (Viechtbauer, 2010). Here, the effect sizes represent the difference in means between the treatment and control of each observation (Data S1), while pooled effect size was used for comparison between groups by combining one effect size of all datasets within the same group (Pathak et al., 2020). Random effect models were used to estimate the pooled effect sizes for their stability with a small standard error-based confidence interval (Rosenberg et al., 1997). First, we implemented the meta-analysis to calculate the overall means of AP, GWP, and AEP (kg Mg−1 grains) for each crop under R2 of urea.

The effects of environmental drivers (air temperature, water load, soil pH, SOM, STN, and clay content) on AP, GWP, and AEP were tested using a mixed-effects meta-regression model in the “glmulti” package in R. Each driver was expressed as the sum of Akaike weights in the regression model to select the important factors across models, wherein 0.8 was set as the cutoff between unimportant and important predictors (Terrer et al., 2016). The important drivers had a significant effect at p < 0.05.



Coupling the effects of mitigation strategies with yield responses

First, we performed a meta-analysis again incorporating mitigation strategies as moderators, given that AP, GWP, and AEP (kg Mg−1 grains) under urea, R2, surface application, and no amendments were the baselines to evaluate the effects of these strategies (Supplementary Figures 1A–D). In parallel, we assessed the effect of these strategies' actions on the grain yield of each crop through the meta-analysis to couple changes in crop production with reductions in AP, GWP, and AEP under each strategy (Adalibieke et al., 2021).

Second, we used the differences in means of baselines to calculate the total of AP (Tg), GWP (Tg), and AEP (Gg) in China (Equations 10, 11, and 12) as the sum of all Provinces (Supplementary Table 1):
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where AP, GWP, and AEP are the differences in means (kg Mg−1 grains) calculated by the meta-analysis. GY is the grain yield (Mg) of each crop in a province, i is the province number, k is the total number of provinces included in the calculations (31 Provinces), and 109 and 106 were used to convert kg to Tg and Gg, respectively.

Third, we calculated the effect of each strategy on yield and AP, GWP, and AEP as ratios of the baseline means (Equation 13):
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where Db and Ds are differences in means of baseline and a mitigation strategy, respectively. i refers to grain yield (Mg), or AP, GWP, and AEP (kg equiv. Mg−1). Positive values mean decreases down the baseline after implementing a mitigation strategy, while negative values mean that this strategy had an increasing effect over the baseline.

Fourth, we used these ratios to calculate the effect of each strategy on total yield (Tg) and AP, GWP, and AEP (Tg) in China (Equation 14):
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where Tb is the total yield (Tg) or AP, GWP, and AEP (Tg) under baselines and i refers to the strategy type which included two N rates (R1 and R3), three fertilizer types (OCF, IU, and OA), subsurface application, and three amendments (mulch, biochar, and inhibitors).




Results


Overall environmental impacts of reactive N losses

Producing 1 Mg grains of rice had the highest potential of acidification (153 kg acid equiv.) followed by wheat (131 kg acid equiv.), while maize had the lowest AP by 109 kg acid equiv. Mg−1 grains (Figure 2A). Also, maize had the lowest GWP (33 kg CO2 equiv. Mg−1 grains) followed by rice (35 kg CO2 equiv. Mg−1 grains), while wheat recorded the highest GWP (74 kg CO2 equiv. Mg−1 grains) (Figure 2B). Producing 1 Mg grains of wheat and maize had the highest AEP (0.37 and 0.34 kg PO4 equiv., respectively), while rice recorded the lowest AEP (0.03 kg PO4 equiv. Mg−1 grains) (Figure 2C).
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FIGURE 2
 (A) The overall acidification potential (Acid equiv. Mg−1 grains), (B) global warming potential (kg CO2 equiv. Mg−1 grains) and (C) aquatic eutrophication potential (kg PO4 equiv. Mg−1 grains) resulted from the meta-analysis program. These are the pooled effect sizes of each group calculated using the observations received urea fertilizers at conventional rates (between 150–250, 200–260, and 170–260 kg N ha−1 for wheat, maize and rice, respectively) and applied as surface application without any amendments.




Driving factors of Nr-induced environmental effects

Water load and temperature were the main drivers affecting AP in wheat and maize (Figures 3A,B) with a moderately weak relation (R2= 0.35 and 0.36, respectively), while in rice, the dominant drivers were water load, STN, and pH (R2= 0.35) (Figure 3C). The multiple-regression equations revealed that water load increased AP in maize and rice, while decreased AP in wheat (Figures 3A–C). Air temperature increased AP in wheat, while decreased AP in maize. Soil pH and STN increased AP in rice.


[image: Figure 3]
FIGURE 3
 (A–I) Model-averaged importance of the drivers controlling the changes in overall AP, GWP, and AEP. The importance was calculated based on the sum of Akaike weights by the model selection using AICc. To differentiate between the unimportant and important drivers, we set 0.8 as the cutoff (dashed line). T is the overall temperatures during the growth season (°C). WL is the water load (mm) during season calculated by summation of precipitation (mm) and irrigation (mm). SOM is the soil organic matter content (g kg−1). STN is the soil total nitrogen (g kg−1) and clay is the soil clay content (g kg−1). The upper equations are mixed-effects meta-regression models at p < 0.05 and R2 is the relation strength.


Water load reduced GWP in wheat and maize as the sole environmental driver with moderate relation (R2= 0.36 and 0.56, respectively) (Figures 3D,E). Besides the negative effect of water load, soil clay content and SOM were the main environmental drivers affecting the GWP in rice with a moderately strong correlation (R2= 0.68) (Figure 3F). Clay content decreased GWP, while SOM increased it. The water load was a dominant driver of GWP in rice with a negative effect.

Air temperature and water load were the dominant factors affecting AEP in wheat positively with moderate strong relation (R2= 0.61) (Figure 3G). The regression model showed an increasing effect of water load and decreasing effect of clay content on AEP in maize (Figure 3H). Water load followed by SOM were the main drivers of AEP changes in rice with a reduction effect and strong relation (R2= 0.69) (Figure 3I).



Coupling environmental impacts and crop yield under the mitigation actions


Wheat

Producing 131.4 Tg of wheat grains in 2018 was coupled with 17.3 Tg acid equiv., 9.8 Tg CO2 equiv., and 48.6 Gg PO4 equiv. of AP, GWP, and AEP, respectively (Pie chart, Figure 4). Decreasing N application rate lowered the AP, GWP, and AEP by 5.7 Tg, 2.0 Tg, and 22.4 Gg, respectively, but was coupled with the minimum yield (59.4 Tg) (Figures 4A–C). In contrast, the increased N rate scenario resulted in the highest AP (4.9 Tg) and AEP (48.6 Tg) coupled with yield increment (7.2 Tg) but not much like the yield reductions under low N rates. Replacing urea with other mineral fertilizers reduced AP by 4.6 Tg and maximized GWP by 11.5 Tg, while was coupled with yield reduction by 20.3 Tg. The improved urea strategy resulted in the minimum AP, GWP, and AEP (9.9, 8.6, and 37.8 Gg, respectively), and also reduced the grain yield by 7.7 Tg. Partial replacement of urea by organic amendments reduced AP, GWP, and AEP and decreased yield slightly. Mulch strategy maximized yield by 31.5 Tg and reduced AP and AEP significantly, but increased GWP by 2.7 Tg. Using inhibitors and subsurface applications were the best strategies to reduce AP, GWP, and AEP notably and at the same time maximized the yield by 61.6 and 20.8 Tg, respectively.


[image: Figure 4]
FIGURE 4
 Coupled yield production and environmental impacts in wheat crop. Pie chart refers to the total produced grains (Tg) under the conventional practices (using urea fertilizer at conventional rates with surface application and no amendments) and the total coupled AP (Tg Acid equiv.), GWP (Tg CO2 equiv.) and AEP (Gg PO4 equiv.). Column figures refer to the coupled changes in yield and AP (A), GWP (B), and AEP (C) as responded to each strategy. These strategies are reduced N rate (R1), increased N rate scenario (R3), other synthetic fertilizers (OCF), improved urea (IU, slow released fertilizers), organic sources (OA), subsurface application (Sub) and uses of mulch, biochar and inhibitors.




Maize

Producing 257.2 Tg of maize grains in 2018 was coupled with 27.9 Tg acid equiv., 8.4 Tg CO2 equiv., and 87.4 Gg PO4 equiv. of AP, GWP, and AEP, respectively (Pie chart, Figure 5). Reducing urea rate or replacing by other mineral fertilizers and improving urea or organic amendments reduced AP by 6 to 14 Tg, GWP by 3 to 5 Tg, and AEP by 12 to 56 Gg (Fig. 5a, b, and c), but strongly reduced the yield by 99, 36.5, 37.7, and 73.1 Tg, respectively. Contrarily, increasing the N rate raised yield by 20.5 Tg, but increased AP by 9.3 Tg, GWP by 13.1 Tg, and AEP by 72.0 Gg. Using inhibitors and biochar were the best actions to strongly mitigate AP and GWP and coupled with maximizing yield by 160.1 and 114.7 Tg. Mulch strategy maximized yield and reduced AEP, but increased AP and GWP. Subsurface action increased yield and decreased AP and GWP, but increased AEP.
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FIGURE 5
 Coupled yield production and environmental impacts in maize crop. Pie chart refers to the total produced grains (Tg) under the conventional practices (using urea fertilizer at conventional rates with surface application and no amendments) and the total coupled AP (Tg Acid equiv.), GWP (Tg CO2 equiv.), and AEP (Gg PO4 equiv.). Column figures refer to the coupled changes in yield and AP (A), GWP (B), and AEP (C) as responded to each strategy. These strategies are reduced N rate (R1), increased N rate scenario (R3), other synthetic fertilizers (OCF), improved urea (IU, slow released fertilizers), organic sources (OA), subsurface application (Sub) and uses of mulch, biochar and inhibitors.




Rice

Producing 212.1 Tg of rice grains in 2018 was coupled with 32.4 Tg acid equiv., 7.5 Tg CO2 equiv., and 6.4 Gg PO4 equiv. of AP, GWP, and AEP, respectively (Pie chart, Figure 6). None of the investigated strategies achieved both yield optimization and all environmental hazards mitigation in rice (Figures 6A–C). Reduced urea rate or replaced by improved urea or organic amendments reduced AP by 1–14 Tg, GWP by 5–18 Tg, and AEP by 4–5 Gg. Using other N fertilizers and subsurface application reduced GWP and AEP, but increased AP and decreased yield. Contrarily, inhibitors decreased AP but increased GWP and yield. Mulch maximized yield by 137.7 Tg and biochar sustained yield by a slight increase (0.2 Tg), both of them reduced GWP notably but increased AP strongly (14–48 Tg).


[image: Figure 6]
FIGURE 6
 Coupled yield production and environmental impacts in rice crop. Pie chart refers to the total produced grains (Tg) under the conventional practices (using urea fertilizer at conventional rates with surface application and no amendments) and the total coupled AP (Tg Acid equiv.), GWP (Tg CO2 equiv.) and AEP (Gg PO4 equiv.). Column figures refer to the coupled changes in yield and AP (A), GWP (B), and AEP (C) as responded to each strategy. These strategies are reduced N rate (R1), increased N rate scenario (R3), other synthetic fertilizers (OCF), improved urea (IU, slow released fertilizers), organic sources (OA), subsurface application (Sub) and uses of mulch, biochar and inhibitors.






Discussion


Potentials of acidification, global warming, eutrophication, and the driving factors

Results demonstrated higher potentials of acidification by Nr losses from rice fields than wheat and then maize (Figure 2A). Emitted NH3 is the basis of calculating AP in the current study, it has been reported that crop type influenced the magnitude of NH3 volatilization with the highest intensity in rice as compared with wheat and maize (Huang et al., 2016). The main area of rice production is Southern China which is a subtropical region with high precipitation. High pH in rice paddies due to diurnal algal photosynthesis and the limited ability to buffer solution [image: image] under increased water load (flooding) caused higher AP in rice fields (Sommer et al., 2004). Additionally, N fertilizer is surface broadcast on water surface in a rice paddy as conventional pre-planting practice, which induced higher potentials of NH3 volatilization (Peng et al., 2010). The wheat growth period is two times more than that of rice or maize; however, wheat AP is less than that of rice as around 4 months of wheat growth season are under extremely cold conditions. Wheat is the common crop in cold arid regions in North China, which indicated lesser AP than rice. This is related to the increasing effect of temperature on wheat AP (Figure 3A) and the results by Chen et al. (2014) about NH3 emissions from the three crops.

Producing a unit of wheat grains contributed to global warming higher than rice and maize (Figure 2B). This agrees well with findings by Chen et al. (2014) and Garba et al. (2021) when neglecting the CH4-induced GHG. Lower GHG by rice than wheat is mainly due to the lower nitrification rate under paddy conditions. Aerated conditions are the most favorable for the nitrification process, which is the typical pathway for N2O production—the main component of N fertilizers-induced GHG—under wheat and maize upland fields (Barnard et al., 2005). This is related to the negative relation between GWP and water load in the three crops (Figures 3D–F). Higher SOM content increased the GWP due to increasing the microbial activity, nitrification process, and N2O production (Das and Adhya, 2014). This explained the positive relation between rice GWP and SOM (Figure 3F). The regression model showed a negative relation between rice GWP and clay content (Figure 3F) due to higher absorbency of [image: image] and lesser N2O emissions under increased soil colloidal contents (Lin et al., 2012). Maize is a summer crop affordable to excessive precipitation during the growth season, which decreased the GWP lower than wheat (Figure 2B) owing to the negative relation between water load and maize GWP (Figure 3E). Moreover, maize induced lesser GWP than paddy rice, which refers to another main loss pathway represented by nitrate leaching as AEP in the current study (Figure 2C).

This study showed that AEP was similar in wheat and maize, which was 12 times higher than rice AEP (Figure 2C), agreeing with the results obtained by Zhou and Butterbach-Bahl (2014) and Yang et al. (2018). The main driving factor controlling AEP in the three crops was water load, wherein intensive water load events were more likely to drive the greater potential of nitrate leaching in wheat and maize (Figures 3G,H) (Liang et al., 2011). Wheat is planted in Northern China (7–14°C and 20–1,000 mm annual precipitation) and rice in Southern China (15–24°C and 1,000–2,000 mm annual precipitation), while maize is planted across all regions (Wang et al., 2019a). These variations in production areas derived the changes in wheat AEP as affected by temperature and water load, while maize and rice were affected mainly by water load only (Figures 3G–I). Also, these variations in maize areas across China with different soil textures derived the reduction effect of clay content on maize AEP (Figure 3H). Nitrate leaching in clay soils with high nutrient preserving capability is less than that in sandy soils (Lu et al., 2019). The effect of clay content was not present on AEP in wheat as it is planted in Northern areas with sandy to loamy textures or rice AEP as it is planted in Southern areas with a clay texture. Water load decreased rice AEP due to reducing the nitrification rate under waterlogging conditions in paddy fields (Das and Adhya, 2014). The negative relation between rice AEP and SOM (Figure 3I) is in the same consent as findings by Malcolm et al. (2019) who reported lesser nitrate leaching under higher SOM contents due to improving nutrient-holding capacity.



Yield-cost effective mitigation strategies

Maximizing yields while reducing environmental hazards in sustainable intensification of wheat, maize, and rice systems is a great challenge, especially under intensive nitrogen fertilizers application. Using the conventional N rates (averagely, 200, 230, and 215 kg N ha−1) resulted in producing 131.4, 257.2, and 212.1 Tg of wheat, rice, and maize grains, respectively (Figures 4, 5). These yields were coupled with an environmentally adverse load of AP, GWP, and AEP by amounts ranging between 17 and 33 Tg, 7 and 10 Tg, and 6 and 87 Gg, respectively. That ensures the urgent need to mitigate the Nr losses radically. Reducing the N rate was an effective strategy to mitigate AP, GWP, and AEP in the three crops, but it decreased yield notably. That eliminates the application of this strategy, especially in future plans under a significant increase in population and food demand. Contrarily, the excessive use of N fertilizers indicated significant increases in yields coupled with great increases in AP, GWP, and AEP. Simply, farmers are willing to increase the N rate as it increases yields but do not bear the risk of reducing the N rate as it would reduce yield production (Hvistendahl, 2010). Serious restrictions must be taken to prevent excessive use of N fertilizers, if not, China's environment will continue to deteriorate (Huang and Sass, 2010).

Managing the N rate applied to cereal crops has to be accompanied by other strategies to increase nitrogen use efficiency and optimize yield production. We assessed the most common suggested strategies for mitigating Nr losses and subsequently their environmental impacts. We found that subsurface application and using inhibitors could be set as the best options for mitigating the environmental impacts of Nr losses under wheat production. The two strategies reduced AP, GWP, and AEP in wheat coupled with significant increases in yield production. Both of them reduced Nr losses by decreasing the urease activity and [image: image] contents in paddy floodwater and surface soils and enhancing the [image: image] immobilization (Liu et al., 2015). Inhibitors usage was also the best strategy for mitigating AP, GWP, and AEP in maize and maximizing yield, while the subsurface application was an effective strategy with yield, AP and GWP but not AEP. This refers to more nitrate leaching with the deep placement of N fertilizers under maize field conditions with excessive water load (Zhou and Butterbach-Bahl, 2014). Moreover, biochar was also an effective strategy to reduce the environmental impacts of maize production coupled with yield maximization. This result is consistent with findings by Huang et al. (2016) about ammonia emissions, Zhou and Butterbach-Bahl (2014) about nitrate leaching, and He et al. (2018) about nitrous oxide emission. None of all investigated strategies achieved balanced reductions in AP, GWP, and AEP and increases in rice yield, thus new mitigation technologies should be developed.

Interestingly, the current study indicated different efficiencies of the investigated strategies on yield and the environment among the three crops. Climatic conditions, soil properties, and crop type that control microclimates can affect the hydrolysis of applied fertilizers and their responses to mitigation options (Peng et al., 2006; Abdo et al., 2020). Urea hydrolysis under the wheat system with wet-dry cycles is higher than other mineral N fertilizers, while waterlogged conditions of rice resulted in higher hydrolysis of OCF (i.e., ammonium bicarbonate and diammonium phosphate) than urea (Zhang et al., 2011). Replacing urea with other N sources including OA and IU often reduced AP, GWP, and AEP but was restricted by the reductions in yield owing to the high readily N content of urea and almost studies used lower N rates of IU than urea (Abdo et al., 2020). Mulch and biochar caused yield increases and AEP reductions but increased AP and GWP. Mulch and biochar increase gas emissions by raising soil C:N ratio and pH in addition to improving crop yield by augmenting the retention of [image: image]-N and [image: image]-N against leaching (Sun et al., 2018; Tian et al., 2020).




Study limitations and uncertainties

The current study included a wide range of comparisons about mitigation strategies of environmental hazards induced by Nr losses, thus almost available data were collected. Few comparisons including biochar and inhibitors effect on AEP of wheat, maize, and rice, OCF on AEP of wheat and maize, mulch and R1 on rice AEP, and IU on rice GWP could not be set using meta-analysis due to a shortage of datasets. These comparisons were rejected by the meta-analysis due to a low number of pairwise comparisons which caused a higher heterogeneity p-value than 0.05. Almost studies attributed Nr losses to the cultivated area; however, the current study used the yield-scaled values to reflect the dual goals of sustainable intensification about achieving higher yields while reducing environmental hazards (Zhou and Butterbach-Bahl, 2014). Ammonia volatilization and nitrate leaching are indirect sources of nitrous oxide emissions, but they were not included in the calculations of GWP as only 0.75–1% of them are lost as N2O (IPPC, 2006). Nitrous oxide could contribute to the acidification potential by 31% (Brentrup et al., 2004), but it was neglected in the calculations of AEP as N2O is relatively stable in air for 114 years. Besides, the main pathway for diffuse Nr losses to aquatic ecosystems from soils is via [image: image] leaching (Brentrup et al., 2004). The equivalency factors were used to calculate AP, GWP, and AEP since there are no direct measurements. All previous works have used these converters when assessing the environmental impacts of agricultural production systems (Brentrup et al., 2004; Chen et al., 2014).



Conclusion

The current study calculated great amounts of AP, GWP, and AEP (ranging between 17 and 33 Tg, 7 and 10 Tg, and 6 and 87 Gg, respectively) under the conventional N fertilization to produce 131.4, 257.2, and 212.1 Tg of wheat, maize, and rice, respectively. For its importance in achieving equiponderant yield production and environmental impact, sustainable agricultural intensification has been intensively studied using different strategies. Our study refuted the strategy of reducing the N rate due to the great reductions in yield, although it achieved a great decrease in AP, GWP, and AEP. More restrictions should be set against the increase in N rate over the present conventional rates till developing more effective strategies. Inhibitors usage and subsurface application is a promising strategy that produced more grains while reduced AP, GWP, and AEP significantly in wheat. Additionally, inhibitor usage and biochar are effective strategies that could achieve the sustainable intensification of maize production. None of the investigated strategies reduced all the environmental impacts of rice production while optimizing yield, thus new technologies should be developed.
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Excessive nitrogen (N) fertilizer has threatened the survivability and sustainability of agriculture. Improving N productivity is promising to address the above issue. Therefore, the field experiment, which investigated the effect of no-till and N fertilizer reduction on water use and N productivity of spring wheat (Triticum aestivum L.), was conducted at Wuwei experimental station in northwestern China. There were two tillage practices (conventional tillage, CT; and no-till with previous plastic film mulching, NT) and three N fertilizer rates (135 kg N ha–1, N1; 180 kg N ha–1, N2; and 225 kg N ha–1, N3). The results showed that NT lowered soil evaporation (SE) by 22.4% while increasing the ratio of transpiration to evapotranspiration (T/ET) by 13.6%, compared with CT. In addition, NT improved the total N accumulation by 11.5% and enhanced N translocation (NT) quantity, rate, and contribution by a range of 6.2–23.3%. Ultimately, NT increased grain yield (GY), N partial factor productivity, and N harvest index by 13.4, 13.1, and 26.0%, respectively. Overall, N1 increased SE (13.6%) but decreased T/ET (6.1%) compared with N3. While, N2 enhanced NT quantity, rate, and contribution by a range of 6.0–15.2%. With the integration of NT, N2 achieved the same level of GY and N harvest index as N3 and promoted N partial factor productivity by 11.7%. The significant positive correlation of NT relative to T/ET and GY indicated that improving T/ET was essential for achieving higher NT. Therefore, we concluded that no-till coupled with N fertilizer rate at 180 kg N ha–1 was a preferable management option to boost the N productivity of spring wheat in arid areas.
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Introduction

Currently, agriculture is facing unprecedented global challenges. As food demand by 2050 is expected to increase by at least 60%, nitrogen (N) inputs have grown even greater and faster in recent years than ever before (Vishwakarma et al., 2022). However, the anthropogenic reactive N in the biosphere has already exceeded the proposed planetary boundary (Bjørn et al., 2020), which calls for human beings to stop the continuous utilization of chemical fertilizers. Therefore, it is imperative to explore effective and sustainable ways to improve crop productivity. Overall, enhancing N productivity is promising for addressing the above issues, as N fertilizer recovered from the soil is only 33%, which is far from the expected level (Hawkesford and Griffiths, 2019; Yu et al., 2022).

Generally, N productivity was assessed by N use efficiency, which was divided into three subcomponent traits: N uptake efficiency (NupE, the capacity of plants to take up N from soil), N utilization efficiency (NutE, the ability of plants to convert accumulated N to form grain), and N remobilization efficiency (NreE, the amount of N remobilized to post-anthesis crop components) (Melino et al., 2022). Therefore, enhancing N acquisition, assimilation, and translocation is essential for increasing N productivity (Wu et al., 2021). Numerous studies have been conducted to improve these traits, notably through irrigation management (Li et al., 2018b,2021), fertilization management (Chen et al., 2015; Paungfoo-Lonhienne et al., 2019), tillage practices (Yang et al., 2020; Guardia et al., 2021), and cropping systems (Louarn et al., 2021; Quan et al., 2021). Among them, tillage practices in arid areas, especially the no-till, have attracted great attention from politicians, researchers, and farmers due to the increasing threat of water scarcity.

Generally, no-till systems have two contrasting outcomes for N productivity. The majority of studies have declared that no-till could activate the release of soil available N (Yang et al., 2020), promote fertilizer N transformation in soil (Liu et al., 2021), reduce nitrate leaching, and increase plant N acquisition (Giambalvo et al., 2018; Dai et al., 2021). In contrast, others found that no-till enhanced fertilizer N conversion to organic N and fixed NH4+, causing a decline in crop N uptake (Chen et al., 2021); furthermore, it decreased grain production, resulting in lower NutE (Darapuneni et al., 2019). When we further analyzed the possible reasons for this, we found that cover styles, crop species, and environmental factors that varied among no-till systems led to uncertainty. Therefore, developing studies with specific environmental conditions and typical management strategies are vital to reveal the underlying reason for no-till and thereby diminish uncertainty.

In the Hexi Corridor of northwestern China, a water-limiting area, no-till is widely adopted to conserve soil water (Yin et al., 2021). Wheat (Triticum aestivum L.) and maize (Zea mays L.) are the two main crop species cultivated in this region. In particular, they were managed in a rotation system where wheat was directly planted on the maize plastic film in the subsequent season. Thus, the wheat received no-till with previous plastic film mulching. It is beneficial for wheat to increase N productivity, as no-till and plastic film mulching can improve soil water status (Yin et al., 2021), and improved water conditions may increase N translocation (NT) (Mon et al., 2016). Moreover, N fertilizer is typically applied to increase N uptake (Tan et al., 2021a). However, whether no-till with previous plastic film mulching will optimize water use to enhance N productivity of wheat is unknown, and whether N fertilization will affect it remains unclear.

In this study, two tillage practices and three N fertilizer rates were utilized, and their effects on water use and N productivity were evaluated. The primary objective of this study was to determine how tillage practices and N fertilization affect water use and N productivity. We hypothesized that no-till with previous plastic film mulching integrated with N fertilizer reduction could improve the N productivity of wheat through (i) improved ratio of transpiration (T) to evapotranspiration (ET), (ii) increased N accumulation, and (iii) enhanced NT. To test this hypothesis, we determined: (i) soil evaporation (SE) and the ratio of T to ET, (ii) N accumulation and translocation, and (iii) grain yield (GY), N partial factor productivity, and the N harvest index.



Materials and methods


Experimental site

The field experiment was conducted at the Oasis Agricultural Experimental Station of Gansu Agricultural University (Gansu Province, China; 37°30′N, 103°5′E; 1,776 m a.s.l.) in 2019 and 2020. The station is located in the eastern part of the Hexi Corridor in Northwest China. The long-term (1960–2015) average annual precipitation is lower than 160 mm, whereas the potential evaporation is greater than 2,000 mm. The total rainfall during the wheat growing season in 2020 was lower than that in 2019 (Table 1). The annual temperature is 7.2°C, with an accumulated temperature above 0°C exceeding 3,513°C and above 10°C exceeding 2,985°C, and a frost-free period of 156 days. The soil at the experimental site was classified as an Aridisol (FAO/UNESCO, 1988), with a pH of 8.0 (1:2.5 soil:water), organic carbon of 14.3 g kg–1, total N of 0.78 g kg–1, NH4+–N of 1.76 mg kg–1, and NO3––N of 12.3 mg kg–1 prior to the start of the experiment. The soil bulk density in 0–110 cm soil depth averages 1.44 gcm–3.


TABLE 1    The in-growing-season weather data in 2019 and 2020 at Wuwei Experimental Station, northwestern China.
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Experimental design and crop management

The experiment followed a split-plot arrangement of treatments in a randomized complete block design with three replicates. The main plot was tillage practice, consisting of conventional tillage (CT) without plastic film mulching and no-till (NT) with previous maize plastic film mulching treatments. The subplot was N fertilizer rate, consisting of 135 kg N ha–1 (40% reduction of local N rate, N1), 180 kg N ha–1 (20% reduction of local N rate, N2), and 225 kg N ha–1 (local N rate, N3). To implement CT, a moldboard plow with a tilling depth of 25–30 cm was used after the maize harvest in the late fall. Then, in the following spring, a tandem disc harrow with a tilling depth of 5–10 cm was applied before wheat sowing. For no-tillage, only a manual duckbill punch roller dibbler was applied at wheat sowing, and the residual plastic film (>70% integrity) of maize was conserved until the next wheat harvest. For N fertilization, urea (46-0-0, N-P-K) with respective N rates of N1, N2, and N3 were broadcast and incorporated into the soil prior to seeding as a base fertilizer. In conjunction with N fertilizer application, all plots received a base application of phosphate fertilizer as calcium superphosphate (0-16-0 of N-P-K) at 100 kg P2O5 ha–1.

Wheat (cv. Long-chun 30) was sown in late March and harvested in late July 2019 and 2020. The row spacing of the wheat population was 15 cm, and the plant density was 4,650,000 plants ha–1. The plot size was 10 × 5.5 m2. Due to the low precipitation in the testing area (≤160 mm annually), supplemental irrigation was applied. Each plot received 60, 70, and 60 mm of irrigation water at the wheat seedling, booting, and grain-filling stages, respectively. In addition, 120 mm irrigation water in late fall just before soil freezing was applied to all plots as winter storage irrigation. A hydrant pipe system was used for irrigation, and flow meters were used to record the irrigation volume applied to each plot. Between each neighboring plot, a 50-cm wide and 30-cm high ridge was built to eliminate potential water movement.



Measurement and calculation


Soil evaporation

Soil evaporation was determined using microlysimeters (Tan et al., 2021b), which were constructed using polyvinyl chloride tubes with a length of 15 cm, an internal diameter of 11.5 cm, and an external diameter of 12 cm. The base of the tubes was sealed with waterproof tape. Microlysimeters were placed at the center of each plot. Each microlysimeter was filled with in situ soil and placed into a larger (12-cm internal diameter) polyvinyl chloride tube that was previously installed in the field. All microlysimeters were weighed at 18:00 at 3–5-day interval from planting to harvest using a portable electronic balance. The SE was recorded and calculated from the weight loss between the two measurements (1-g change was equivalent to 0.1053-mm of SE).



Transpiration and ratio of transpiration to evapotranspiration

Evapotranspiration is the sum of T, SE, and canopy evaporation (CE), i.e., the canopy interception rate (Tan et al., 2021a). Commonly, the CE is considered valuable when it meets the following conditions: (i) rain exceeds 5 mm day–1 and (ii) the event is followed by five consecutive days (Lawrence et al., 2007). However, these two factors could not be achieved in the testing area. Therefore, the CE was negligible in this study. Accordingly, the consumption of T was calculated as follows:
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To determine ET, the soil water balance (SWB) method was employed: ET = P + I + SWF – R – ΔS, where P is precipitation during the growing season, I is irrigation quota, SWF is soil water flux across the lower boundary (110 cm plane), R is Runoff, and ΔS is the change of soil water storage (SWS) across 0–120 cm soil layer. The SWF was quantified based on Darcy’s law for the days of measured soil water content according to Shahadha et al. (2019). Results indicated that the two items were negligible at the experimental site (Yang et al., 2011). Runoff was set to zero due to the low field slope in this study. The ratio of T to ET (T/ET) was created to quantify the proportion of physiological water consumption to total water consumption.

To determine the SWS, the gravimetric water content was first measured. At 0–30 cm depth, the gravimetric water content was measured in 10 cm increments using the oven-drying method, while at 30–120 cm depth, it was measured in 30 cm increments using a neutron probe (CPN 503DR HYDROPROBE®, Research Triangle Park, NC, United States) according to Yin et al. (2018). Thereafter, the SWS was determined using the equation SWS = θv × h × 10, where θv is the volumetric water content at a specific soil layer and h is the soil layer depth (cm). The volumetric water content was obtained as the gravimetric water content multiplied by the soil bulk density at each soil layer.



Nitrogen accumulation

Plant sampling was conducted 15 days after emergence and at 15-day intervals from the first sampling to the last. For each sampling, a 20 cm length of six rows of wheat plants in each plot was harvested to assess the aboveground dry matter. The leaves, stems, and spikes were dried separately, weighed, and detected. All collected plant samples were oven-dried at 105°C for desiccation and then placed at 80°C until they reached a constant weight. Then, the entire portion of each sample was ground to a fine powder, passed through a 1-mm sieve, milled, and mixed thoroughly for the analysis of N content. A high-induction furnace C and N analyzer (Elementar Vario MACRO cube, Hanau, Hessen, Germany) was used to detect the N content of wheat plant tissues.

The amount of N accumulation (NacA) in wheat plant tissues (kg N ha–1) was calculated as the product of the N content and the corresponding dry matter. The rate of N accumulation (NacR) per day in the wheat growing season was calculated as follows:
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where NacA is the N accumulation amount (kg N ha–1), i and i+1 are the current and last measuring dates, respectively, and t is the number of days after emergence. In this study, t(i+1)-t(i) was 15.



Nitrogen allocation and translocation

Nitrogen allocation (NA) was defined as the proportion of N accumulated in each plant tissue to total N accumulation and was calculated as follows:
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where NAorgan and NacAorgan represent NA and N accumulation in wheat organs, that is, stems, leaves, and spikes, respectively, and NacAtotal represents the total amount of N accumulation.

The transformation of accumulated N from vegetative organs (i.e., stems and leaves) to spikes was defined as NT. Thus, the quantity of transferred N (NTQ, kg ha–1) was calculated as follows: NTQ = LNacA – FNacA, where LNacA and FNacA are the largest and final amount of N accumulated in stems or leaves; the ratio of transferred N (NTR, %) was calculated as follows: NTR = NTQ/LNacA × 100%; and contribution of transferred N to spike (NTC, %) was calculated as follows: NTC (%) = NTQ/NacAspike × 100%, where NacAspike is N accumulation amount of spike.

In this study, NTC was significantly affected by tillage practices, and the difference in N contribution to the spike between no-till (NT) and CT was defined as the NT advantage (NTA), which was calculated as follows:
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where NTCNT and NTCCT represent the NTC under NT and CT, respectively. Specifically, a value of NTA > 1 indicates an advantage of NT on NT, < 1, indicates a disadvantage, and equal to 1, indicates no difference between NT and CT.



Grain yield

Grain yield was assessed for each plot when wheat reached full maturity. After threshing, cleaning, and air drying, the grains were weighed to record the GY.



Nitrogen partial factor productivity and nitrogen harvest index

The N partial factor productivity (PFPN) is the grain production per unit of N fertilizer applied (Huang et al., 2021) and was calculated as follows:
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where Nf is the mineral fertilizer N rate, i.e., 225, 180, and 135 kg N ha–1, respectively.

The N harvest index (NHI) was defined as the proportion of N accumulated in grains to the total amount of N accumulation and was calculated as follows:
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where NacAgrain represents N accumulation amount of wheat grain.



Statistical analysis

The experimental data were analyzed using the statistical analysis software SPSS 17.0 (SPSS Inc., Chicago, IL, United States). Treatment effects were investigated using a split-plot design analysis. Year, tillage practice, and N fertilizer rate were considered fixed effects and replication as random effects. Means were compared using the least significant difference (LSD) test. All determinations of significance were declared at a significance level of 0.05. Linear associations between dependent variables were evaluated using Pearson’s correlation coefficients.





Results


Water use characteristics


Soil evaporation

Soil evaporation was significantly affected by tillage practice and N fertilizer rate but not by tillage practice × N fertilizer rate interaction and year × treatment interaction (Table 2). On average, SE with no-till and previous plastic film mulching (NT) was reduced by 22.4% compared with CT. There had no significant difference in SE between the N fertilizer rate at 180 kg N ha–1 (N2) and 225 kg N ha–1 (N3), whereas it with N fertilizer rate at 135 kg N ha–1 (N1) was increased by 8.5% compared with N3.


TABLE 2    The soil evaporation (SE), transpiration (T), and ratio of transpiration to evapotranspiration (T/ET) of spring wheat during growth period as affected by tillage and N fertilization treatments in 2019 and 2020.
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Transpiration

Transpiration was significantly affected by tillage practice and N fertilizer rate, but not by tillage practice × N fertilizer rate interaction and year × treatment interaction (Table 2). Compared with CT, T with NT treatment improved by an average of 13.6%. Compared with N3, N1 was reduced by an average of 9.3%. There was no significant difference in T between N2 and N3 in either of the two study years.



Ratio of transpiration to evapotranspiration

A significant effect of tillage practice and N fertilizer rate affected the ratio of T to ET (T/ET), but the effect of tillage practice × N fertilizer rate interaction and year × treatment interaction was not significant (Table 2). For the tillage effect, T/ET with NT was enhanced by an average of 14.5% compared with CT. For the N fertilizer effect, T/ET with N1 was reduced by an average of 6.1% compared with N3. There was no significant difference in T/ET between N2 and N3 during the two study years.




Nitrogen accumulation characteristics


Rate of nitrogen accumulation

The N accumulation rate (NacR) followed a similar curve in different years, but the absolute value differed significantly among the treatments (Figure 1). Since the initial growth, NacR increased until it reached its peak (45 days after emergence), where the values were significantly affected by tillage practice (P < 0.001) and N fertilizer rate (P = 0.003). For the tillage effect, NacR at peak averaging 4.33 kg N ha–1 day–1 with NT was improved by 13.1% compared with CT; and averaging 3.66 kg N ha–1 day–1 with N1 was lowered by 14.9% and 14.6% compared with N2 and N3, respectively. No significant difference in NacR was observed between N2 and N3. Thereafter, NacR decreased until maturity.
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FIGURE 1
Nitrogen accumulation rate (NacR) of spring wheat with two tillage practices and three N fertilizer rates in 2019 and 2020. CT and NT represent conventional tillage without plastic film mulching and no-till with previous plastic film mulching. N1, N2, and N3 represent N fertilizer applied at 135, 180, and 225 kg N ha–1, respectively. The smaller bars are standard error of means (n = 3).


Generally, there are three distinct growth stages of wheat: i.e., vegetative, simultaneous, and reproductive (Figure 1 and Table 2). Tillage and N fertilization significantly affected NacR, but the effect varied with the growth stage. During vegetative growth, there were no significant differences in NacR between NT and CT, while that with N1 was lowered by an average of 7.7% and 14.6% compared with N2 and N3, respectively. During simultaneous growth, that with NT averaging 3.54 kg N ha–1 day–1 was increased by 17.8% compared with CT, and with N1 averaging 2.87 kg N ha–1 day–1 was lowered by 17.2 and 18.0% compared with N2 and N3, respectively. During reproductive growth, that with NT averaging 1.72 kg N ha–1 day–1 was increased by 10.3% compared with CT, and with N1 averaging 1.41 kg N ha–1 day–1 was lowered by 17.3 and 21.7% compared with N2 and N3, respectively.



Amount of nitrogen accumulation

The amount of N accumulation (NacA) followed a similar trend in the two study years (Figure 2, Table 3). In general, simultaneous growth achieved greater NacA (98.3 kg N ha–1) than vegetative growth (51.2 kg N ha–1) and reproductive growth (49.2 kg N ha–1). As NacR was calculated based on NacA (in the “Materials and methods” section), the presentation of treatment difference at the three growth stages for NacA was the same as NacR, even though the absolute values differed greatly from each other. Therefore, this analysis was omitted. The total amount of N accumulation (NacAtotal) was significantly affected by the tillage practice (P < 0.001) and N fertilizer rate (P < 0.001) but not by tillage practice × N fertilizer rate interaction (P = 0.661) and year × treatment interaction (P = 0.271). Compared with CT, NacAtotal with NT averaging 209.4 kg N ha–1 was improved by 11.5% (Figure 2). Also, that with N1 averaging 175.5 kg N ha–1 was reduced by 14.8 and 18.0% compared with N2 and N3, respectively. There was no significant difference in NacAtotal between N2 and N3 in either of the two study years.


[image: image]

FIGURE 2
Nitrogen accumulation amount (NacA) of spring wheat with two tillage practices and three N fertilizer rates in 2019 and 2020. CT and NT represent conventional tillage without plastic film mulching and no-till with previous plastic film mulching. N1, N2, and N3 represent N fertilizer applied at 135, 180, and 225 kg N ha– 1, respectively. The smaller bars are standard error of means (n = 3).



TABLE 3    The N accumulation rate (NacR) and amount (NacA) of spring wheat during 0—0, 30–60, and 60–90 day after emergence as affected by tillage and N fertilization treatments in 2019 and 2020.
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Nitrogen translocation characteristics


Nitrogen allocation

Leaves were the dominant portion in terms of NA during vegetative growth, while since simultaneous growth, it was gradually replaced by stems and spikes (Figure 3). During reproductive growth, the spike dominated the NA among the three organs. Overall, tillage practice had no significant effect on the NA of stems (P ≥ 0.495) and spikes (P ≥ 0.353), but that of leaves with NT was significantly (P ≤ 0.001) decreased by an average of 10.4 and 11.1% at 75 days and 90 days after emergence, respectively. The N fertilizer rate significantly affected the NA of stems (P < 0.001) and leaves (P < 0.001) 90 days after emergence but had no significant (P = 0.069) effect on the spike. Compared with N3, the NA of stems and leaves at 90 days after emergence with N1 was reduced by 15.7 and 9.5%, respectively, and that with N2 was reduced by 12.1 and 9.3%, respectively. No significant differences in the NA of stems and leaves were found between N1 and N2.
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FIGURE 3
Nitrogen allocation (NA) in the stem, leaf, and spike of wheat plants with two tillage practices and three N fertilizer rates in (A) 2019 and (B) 2020. CT and NT represent conventional tillage without plastic film mulching and no-till with previous plastic film mulching. N1, N2, and N3 represent N fertilizer applied at 135, 180, and 225 kg N ha– 1, respectively.




Nitrogen translocation

Tillage practice and N fertilizer rate significantly affected the quantity of transferred N (NTQ), ratio of transferred N (NTR), and contribution of transferred to spike (NTC), whereas tillage practice × N fertilizer rate interaction and year × treatment interaction had no significant effect (Table 4). For the tillage effect, the NTQ from stems and leaves with NT increased by an average of 21.8 and 23.3%, respectively, compared with CT. Additionally, the NTR from stems and leaves with NT increased by an average of 6.2 and 6.7% compared with CT, respectively. Similarly, the NTC from stems and leaves with NT increased by an average of 11.9 and 13.5%, respectively, compared with CT.


TABLE 4    The quantity of transferred N (NTQ), ratio of transferred N (NTR), and contribution of transferred N to spike (NTC) from stem and leaf as affected by tillage and N fertilization treatments in 2019 and 2020.
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For the N fertilizer effect, N2 consistently had higher NTQ, NTR, and NTC than N3. On average, NTQ from stems and leaves with N2 increased by 14.9 and 10.1%, respectively; NTR from stems and leaves with N2 increased by 11.7 and 6.0 %, respectively, and NTC from stems and leaves with N2 increased by 15.2 and 10.4 %, respectively, compared with N3 (Table 4). In addition, the NTA from stems and leaves with N2 increased by 12.9 and 8.6%, respectively, compared with N3 (Figure 4). Further lowering of the N fertilizer rate also increased NTA. Compared with N3, NTA from stems and leaves with N1 increased by 16.9 and 11.7%, respectively. However, in most cases, the differences in NTR, NTC, and NTA in both stems and leaves between N1 and N2 were not significant.
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FIGURE 4
Nitrogen translocation advantage (NTA) of stem and leaf with NT relative to CT during the wheat growing season in (A) 2019 and (B) 2020. CT and NT represent conventional tillage without plastic film mulching and no-till with previous plastic film mulching. N1, N2, and N3 represent N fertilizer applied at 135, 180, and 225 kg N ha– 1, respectively. The smaller bars are standard error of means (n = 3).





Yield response

Grain yield was significantly affected by tillage practice, N fertilizer rate, and tillage practice × N fertilizer rate interaction but not by year × treatment interaction (Table 4). For the CT treatments, the GY with N1 decreased by an average of 8.1 and 16.8% compared with N2 and N3, respectively. In addition, N2 decreased by an average of 9.4% compared with N3. For the NT treatments, N1 decreased by an average of 16.3 and 18.5% compared with N2 and N3, respectively. However, there was no significant difference in GY between N2 and N3. Overall, GY with NT was enhanced by 13.4% compared with that with CT.



Nitrogen partial factor productivity

The tillage practice, N fertilizer rate, and tillage practice × N fertilizer rate interaction significantly affected N partial factor productivity (PFPN), but the year × treatment interaction PFPN did not (Table 5). For the CT treatments, PFPN with N1 was enhanced by an average of 13.2 and 38.7% compared with N2 and N3, respectively. In addition, N2 was enhanced by an average of 22.6% compared with N3. For the NT treatments, N1 was enhanced by an average of 21.7 and 35.8% compared with N2 and N3, respectively. In addition, N2 was enhanced by an average of 11.7% compared with N3. Overall, PFPN with NT was enhanced by 13.1% compared with that with CT.


TABLE 5    The grain yield (GY), N partial factor productivity (PFPN), and N harvest index (NHI) of spring wheat as affected by tillage and N fertilization treatments in 2019 and 2020.
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Nitrogen harvest index

The N harvest index (NHI) of wheat was significantly affected by tillage practice, N fertilizer rate, and tillage practice × N fertilizer rate interaction but not by the year × treatment interaction (Table 5). For CT treatments, NHI with N1 was improved by an average of 12.0 and 16.6% compared with N2 and N3, respectively. No significant difference in NHI was found between N2 and N3 patients. For NT treatments, there was no significant difference in NHI among the three N fertilizer treatments. Overall, NHI with NT was enhanced by an average of 26% compared with CT.




Relationship of nitrogen translocation relative to water use, grain yield, and nitrogen use

The significant negative linear regression of SE relative to NTQ, NTR, and NTC indicated that higher SE greatly restricted the NT of wheat from both stems and leaves (Figure 5 and Table 6). A significant positive linear regression of T/ET relative to NTQ from stems and leaves, and of GY relative to NTQ from stems and leaves were revealed, implying that improving T/ET will enhance NT (as water conservation due to lowered SE will improve NTQ), and enhancing NT can boost grain production (Figure 6). However, the correlation between GY, NTR, and NTC was not significant (Table 6). Moreover, T, PFPN, and NHI were more related to NTQ, NTR, and NTC in leaves, implying that the improved leaf NT due to higher T contributed more to the promotion of N harvest in wheat grains.
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FIGURE 5
Soil evaporation (SE) followed in a negative linear regression curve with the quantity of transferred N (NTQ) from (A) stem and (B) leaf and with a contribution of transferred N (NTC) from (C) stem and (D) leaf of spring wheat across 2019–2020.



TABLE 6    Pearson’s correlation coefficients (df = 36) of N translocation quantity (NTQ), ratio (NTR), and contribution (NTC) of stem and leaf relative to soil evaporation (SE), transpiration (T), ratio of transpiration to evapotranspiration (T/ET), grain yield (GY), N partial factor productivity (PFPN) and N harvest index (NHI) of spring wheat.

[image: Table 6]


[image: image]

FIGURE 6
Ratio of transpiration to evapotranspiration (T/ET) and grain yield (GY) both followed in a positive linear regression curve with the quantity of transferred N (NTQ) from (A,C) stem and (B,D) leaf of spring wheat across 2019–2020, respectively.





Discussion


Optimization of water use

Soil evaporation is nonproductive water use (Tugwell-Wootton et al., 2020), which constitutes up to 40% of ET in terrestrial environments (Balwinder et al., 2011). Therefore, suppressing evaporation is vital for improving T and enhancing crop productivity (Balwinder et al., 2011). In general, soil evaporation is jointly influenced by meteorological status (e.g., air temperature, solar radiation, wind speed, and air humidity) and edaphic conditions (e.g., soil temperature, soil water content, moisture availability, and soil porosity) (Zribi et al., 2015; Liao et al., 2021). As meteorological conditions are hardly influenced, the edaphic conditions moderated by agronomic measures become the crux for depressing soil evaporation.

Tillage practices with variable mulching options are favorable for the optimization of edaphic conditions (Naveen et al., 2021); therefore, they have been widely proposed to conserve soil water (Zhang et al., 2022). In this study, wheat uniquely received no-till with plastic film mulching (NT) from previous maize, which lowered soil evaporation during the wheat-growing season. On average, soil evaporation with NT was reduced by 22.4% compared with CT. This was mainly attributable to the presence of plastic films and maize residues. The mulching of plastic film forms physical isolation at the soil surface, which slows down and hinders the exchange of water between the soil and air (Li et al., 2018a; Liao et al., 2021). Maize residues intercept solar radiation and reduce wind speed close to the soil surface, which lowers water movement from the soil to the atmosphere. Thus, more water was preserved with NT than under evaporation to support physiological water use. Overall, NT with T averaging 239.2 mm was improved by 13.6%, and the ratio of T to ET (T/ET) averaging 68.9% was enhanced by 14.5% compared with CT.

Nitrogen fertilization is particularly applied to increase the T of field crops, while also reducing soil evaporation (Ogola et al., 2002; Tan et al., 2021b), as it could enhance the development of crop canopy and improve canopy shading on the land surface, thus lowering the soil temperature (Zhou et al., 2019). In this study, reducing the N fertilizer rate was found to be instructive for increasing soil evaporation. Compared with the local N rate (N3), the treatment with a 40% reduction in the local N rate (N1) with soil evaporation averaging 127.9 mm increased by 8.5%. However, the treatment with a 20% reduction in the local N rate (N2) showed no significant difference in soil evaporation with N3, indicating that lowering the N rate by 20% barely affected wheat canopy development (i.e., growth status). Thus, the local N rate might be excessively applied, resulting in damage to the environment owing to heavy N losses (Liu et al., 2022). Furthermore, N1 treatment led to a 9.3% reduction in T and a 6.1% reduction in T/ET compared with N3, whereas no significant difference in T and T/ET was found between N2 and N3. This illustrates that a 20% reduction in the N rate achieved an equal capacity for water usage, which is preferable for wheat production. However, this study did not evaluate environmental effects such as greenhouse gas emissions, ammonia volatilization, and nitrate leaching, which partially supported our conclusion. Therefore, further research is required to comprehensively evaluate this effect.



Enhancement of nitrogen translocation

During the reproductive growth of field crops, growing grains represent a strong sink for resources that require a large amount of physiologically available N (Bertheloot and Andrieu, 2008). However, N absorption by plants during this period is slow (Xu et al., 2005). This was confirmed in this study, as the N accumulation rate and amount were all declined during reproductive growth. This is mainly due to plant senescence, especially in the roots and leaves (Li et al., 2019). Nevertheless, adopting suitable tillage practices could increase N uptake; that is, N accumulation, as more soil available N is provided (Zhang et al., 2020; Pecci Canisares et al., 2021). This was also evidenced by our research, wherein employing NT led to an increase of 10.3% in the N accumulation rate and amount (same value for rate and amount due to the calculation method) compared with CT during reproductive growth. In addition, they were increased by 17.8% during simultaneous growth (i.e., vegetative and reproductive growth simultaneously progressed). Accordingly, the total amount of N accumulation with NT was improved by 11.5% compared with that with CT. Improved water uptake due to the adoption of conservation tillage was also attributable to improved N accumulation (Chai et al., 2022).

Numerous studies have demonstrated that N fertilizer application can increase plant N accumulation, whereas excessive N supply leads to soil, water, and air damage (Chen et al., 2014). Improved synchronization of the N supply and requirements according to crop growth features is fundamental for N application management (Hu et al., 2020). In this study, the N supply for wheat was reduced by 20 and 40% based on local N rarity, while the two options had contrasting effects on N accumulation. Generally, the N accumulation rate and amount of wheat at the three growth stages with N1 were all lower than those of N2 and N3, but there was no significant difference between N2 and N3. Specifically, the N accumulation rate and amount in N1 were reduced by 7.7 and 14.6% during vegetative growth, 17.2 and 18.0% during simultaneous growth, and 17.3 and 21.7% during reproductive growth, respectively, compared with N2 and N3. This directly led to the total amount of N accumulation, with N1 being reduced by 14.8 and 18.0%, respectively, compared with N2 and N3. Therefore, a 40% reduction in N fertilizer generated an increase in soil available N (Hu et al., 2018), which is unsuitable for wheat production. N fertilizer reduction at 20% could achieve the same capability of N accumulation, which can be attributed to increased soil N stocks and optimized interactive nutrient effects on N availability (Aulakh and Malhi, 2004; Ladha et al., 2005).

As N absorption is limited during reproductive growth, the transfer of N from vegetative organs (i.e., leaves and stems) to grains is of vital importance (Xu et al., 2005). Generally, tillage practices influence the N metabolism of field crops (Wang et al., 2015), which potentially affects NT. In this study, increased NT with the adoption of NT was observed, even though NA in plant organs was slightly affected. Specifically, the NA for leaves under NT declined by 11.1% at maturity, but that for stems and spikes was not significantly influenced. For NT, the quantity of transferred N (NTQ) from stems and leaves, ratio of transferred N (NTR) from stems and leaves, and contribution of transferred N (NTC) from stems and leaves increased by 21.8 and 23.3%, 6.2 and 6.7%, and 11.9 and 13.5% compared with CT, respectively. The primary reason may be that adopting NT improved the water status and N accumulation, which allowed N to be efficiently and sufficiently transported from vegetative organs to reproductive organs (Ma et al., 2014). Furthermore, no-till can promote the photosynthetic capacity of leaves (Yang et al., 2021), which leads to additional N transportation. In contrast, the NT treatment in this study was quite distinct from the others, as it combined with plastic film mulching, which may accelerate wheat growth and leaf senescence (Gan et al., 2013). Therefore, the procedural promotion of N transport from vegetative organs to grains is activated.

Lowering the N fertilizer rate reduced the N stock in vegetative organs but stimulated N transportation (Ogawa et al., 2016). In this study, the NA at wheat maturity of stems and leaves with N1 was reduced by 15.7 and 9.5%, respectively, and with N2 was reduced by 12.1 and 9.3%, respectively, compared with N3. This shows an obvious NT. However, owing to insufficient N accumulation with N1, the NT performance of N1 against N3 was inconsistent across the years. N2 treatment consistently increased NTQ from stems and leaves by 14.9 and 10.1%, NTR from stems and leaves by 11.7 and 6.0%, and NTC from stems and leaves by 15.2 and 10.4%, respectively, compared with N3. Accordingly, the NTA from stems and leaves with N2 increased by 12.9% and 8.6%, respectively, compared with N3. This implies that N deficiency in the soil accelerated the effect of tillage on wheat NT. However, N fertilizer management should not depend solely on NT. Excessive N reduction inevitably restricts essential N accumulation in plants, leading to an undesirable decrease in crop productivity (Chen et al., 2015; Hu et al., 2018).



Promotion of the productivity

Grains are the most active sink for N assimilation (Zhong et al., 2019), and NT is a prerequisite for quality (Chen et al., 2020). However, higher NT inconsistently promoted GY. In this study, N2 treatment significantly improved NT, but GY was reduced by 9.4% compared with N3 under the CT treatment, even though a significant positive relationship between GY and NT was revealed (Figure 6 and Table 6). Primarily, the increased soil evaporation with lowered T/ET was attributed to the yield reduction of N2 under CT. NT was negatively correlated with soil evaporation (Figure 5 and Table 6) and positively correlated with T/ET (Figure 6 and Table 6). Unfortunately, N fertilizer reduction consistently increased soil evaporation and decreased T/ET, especially under the CT treatment (data not shown). Nevertheless, the disadvantage of T/ET owing to N fertilizer reduction can be offset by adopting no-till with plastic film mulching. No significant difference in GY between N2 and N3 was found under the NT treatment in either of the two study years. Therefore, in wheat production, reducing the N fertilizer rate with no-tillage practices proved to be the best combination, and T/ET must be considered for improving GY through NT.

Adopting soil and fertilizer management practices can maximize crop N uptake, optimize indigenous soil N supply, and ultimately increase crop yield (Paungfoo-Lonhienne et al., 2019; Guardia et al., 2021). This directly improves the N partial factor productivity and indirectly improves the N harvest index (Hu et al., 2018; Huang et al., 2021). However, in this study, the N1 treatment, with the lowest GY, achieved the highest N partial factor productivity and harvest index. This is mainly because it has the lowest N fertilizer rate, which easily promotes N-related productivity (Hu et al., 2018). However, such a promotion was limited, as fundamental N accumulation declined, which further restricted NT (Chen et al., 2015). Therefore, with N1 treatment with N partial factor, productivity improved by 13.2 and 38.7%, and with N harvest index, it improved by 12.0 and 16.6%, respectively, but the GY decreased by 8.1 and 16.8%, respectively, compared with N2 and N3 under the CT treatment. N2 achieved the triple goal of promoting GY, N partial factor productivity, and N harvest index under NT due to improved NT. This was also verified by the positive correlation of N partial factor productivity and harvest index relative to NT, especially from the leaves (Table 6). Accordingly, reducing the N fertilizer rate to 20% was the most appropriate option in terms of adopting no-till with previous plastic film mulching to boost wheat N productivity. However, this study omitted zero N control when carrying out the field experiment, which led to a lack of determination of apparent N recovery, an important indicator for evaluating the N productivity of this cropping system.




Conclusion

A previous plastic film with no-till optimized in-season water use and promoted N productivity in spring wheat. Compared with CT, no-till with previous plastic film mulching lowered soil evaporation by 22.4% and increased T/ET by 13.6%; thus, increasing total N accumulation by 11.5% and NT from leaves and stems by 6.2–23.3%. Ultimately, it increased GY by 13.4%, N partial factor productivity by 13.1%, and N harvest index by 26%. Reducing the N fertilizer rate to 20% barely affected the water capture capability of wheat, but greatly improved NT. As a result, the NTA of no-till relative to CT from stems and leaves increased by 12.9 and 8.6%, respectively, compared with N3. Accordingly, a 20% reduction in the N fertilizer rate scarcely lowered GY, as there was a significant positive correlation between GY and NT. In addition, NT was positively correlated with T/ET. Therefore, no-till with previous plastic film mulching and N fertilizer reduction at 20% was found to be the preferable agronomic management for sustainable wheat production in arid areas.
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Photosynthetic rate (Pn) and photosynthetic nitrogen use efficiency (PNUE) are the two important factors affecting the photosynthesis and nutrient utilization of plant leaves. However, the effect of N fertilization combined with foliar application of Fe on the Pn and PNUE of the maize crops under different planting patterns (i.e., monocropping and intercropping) is elusive. Therefore, this experiment was conducted to determine the effect of N fertilization combined with foliar application of Fe on the photosynthetic characteristics, PNUE, and the associated enzymes of the maize crops under different planting patterns. The results of this study showed that under intercropping, maize treated with N fertilizer combined with foliar application of Fe had not only significantly (p < 0.05) improved physio-agronomic indices but also higher chlorophyll content, better photosynthetic characteristics, and related leaf traits. In addition, the same crops under such treatments had increased photosynthetic enzyme activity (i.e., rubisco activity) and nitrogen metabolism enzymes activities, such as nitrate reductase (NR activity), nitrite reductase (NiR activity), and glutamate synthase (GOGAT activity). Consequently, intercropping enhanced the PNUE and soluble sugar content of the maize crops, thus increasing its yield compared with monocropping. Thus, these findings suggest that intercropping under optimal N fertilizer application combined with Fe foliation can improve the chlorophyll content and photosynthetic characteristics of maize crops by regulating the associated enzymatic activities. Consequently, this results in enhanced PNUE, which eventually leads to better growth and higher yield in the intercropping system. Thus, practicing intercropping under optimal nutrient management (i.e., N and Fe) could be crucial for better growth and yield, and efficient nitrogen use efficiency of maize crops.
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Introduction

Photosynthetic rate is an important index of the plants’ photosynthetic characteristics and photosynthetic nitrogen use efficiency (PNUE), which is referred to as the ratio of photosynthetic rate to leaf nitrogen (Zhong et al., 2019). It is an important indicator describing the plant’s leaf nutrient utilization capacity and physiological characteristics, which fully reflect the nitrogen allocation and the overall photosynthesis of the plant (Zhong et al., 2019; Nasar et al., 2021). The mutual proportion of the photosynthetic characteristics and photosynthetic nitrogen of the plant’s leaf has a direct effect on the PNUE of the plant (Hikosaka, 2004; Zhang Y. et al., 2017). The higher the photosynthetic rate, the higher the PNUE and the leaf nitrogen utilization rate of the plant (Ghannoum et al., 2005). Therefore, studying the photosynthesis and PNUE of the plant is an important mechanism to reveal its effect on the crops.

Nitrogen is a key constituent of the plant’s photosynthetic organ, which helps improve the chlorophyll content, enzyme content, and enzymatic activity of plant leaves, thereby promoting the plant’s photosynthesis system (Giersch and Robinson, 1987; Nasar et al., 2020b; Ochieng’ et al., 2021; Noor Shah et al., 2021). Existing studies have shown the relationship between nitrogen application rate on crops photosynthetic characteristics, nitrogen utilization rate, and crops yield (Vagusevičienė et al., 2013; Kong et al., 2016; Liu et al., 2019; Shah et al., 2021b). However, iron, which is a micronutrient is often required in small quantities, though it plays a major role in photosynthetic electron transport. It is one of the most important elements involved in chlorophyll formation, photosynthesis, and the photosynthetic enzyme (i.e., ribulose 1,5-bisphosphate carboxylase/oxygenase) in the plant (Wang et al., 2017; Yoon et al., 2019; Maitra et al., 2022). Iron also plays a pivotal role in nitrogen assimilation, uptake, and translocation by regulating the cofactor enzymes of nitrogen metabolism [i.e., nitrate reductase (NR), nitrite reductase (NiR), and glutamate synthase (GOGAT)] (Borlotti et al., 2012). As earlier reported, insufficient iron reduces the number of grana and stroma lamellae per chloroplast in plant leaves (Jiang et al., 2007; Yoon et al., 2019). In addition, its deficiency reduces the cumulative membrane components, including electron carders of the photosynthetic electron transport chain (Geider and La Roche, 1994; Karimi et al., 2019), light-harvesting pigments (Terry, 1983; Abadia et al., 1986), and nitrogen uptake (Borlotti et al., 2012).

Intercropping, which is the combined cultivation of at least two different plant species (i.e., cereal and legumes) is an ancient planting pattern plant (Maitra et al., 2020). It is mainly practiced to improve crops yield and better utilize the available resources (Gitari et al., 2018; Nyawade et al., 2020). Maize–soybean is a typical cereal–legume intercropping system, which has long been practiced in the subtropical and temperate regions of the world, because of some of the anticipated advantages, such as high yield production, better resources utilization (i.e., nutrient, light, water, and land), reduced risk of diseases and insect pests attack, and guaranteed environmental safety (Yong et al., 2012; Raza et al., 2020). It is well known that maize–soybean intercropping can improve the growth and yield of the crops and better utilize the available resources (i.e., water, light, nutrients, and land). However, due to the differences in plant height, these companion plants intercept sunlight in different directions, which inevitably changes their photosynthetic system (Jiao et al., 2013; Zhu et al., 2018). Moreover, the underlying interspecific competition for nutrients and the rhizosphere modifications that occur in maize–soybean intercropping systems (Ehrmann and Ritz, 2013; Zhang et al., 2013; Nyawade et al., 2021) can have a significant impact on post-intercropping nitrogen utilization (Nasar et al., 2021). This results in either under or overutilization of N, with a subsequent adverse effect on the plant photosynthesis capacity and leaf’s nutrient uptake and utilization use efficiency (Nasar et al., 2020b). However, such negative effects on the plant can be effectively reduced with appropriate nitrogen and iron application (Zhang et al., 2014; Pan et al., 2016).

Previously, the effect of nitrogen and iron fertilization on the chlorophyll and photosynthetic characteristics of the plants was only investigated in the monocropping system (Derviş et al., 2018; Liu et al., 2018; Karimi et al., 2019). Nevertheless, their combined effect on the aforementioned indices under intercropping system remains largely unknown. The detailed knowledge of the effect of nitrogen combined with foliar application of iron on crops photosynthesis and PNUE, particularly in intercropping, is missing and calls to be studied. Such a study is paramount mainly because the shading or interspecific competition that occurs in the intercropping system can be alleviated or even eliminated by either nitrogen or iron application. This is particularly so since shading and the underlying interspecific root competition for nutrients during intercropping are the two abiotic factors that adversely affect the physiology of the plant, which eventually leads to poor growth and subsequently low yield (Wu et al., 2017; Raza et al., 2019a).

Therefore, this study was designed to investigate the effect of nitrogen fertilization combined with iron foliar application on the chlorophyll, photosynthetic characteristics, photosynthetic nitrogen use efficiency, and associated enzymes of maize crops under different planting patterns (i.e., monocropping and intercropping). Such studies on the photosynthesis mechanism and photosynthetic nitrogen utilization efficiency of maize crops provide theoretical support and practical guidance for the rational regulation of nitrogen to take advantage of the growth and yield of maize during intercropping.



Materials and methods

The experiment was conducted at the experimental area of Guangxi University, Nanning, China in the year 2021–2022. This area is characterized by a subtropical monsoon climate with an annual rainfall of 1,080 mm. The experimental soil was loam in texture having an organic matter of 23.7 g kg–1, total N of 0.118%, alkaline N of 109.9 mg kg–1, available P of 73.6 mg kg–1, available K of 79.0 mg kg–1, soil pH of 7.4, and available iron of 97.7 mg kg–1.

Maize crops (Ching Ching 700 variety) was planted as a monocrop (MM) and an intercrop (IM) with soybean crops (Gui Chun 15 variety) in large-sized pots (i.e., 88 cm height, 53 cm width, and 43 cm length) filled with 120 kg of soil (Figure 1). The pots, in four replicates, were randomly placed in a ventilated net house under natural light environment. Initially, five plants of maize crops and 10 seeds of soybean were planted in monocropping and in intercropping at a filed plant density of 60,000 maize plants ha–1 and soybean seed rate of 20 kg seeds ha–1, respectively. Later at the V3 growth stage, the maize and soybean plants were thinned to three and five (3:5) plants, respectively, in each pot to better adapt to the pot environment.
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FIGURE 1
Schematic diagram of the experiment. MM, maize monocropping; IM, maize intercropping; N0-Fe0, no nitrogen and iron fertilization; N1-Fe1, nitrogen and iron fertilizers applications; *, maize crops and; +, soybean crops.


Maize and soybean seeds were sown in mid-September 2021 and harvested in mid-February 2022. Nitrogen fertilizer was applied as soil dressing before sowing at the rate of 200 kg N ha–1. Iron (Fe) was sprayed on plant leaves at the rate of 0.15 mg Fe g–1 in three splits: at bell-mouthed stage, silking stage, and filling stage. The fertilizer arrangement and their combinations are shown in Table 1. In addition, basal doses of phosphorous and potassium fertilizers were applied uniformly to all experimental pots (i.e., P at 100 kg ha–1 and K at 100.0 kg ha–1). The sources of fertilizer used were urea (46% N), diammonium phosphate (P2O5 46% P), potassium chloride (K2O 60% K), and iron as ferrous sulfate (FeSO4 20.5% Fe). All the plants were watered normally, with weeds and insect pests being controlled with herbicides and pesticides, respectively, when needed. Different environmental factors such as temperature (°C), precipitation (%), rainfall (mm), humidity (%), and daylight (hrs) were carefully monitored and recorded (Figures 2A,B).


TABLE 1    The treatments combination of the experiment.
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FIGURE 2
Weather forecast report during the experiment. (A) Temperature (°C) and daylight (h), (B) rainfall (mm), precipitation (%), and humidity (%).



Data collection


Grain yield and biomass dry matter of maize crops

Crops harvesting was carried out at full maturity, whereby the plants were sun-dried, kernels removed and threshed to obtain the grains which were weighed using an electric scale to obtain the grain yield. The remaining plants’ stover was further oven-dried at 65°C for 72 to obtain biomass dry matter.



Chlorophyll and photosynthetic characteristics

At the V9 growth stage, the chlorophyll of maize leaves (fully expanded) was measured using the SPAD Chlorophyll Meter (SPAD-502, Minolta Camera, Tokyo, Japan) (Zhang et al., 2013). However, the different photosynthetic characteristics of the maize leaves (i.e., photosynthetic rate, stomatal conductance, transpiration rate, and intercellular CO2) were determined using a Li-6400XT portable photosynthesis system (LI-COR Inc., Lincoln, NE, United States) at leaf temperature of ∼27 °C. Nevertheless, the companion side leaves were selected to measure these parameters in the intercropping. These parameters were estimated in the morning between 9:00 am and 11:00 am, with the photosynthetic system being adjusted at a constant light of 80, 100, 150, 200, 400, 600, 800, and 1,000 μmol m–2 s–1 and a continuous CO2 level of 400 μmol mol–1 (Ahmad et al., 2013).



Maize leaf enzymes activities

After measuring the maize leaf photosynthesis at the V9 stage, the selected maize leaves were cut and frozen in liquid nitrogen to determine the plant’s leaf enzyme activities. Different enzymes such as the photosynthetic enzyme activity (rubisco) and the nitrogen metabolism enzymes activity, such as NR, NiR, and GOGAT, were determined using the plant enzyme kit from Sangon Biotech Co. Ltd. (Beijing, China) following the appropriate manual supplied with the kit.



Maize leaf traits measurement and calculation

The maize leaf area was measured with LI-3000C portable leaf area meter (LI-COR, NE, United States) at the V9 growth stage. The same leaf whose area was measured was plucked, sun-dried, and oven-dried at 80°C to constant weight to obtain the leaf dry mass (Eq. 1). The dried leaf samples were ashed at 105°C for 30 min and digested with a concentrated sulfuric acid–hydrogen peroxide mixture to obtain the nitrogen content in maize leaves using the Kjeldahl method (Jiao et al., 2013) and expressed per unit dry mass and unit area as indicated in Eqs 2, 3, respectively.
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Calculation of photosynthetic nitrogen use efficiency to land equivalent ratio

Photosynthetic nitrogen use efficiency of the maize crops was calculated by simply multiplying the photosynthetic rate (Pn) by the nitrogen content per unit area (Narea) (Eq. 4). The land equivalent ratio (LER) was computed as indicated in Eq. 5.
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where Yim and Yis represent the grain yield of maize and soybean crops in intercropping and Ymm and Yms represent the grain yield of maize and soybean crops in monocropping. The LER is an indicator used to determine the competitiveness between intercrops for the available resources (Al-Dalain, 2009). If the value of LER is 1, it indicates that both monocrop and intercrop produce equal yield and utilize the available resources equally (Gitari et al., 2020). If the value of the LER is greater than 1, it suggests a greater complementary effect of intercropping maize than a competitive one, and produces a higher yield compared to monocropping. If the value of LER is less than 1, it indicates that interspecific competition is greater than interspecific facilitation, and there is no intercropping advantage. So, the higher the LER, the greater the benefit of increasing yield in intercropping over monocropping (Soratto et al., 2022).



Soluble sugars and starch quantification in maize leaf

The content of soluble sugars (i.e., sucrose, glucose, and fructose) in maize leaf content was determined by the anthrone colorimetric method and the starch iodine colorimetric method at the V9 growth stage. For soluble sugars, 0.2 g of the minced fresh leaf of the maize crops was boiled in 5 ml of distilled water. This process was repeated for about 30 min to collect 25 ml of extract. Then, 0.125 ml of extraction solution was thoroughly mixed with 1.87 ml of distilled water, 0.5 ml of anthrone ethyl acetate reagent, and 5 ml of concentrated sulfuric acid. The mixture was boiled in boiling water for 1 min after which it was cooled at room temperature and the content of soluble sugar was determined by a TU-1900 spectrophotometer at 630 nm (Du et al., 2020). For starch content, 0.5 g sample of fresh maize leaf was minced with 2 mL of distilled water and 3.2 ml of 60% of perchloric acid. The above portion of the solution was collected and centrifuged at 5,000 g for 5 min. About 0.5 ml of the supernatant (mixed with 3 mL of distilled water and 2 ml of iodine reagent and the starch content) was determined by spectrometry at 660 nm (Kuai et al., 2014).




Data analysis

The data were computed and formulated in Ms-Excel 2016 and statistically analyzed using the statistical analysis software ms-Statistix 8.1. A two-way factorial ANOVA was performed to test the significance level whereas the means were separated using the least significance difference test at p < 0.05. The fertilizer application (FA) and the planting patterns (PP) were considered factors. Graphical and statistical software (GraphPad Prism 6.1) was used to determine the relationship of Pn with the grain yield, biomass dry matter, chlorophyll content, N content, PNUE, soluble sugars (i.e., sucrose, glucose, and fructose), and starch content of the maize crops under monocropping and intercropping systems.




Results


Physio-agronomic indices

The physio-agronomic indices of maize crops showed significant changes under different planting patterns and fertilization (Table 2). When compared to monocropping, intercropping significantly improved the physio-agronomic indices, such as plant height, stem diameter, grain yield, and biomass dry matter. However, these indices were more prominent under nitrogen fertilizer combined with foliar application of iron. Compared to monocropping, intercropping, the plant height (cm) increased by 3% at zero fertilizer application, 4% under nitrogen fertilizer application, and by 6% under nitrogen fertilization combined with foliar application of iron. Similarly, intercropping increased the stem diameter (mm) of maize by the respective values of 11, 13, and 15%. Moreover, intercropping increased the grain yield and biomass dry matter of maize by 24 and 8% without fertilizers application, 27 and 10% with nitrogen fertilization, and by 46 and 20% with nitrogen fertilization combined with foliar application of iron as compared to monocropping. Additionally, the LER value of the intercropping system was always greater than 1 in all treatment pots, indicating a yield advantage of intercropping over monocropping.


TABLE 2    Physio-agronomic indices of maize crops as influenced by nitrogen and iron fertilization under different planting patterns.
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Leaf characteristics of maize crops

Different planting patterns and fertilizer applications significantly (p < 0.05) influenced the different leaf traits of the maize crops, but had minimal effects on the specific leaf mass (LMA) (Table 3). It was noticed that intercropping significantly improved the different leaf traits (i.e., number of leaves per plant, leaf area, leaf dry mass, leaf N content, and N content per unit area of maize crops) when compared to monocropping. However, these traits were more pronounced under different fertilization. Compared to monocropping, intercropping increased the number of leaves per plant by 13% without fertilization, 11% with nitrogen fertilization, and 20% with nitrogen fertilization combined with foliar application of iron. Likewise, under intercropping, there were respective increases by the values of 3, 3, and 6% for maize leaf area and 5, 7, and 9% for leaf dry mass. Moreover, intercropping increased the leaf N content and N content per unit area (Narea) of maize crops by 7 and 13% without fertilization, 6 and 19% with nitrogen fertilization, and 8 and 20% with nitrogen fertilization combined with foliar application of iron, respectively.


TABLE 3    Leaf characteristics of maize crops as affected by nitrogen and iron fertilization under different planting patterns.
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Chlorophyll, photosynthetic activities, and photosynthetic nitrogen use efficiency

The chlorophyll and photosynthetic indices (i.e., Pn, Gs, Tr, and Ci) of maize varied significantly (p < 0.05) under different planting patterns and fertilizer applications (Figure 3). When compared with monocropping, intercropping increased the chlorophyll SPAD values and photosynthetic indices but these indices were further increased with the integration of different fertilizer treatments. For instance, intercropping increased the maize’s chlorophyll SPAD values by 8% without fertilization, 11% with nitrogen fertilization, and 13% with nitrogen fertilization coupled with foliar application of iron (Figure 3A). Furthermore, intercropping increased the Pn of maize crops by 4% without fertilization, 18% with nitrogen fertilization, and 21% with nitrogen fertilization combined with foliar application of iron (Figure 3B). Similarly, under intercropping, there were respective increases of 8, 46, and 52% for stomatal conductance (Gs) (Figure 3C), and 3, 19, and 22% for transpiration rate (Tr) (Figure 3D). Nonetheless, intercropping reduced the intercellular CO2 (Ci) by 11% without fertilization, 13% with nitrogen fertilization, and 22% with nitrogen fertilization combined with the iron foliar application (Figure 3E). In contrast, under intercropping, there was increased PNUE by 14, 39, and 45% without fertilization, with nitrogen fertilization, and with nitrogen fertilization combined with the iron foliar application, respectively (Figure 3F).
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FIGURE 3
Chlorophyll (A), Pn (B), Gs (C), CO2 (D), Tr (E), and PNUE (F) of the maize crops as influenced by different fertilizers and planting patterns. The column graphs with SD bars having dissimilar lower case letters are significantly different from each other at the LSD test (p < 0.05). MM, maize mono-cropping; IM, maize intercropping; Pn, photosynthetic rate; Gs, stomatal conductance; CO2, intercellular carbon dioxide; Tr, transpiration rate; PNUE, photosynthetic nitrogen use efficiency; N0-Fe0, no nitrogen and iron fertilization; N1-Fe0, nitrogen fertilization without iron foliation; N1-Fe1, nitrogen fertilization with iron foliation.




Enzymes activities of maize leaf

The photosynthetic and nitrogen metabolism-associated enzymes for maize indicated significant changes under different planting patterns and fertilization (Figure 4). When compared with monocropping, intercropping significantly increased these enzyme activities of the maize crops. However, these enzymes were enhanced further when intercropping was practiced with different fertilizer applications. It was noticed that intercropping increased the Rubisco activity of maize crops by 6% without fertilization, 14% with nitrogen fertilization, and 21% with nitrogen fertilization combined with foliar application of iron (Figure 4A). Similarly, intercropping increased the NR activity by 9% without fertilization, 14% with nitrogen fertilization, and 20% with nitrogen fertilization combined with foliar application of iron (Figure 4B). Moreover, under intercropping, there was increased NiR activity by 8, 13, and 17% without fertilization, with nitrogen fertilization, and with nitrogen fertilization combined with the iron foliar application, respectively (Figure 4C). A similar observation was made for GOGAT activity with the index increasing by 8% without fertilization, 14% with nitrogen fertilization, and 19% with nitrogen fertilization combined with foliar application of iron (Figure 4D).
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FIGURE 4
Enzymatic activities such as Rubisco activity (A), NR activity (B), NiR activity (C), and GOGAT activity (D) of maize leaf as influenced by different fertilizer and planting patterns. The column graphs with SD bars having dissimilar lower case letters are significantly different from each other at the LSD test (p < 0.05). MM, maize mono-cropping; IM, maize intercropping; NR, nitrate reductase; NiR, nitrite reductase; GOGAT, glutamate synthase; N0-Fe0, no nitrogen and iron fertilization; N1-Fe0, nitrogen fertilization without iron foliation; N1-Fe1, nitrogen fertilization with iron foliation.




Sugar and starch content of maize crops

The sugar content (i.e., sucrose, glucose, and fructose) and starch content of maize varied significantly (p < 0.05) under different planting patterns and fertilizer applications (Figure 5). However, the changes in sugars and starch contents were more evident under different fertilization. The results showed that although intercropping enhanced maize’s sugar content, it reduced the starch content. There was higher sucrose content of 4% without fertilization, 9% with nitrogen fertilization, and 11% with nitrogen fertilization combined with foliar application iron under intercropping compared with monocropping (Figure 5A). Moreover, intercropping increased the glucose content by 7% without fertilization, 12% with nitrogen fertilization, and 15% with nitrogen fertilization combined with foliar application of iron (Figure 5B). Besides, intercropping increased the fructose content by 11% without fertilization, 12% with nitrogen fertilization, and 15% with nitrogen fertilization combined with foliar application of iron (Figure 5C). However, intercropping reduced the starch content by 14% without fertilization, 9% with nitrogen fertilization, and 11% with nitrogen fertilization coupled with foliar iron application (Figure 5D).
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FIGURE 5
Soluble sugars such as sucrose (A), glucose (B), fructose (C), and starch (D) content of the maize crops as influenced by different fertilizer and planting patterns. The column graphs with SD bars having lower case letters are significantly different from each other at the LSD test (p < 0.05). MM, maize mono-cropping; IM, maize intercropping; N0-Fe0, no nitrogen and iron fertilization; N1-Fe0, nitrogen fertilization without iron foliation; N1-Fe1, nitrogen fertilization with iron foliation.




Regression analysis

The linear regression analysis showed a significantly strong relationship (∼r>) of the Pn with the chlorophyll content (Figure 6A), leaf N content (Figure 6B), PNUE (Figure 6C) grain yield (Figure 6D), rubisco activity (Figure 6E), sucrose content (Figure 7A), glucose content (Figure 7B), and fructose content of maize crops (Figure 7C). Similarly, regression of PNUE with nitrogen metabolic enzymes showed significant strong relationships (Figure 8). However, the starch content was negatively correlated with the Pn (Figure 7D). Further, the results indicated that PNUE was significantly and positively correlated with nitrogen metabolic enzymes, such as NR (Figure 8A), NiR (Figure 8B), and GOGAT (Figure 8C).
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FIGURE 6
Regression analysis of the photosynthetic rate with chlorophyll (Chl) (A), leaf N content (B), PNUE (C), grain yield (D), and biomass yield (E) of the maize crops of maize during mono-cropping and intercropping. MM, maize mono-cropping; IM, maize intercropping.
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FIGURE 7
Regression analysis of the photosynthetic rate with sucrose (A), glucose (B), fructose (C), and starch (D) of maize leaf during mono-cropping and intercropping. MM, maize mono-cropping; IM, maize intercropping.
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FIGURE 8
Regression analysis of the photosynthetic nitrogen use efficiency with NR activity (A), NiR activity (B), and GOGAT activity (C) of maize leaf during mono-cropping and intercropping. MM, maize mono-cropping; IM, maize intercropping; PNUE, photosynthetic nitrogen use efficiency; NR, nitrate reductase; NiR, nitrite reductase; GOGAT, glutamate synthase.





Discussion

In general, intercropping is practiced to improve crops yield and better utilize the available natural resources (i.e., water, nutrients, light, and land) (Kheroar and Patra, 2013; Latati et al., 2013; Nasar, 2018; Yang et al., 2018; Maitra et al., 2020). However, due to the differences in plant height in cereal–legume intercropping systems, the companion crops compete for solar radiation and capture sunlight in different directions. Such a phenomenon certainly changes the chlorophyll SPAD values and photosynthesis of the companion plants, with a direct effect on growth and yield (Nasar et al., 2020a). Moreover, the underlying interspecific competition for nutrients makes the use of the post-intercropping nitrogen more complicated, which adversely affects the plant nutrients uptake from the soil and its transport within the plant, thereby reducing the nutrient content in plant leaves. As a result, the plant cannot use the available nutrients more efficiently (Nasar et al., 2021; Nyawade et al., 2021). However, these negative effects of the intercropping system can be effectively reduced with nitrogen and iron fertilization. Nitrogen is the key component of chlorophyll content, enzyme content, and enzymatic activity of plant leaves (Evans, 1983; Pan et al., 2021). Iron, moreover, plays an important role in plant chlorophyll and photosynthesis, which gives plants oxygen and healthy green coloration (Wang et al., 2017). This is why iron-deficient plant shows chlorosis or a silky yellow color on their leaves; thus, iron is a crucial element for plant growth and development. In this study, we found that intercropping significantly increased the physio-agronomic indices of maize when compared to monocropping. However, these indices were further improved when intercropping was treated with nitrogen fertilizer combined with iron foliar applications. The improved physio-agronomic indices in intercropping were mainly because of the better utilization of the available natural resources (i.e., land, water, light, and nutrients) (Shao et al., 2020; Soratto et al., 2022). The previous results of maize–alfalfa intercropping supported our findings (Borghi et al., 2012; Nasar et al., 2020a; Shao et al., 2020). In another study iron foliar application either alone or in combination with nitrogen has also been reported to significantly improved the growth and yield of maize crops during intercropping with soybean (Dragicevic et al., 2015; Reddy et al., 2020).

Changes in the chlorophyll and photosynthetic characteristics can induce changes in the physiology and productivity of the plant (Mandal and Dutta, 2020; Shah et al., 2021a). It is believed that the changes in the chlorophyll content are expected to bring changes in the photosynthetic activities of the plant (Ahmad et al., 2013; Seleiman et al., 2021). Moreover, the changes in plant leaf enzyme activities (i.e., rubisco activity) could also bring changes in the photosynthetic activities of the plant (Wang et al., 2017; Shah et al., 2017). This study demonstrated that intercropping induced changes in the chlorophyll of the maize crops and rubisco activity, thereby enhancing its photosynthetic characteristics. However, these changes in the chlorophyll, rubisco activity, and photosynthetic activities of maize were more evident when intercropping was practiced under nitrogen fertilization combined with foliar application of iron. There could be several reasons for these changes, (i) the complementary interactions of intercrops, where one plant promotes the growth, survival, and fitness of its counterpart plant (Zhang et al., 2014; Nasar et al., 2020a), (ii) nitrogen fertilization, which is the key component of chlorophyll content, enzyme content, and enzymatic activity of the plant leaves (Evans, 1983; Pan et al., 2021), and (iii) Fe foliation or its improved nutrition of the plant caused by the underlying mechanisms in the intercropping system helps improve the chlorophyll content and rubisco activity, thereby promoting the photosynthesis of the plant (Geider and La Roche, 1994; Zuo et al., 2003; Jiang et al., 2007). Similar results were also reported in maize–alfalfa intercropping (Ning et al., 2018; Nasar et al., 2020a) and maize–peanut intercropping (Jiao et al., 2013).

It is also well known that different leaf characteristics of the plant are the main contributing factors affecting the chlorophyll and photosynthetic characteristics (Zhang et al., 2016; Zhu et al., 2018). Among the traits, the specific leaf area plays a significant role in the improvement of chlorophyll and photosynthesis (Zhang Y. et al., 2017). However, the leaf N content, leaf Nmass, and Narea contribute to the improvement of plant leaf N content, thereby enhancing its PNUE (Da-yong et al., 2012). In this study, we found that intercropping significantly improved the different leaf characteristics, such as the number of leaves, leaf area, leaf dry mass, leaf N content, and Narea of the maize crops, as compared to monocropping. However, these indices were more pronounced under nitrogen fertilization combined with foliar application of iron. This might be attributed to the soybean facilitating the translocation of the fixed N and other nutrients to their corresponding maize crops during intercropping (Shao et al., 2020). In addition, such a phenomenon could be ascribed to the productive utilization of the available natural resources (i.e., water, light, nutrients, and land) (Latati et al., 2016; Gitari et al., 2020; Nasar et al., 2020b; Raza et al., 2021). Also, nitrogen and iron are the two important elements known for their major role in plant growth and development; thus, their application could further improve the leaf characteristics of maize (Nasar and Shah, 2017; Hu et al., 2018). Moreover, the improved leaf N content, leaf Nmass, and Narea resulted in an improved PNUE of maize crops during intercropping (Zhang et al., 2014; Nasar et al., 2021). Consistent with our findings, several other studies have shown similar results in different cereal–legumes intercropping (Zhang et al., 2014; Raza et al., 2019b; Nasar et al., 2020a,2021). Furthermore, the enzyme’s cofactor of plant leaves, such as rubisco enzyme, NR, NiR, and GOGAT, are interrelated plant enzymes, which potentially contributes to the plant photosynthetic activities and nitrogen assimilation (i.e., uptake, translocation, and utilization), thereby enhancing the plant leaf nutrient utilization efficiency (PNUE) (Wang et al., 2012, 2017).

In this study, we found that intercropping increased the rubisco activity and the nitrogen assimilatory enzyme activity, such as NR, NiR, and GOGAT of the maize crops. The improved rubisco activity in the intercropping system could be due to the improved light conditions or strong light adaptability of the intercropping system (Boussadia et al., 2010). However, the changes in the nitrogen assimilatory enzymes might be due to the underlying nutrient facilitation by the legume crops to its corresponding cereal crops (Zhang H. et al., 2017) or could be due to the root releasing chemicals or root exudation (Thilakarathna et al., 2016). Nevertheless, these enzymatic activities were more evident when intercropping was practiced with nitrogen fertilization combined with foliar application of iron. The increased nitrogen assimilatory enzymes such as NR, NiR, and GOGAT activity in the intercropping system resulted in an improved PNUE of the maize crops (Vagusevičienė et al., 2013). These results are also consistent with the findings of Jiao et al. (2013) who stated that maize–peanut intercropping showed improved efficiency of photosynthetic activities, PNUE, and yield in maize crops under adequate nitrogen fertilization. In another maize–peanut intercropping study, it was shown that intercropping under appropriate nitrogen fertilization improved the Pn and PNUE, thereby enhancing the maize yield (Zhu et al., 2018).

Plant soluble sugar and starch content are important indicators describing the physiological behavior of plants (Oliveira et al., 2022). Any changes in such components in a plant can bring changes in the physiological and morphological indices (Qi et al., 2021). In this study, we found that intercropping significantly improved the plant’s soluble sugar content, but reduced its starch content. However, the improvement in sugar content was more evident when intercropping was practiced with nitrogen fertilization combined with foliar application of iron. The increased soluble sugar content in maize leaves under intercropping was mainly due to the changes in the photosynthetic efficiencies because sugar is the resultant product of photosynthesis (Yoon et al., 2019). In the same way, nitrogen and iron are the two key elements known for their involvement in the improvement of chlorophyll and photosynthesis efficiencies of the plant, which results in increased sugar content in plant leaves (Ning et al., 2018; Karimi et al., 2019). However, starch as a storage carbohydrate an important indicator for plant growth does not show any regulatory activities and can change in different growth stages (Ning et al., 2018). The decrease in starch content might be due to the starch synthesis competition with sucrose synthesis for Triose-Pi, which is a shared substrate for the two biochemical reactions (Stitt and Zeeman, 2012). Similar findings were observed in a maize–soybean intercropping system, where intercropping increased the soluble sugars compared to monocropping (Liu et al., 2017). It has also been shown that the combined application of nitrogen and iron can significantly increase the soluble sugar content in plant leaves but reduce the starch content (Karimi et al., 2019), which confirmed our results.

Taken together, our findings suggest that maize–soybean intercropping under optimal fertilization can improve the chlorophyll, photosynthetic activities, and associated enzymes, thereby enhancing the growth, yield, and PNUE of the maize crops. However, future research is still needed to explore more of the facts about the photosynthetic nitrogen use efficiency, particularly under the intercropping system. It will be more interesting to see the effect of nitrogen fertilization coupled with foliar application of iron and molybdenum on the photosynthetic activities and PNUE of the plants under intercropping given that both iron and molybdenum are well known for their role in photosynthetic and nitrogen metabolisms pathways. Moreover, it could also be much better to explore the key genes related to the photosynthetic activities and nitrogen assimilation pathways within the intercropping system.



Conclusion

The current findings indicated that intercropping significantly enhanced the physio-agronomic indices as compared to monocropping. However, these indices were pronounced when intercropping was practiced with nitrogen fertilization combined with foliar application of iron. Moreover, intercropping under the same fertilization regimes improves the chlorophyll content, photosynthetic activities, its related leaf traits, and enzymatic activities. Furthermore, intercropping increased the enzymatic activities of nitrogen metabolism in maize crops, particularly under nitrogen fertilization combined with foliar application of iron. Such improvement of photosynthetic activities and enzymatic activities of maize crops coupled with fertilizer application resulted in improved photosynthetic nitrogen use efficiency and soluble sugar content, which eventually lead to better growth and higher yield in intercropping than monocropping. Thus, this suggests that intercropping under optimal nitrogen fertilization coupled with the iron foliar application could be vital for improving the leaf chlorophyll, photosynthetic characteristics, its related enzymes, nitrogen use efficiency, and crops yield.
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Identification and validation of biomarkers and bioindicators to select genotypes with superior tolerance to water deficit (WD) under field conditions are paramount to plant breeding programs. However, the co-occurrence of different abiotic stresses such as WD, heat, and radiation makes it difficult to develop generalized protocols to monitor the physiological health of the plant system. The study assessed the most abundant carbohydrates and sugar alcohols in five faba bean (Vicia faba) genotypes under field conditions and the abundance of naturally occurring carbon isotopes in bulk leaf material to predict water use efficiency (WUE). Plant water status and biomass accumulation were also assessed. Among the accumulated sugars, inter-specific variation in glucose was most prevalent and was found at a higher concentration (8.52 mg g−1 leaf) in rainfed trial. myo-Inositol concentrations followed that of glucose accumulation in that the rainfed trial had higher amounts compared to the irrigated trial. WUE calculated from carbon isotope abundance was consistently offset with measured WUE from measurements of leaf gas exchange. All genotypes demonstrated significant relationships between predicted and measured WUE (p < 0.05) apart from control variety PBA Warda. Thus, bulk leaf-level carbon isotope abundance can be used to calculate WUE and used as an effective selection criterion for improving WUE in faba bean breeding programs under field conditions.
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Introduction

Among abiotic stresses, water deficit (WD) is the most influential on faba bean yield and production (Daryanto et al., 2015). Systematic research on WD can advance yield improvement for water-limited cultivation (Hsiao et al., 2007). Novel traits that indicate plant water status can inform selection programs to identify superior lines for both high yield and increased resilience of yield (Smith et al., 2019). In water-limited environments, water use efficiency (WUE) is found to be one of the most important traits for yield improvement across a range of legume crops (Blessing et al., 2018). Plants deploy a range of approaches to cope with WD, including enhanced efficiency of use through reduced stomatal conductance (gs) and enhanced metabolites acquisition to maintain tissue hydration (Iannucci et al., 2002; Serraj and Sinclair, 2002). Genotypes that can assimilate carbon at low gs are often considered to be tolerant to WD based on the assumption that sustained growth will equally maintain yield. Thus, WUE is therefore the focus of targeted screening tools for many crops (Loss et al., 1997; Xu and Hsiao, 2004; Kashiwagi et al., 2013) to identify the genotypes that can sustain yield during periods of WD. At the leaf level, WUE can be calculated by dividing net photosynthesis (A) by gs, termed instantaneous WUE (Chaves and Oliveira, 2004), or can be estimated via isotopic fractionation models, termed intrinsic WUE (Farquhar et al., 1982). Generally, instantaneous WUE involves measurement of gas exchange at a single point while periodic measurement throughout the day is also suggested (Cernusak et al., 2005; Smith et al., 2016). Periodic measurements often can be beyond the capabilities of researchers to study large populations. Intrinsic WUE therefore offers advantages in both cost and time integration (Merah et al., 2001; Teulat et al., 2001; Monneveux et al., 2004). However, few of these studies consider the embedded differences in components of the fractionation model with that of time-course integrated quantification of instantaneous measures of WUE.

Accumulation of chemical entities due to stresses (often termed “stress metabolites”) may give an indication of plant responses against specific stress (Weckwerth, 2011). However, most “metabolomic” studies conducted under control conditions involve water, heat, and light stress either singularly or in a combination to identify/quantify metabolites accumulating under these stresses. Among the major metabolic groups, carbohydrates and sugar alcohols play a vital role to alleviate adverse effects of stress through osmolytic and osmo-protective mechanisms (Loescher, 1987; Bohnert and Shen, 1998; Merchant and Richter, 2011). To date, no study has identified the accumulation of stress metabolites in faba bean.

Despite a relative paucity of chemical and physiologically based pre-breeding strategies, global yields of faba bean are increasing with a corresponding reduction in harvested area over the last 50 years (Foyer et al., 2016). At the crop scale, unstable yield production, especially due to abiotic factors, makes faba bean a “risky” crop among cultivated grain legumes. Genotypic differences in WD responses exist, but the underlying mechanisms are yet to be understood (Link et al., 1999; Khazaei et al., 2013). Genetic advancement for this crop requires the identification of physiological and biochemical responses due to WD under field conditions for use in plant improvement programs.

Faba bean genotypes were selected based on the contrasting carbon isotope discrimination (Δ) values in an earlier field trial (Muktadir, 2019). This study subsequently investigated the suitability of Δ isolated from leaves as a surrogate for plant gas exchange measurement in five diverse faba bean genotypes under irrigated and rainfed conditions. Quantification of metabolites is also determined to investigate the relative changes in concentration under WD conditions. WUE from field-based gas exchange was compared to that calculated from leaf-level Δ to assess the presence of any systematic differences influencing the ranking of individuals in a breeding program. These parameters are presented on a background of biomass accumulation and yield under rainfed and irrigated conditions.

The hypotheses were therefore (i) rainfed conditions will induce a reduction in stomatal conductance across all faba bean genotypes with some variation and the reduction will be lower in tolerant genotypes; (ii) differences in water availability will elicit qualitative and quantitative changes in the concentration of soluble metabolites in leaves; (iii) WUE calculated from gas exchange (instantaneous) and calculated from leaf-level Δ (intrinsic) will be influenced by water availability, indicating continued carbon uptake during stress; and (iv) intrinsic WUE calculated from isotope fractionation will be systematically offset with instantaneous WUE integrated across the daily time course—hence function as a surrogate measure of WUE for plant breeding programs.



Methodology


Plant materials and experimental design

Based on isotope discrimination, four contrasting faba bean genotypes were selected (AC0805#4912, 11NF020a-1, 11NF010c-4, and 11NF008b-15) along with PBA Warda, a popular variety suitable for the grain-growing region of northern NSW, Australia. The experiment was carried out at the I.A. Watson Grains Research Centre, Narrabri, NSW-2390, Australia (30° 27′ S, 149° 80′ E), in 2016 (7 May to 29 October). The initial screening experiment was conducted at the same location in 2014 (Muktadir, 2019). Each genotype was sown in four replicates of individual plots comprising four rows 10-m long and 50-cm apart. Two treatments were maintained irrigated and rainfed. Irrigated and rainfed blocks were separated by a buffer plot of PBA Warda variety (48 × 12 m).



Experimental field management

The soil at the experimental site was vertosol (Isbell, 1996) with pH 8.2. The experiment was sown on 7 May 2016 in a field that had wheat in the previous crop season, plowed and leveled. Seeds were pretreated with commercially available faba bean inoculant (Rhizobium strain, group G WSM 1455). Pre-emergence and post-seeding weedicides, namely, Spinnaker 700WG (Imazethapyr 700 g kg−1) and Terbyne 750 WG (teerbuthylazine 750 g kg−1), were applied at a recommended rate to prevent the establishment of a range of grass and broadleaf weeds. Karate Zeon® (250 g L−1 lambda-cyhalothrin) at the rate of 36 ml ha−1 was applied to control insect pests as regular farm practices during 50% flowering. Mancozeb (750 g kg−1) was sprayed before the canopy closure (1.7 kg ha−1) to control rust (Uromyces viciae-fabae) and chocolate spot (Botrytis fabae). No fertilizer was applied during crop growth. The season was rainfall-dominated and rainfed plots also received 447 mm rainfall over the season. The irrigated plots received a total of 472 mm during this period, which is only 25 mm more than the rainfed plot. Although both conditions received almost the same amount of moisture over the season, the distribution was uneven in rainfed plots, whereas irrigated plots received irrigation on a regular basis. Daily maximum and minimum temperature, and monthly mean solar radiation, along with accumulated rainfall data during crop season, were recorded through a data logger placed near the field trial. The photoperiod was 11 h and 30 min on the measurement days. The detail of weather data for the growing period (May to October 2016) is presented in Figure 1. Grain yield was weighed after harvesting trial plots by using a mechanical harvester (HALDRUP C-65).


[image: Figure 1]
FIGURE 1
 Monthly rainfall (mm), mean maximum and minimum temperature (°C), and solar radiation (MJ m−2) in 2016 at Narrabri.




Gas exchange measurements

Leaf-level photosynthesis was measured from 09:00 to 16:00 on the same leaflet at least four times over the day on four randomly selected plants from each plot using a Walz GFS-3000 portable gas exchange system. Leaf temperature and chamber CO2 concentration, along with air humidity, was set at ambient. Data were completed on two consecutive days where day 1 was allocated for irrigated and day 2 for rainfed trial. The average temperature was 24.2 and 21.3°C, average relative humidity was 60.2 and 62.3%, and average PAR was 1.543 and 1.523 μmol m−2 s−1 on sampling day 1 and sampling day 2, respectively. Light source during gas exchange measurements was set at tracking mode, i.e., natural light source. After insertion of leaves into the gas exchange chamber, leaves were allowed to stabilize with chamber conditions until steady-state gas exchange rates were established. Leaves were chosen from the main stem (second/third fully expanded).



Leaf water content and biomass measurement

The adjacent leaf that was tagged for gas exchange measurements was used to get leaf water potential. The leaflets were excised and transported (within 15 min) in a zip-locked bag over ice to preserve water content for subsequent measurement with a Wescor PSYPRO. Samples for water relations were collected immediately before sunrise at ~6:30 during sampling days. Relative water content (RWC) was also determined from the adjacent leaf, which was used to measure leaf water potential. Leaves were placed in distilled water and allowed to soak overnight at 4°C. Subsequently, leaves were weighed immediately to have a turgid weight. Finally, leaves were dried in an oven at 65°C for 48 h to have a constant weight. RWC was determined by

[image: image]

(Barrs and Weatherley, 1962)

where FW is the fresh weight of leaves, TW is the turgid weight of leaves, and DW is the oven dry weight of leaves (Barrs and Weatherley, 1962).

At physiological maturity, 1 m2 of each plot was harvested and biomass placed in a polyethylene mesh bag until dried (sun-dried) to determine biological yield. After weighing the plants, samples were threshed to determine grain yield. Finally, harvest index (HI) was measured according to the formula

[image: image]

Harvesting of the whole plot was completed by mechanical harvester upon maturity and plot yield converted into kg ha−1.



Leaf tissue collection and carbon isotope analysis

Leaf samples for chemical and isotopic analysis were collected on the same day immediately after gas exchange measurement between 16:00 and 17:00. Measures of carbon isotope abundance were completed on the same tagged leaf, which was used for the measurement of gas exchange. Leaves were cut with a razor and immediately put into 2-ml Eppendorf tube and placed in an ice box to reduce metabolism. Within 2 h, samples were put in an oven (65°C for 48 h) to completely dry. An oscillating matrix mill was used to grind the dried leaf sample. Then, 3 mg of ground leaf was poured into silver capsules (IVA Analysentechnik, Meerbusch, Germany) and then analyzed according to the protocol outlined in Smith et al. (2019).



Quantification of metabolites

Dried leaf samples were transferred to 2-ml microcentrifuge tubes and grounded using an oscillating matrix mill. Methanol–chloroform–water (MCS) extractions were then performed according to Merchant et al. (2006). Approximately 40 mg of ground leaf samples was weighed into 2-ml screw cap tubes, and the exact weight for each sample was recorded. For the MCW solution (12:5:3 by volume), the water fraction of the extraction solution contained 0.1% pentaerythritol (98+%, Alfa Aesar, Haverhill, MA, USA) as an internal standard. Then, 1 ml of the solution was added to each sample and incubated at 70°C for 30 min, then allowed to cool for 5 min before centrifuging for 2 min at 10,000 × g. Then, 800 μl of supernatant was pipetted into clean 2-ml pop cap microcentrifuge tubes. Also, 500 μl of MilliQ water and 200 μl of chloroform were added to 800 μl of supernatant and mixed thoroughly with the vortex. The samples were then centrifuged for 2 min at 10,000 × g and then left to stand for 10 min. Then, 700 μl of the top aqueous phase was removed and added to a clean 1.7-ml microcentrifuge tube. The samples were then shaken at room temperature for 2 h and centrifuged for 2 min at 10,000 × g. Finally, 400 μl of supernatant was removed and pipetted into a clean, labeled 2-ml microcentrifuge tube and stored at −80°C until the samples could be run on the gas chromatography triple quadrupole mass spectrometer (GC-QQQ). In order to analyze nonpolar analytes using GC-QQQ, the samples had to be derivatized according to Merchant et al. (2006). The separation and quantification of target metabolites were completed using an Agilent 6890A gas chromatograph with QQQ 7000 mass selective detector on scan mode from 50 to 500 AMU (70 eV) (Agilent Technologies, Santa Clara CA, USA) according to the protocol detailed in Merchant et al. (2006). Metabolite concentrations are reported as mg g−1 dry weight sample material.



Modeling of carbon isotope abundance

The predicted isotope values in plant components were calculated using the equation (Farquhar et al., 1989).

[image: image]

where “a” is fractionation caused by gaseous diffusion through the stomata (4.4‰), “b” is the effective fractionation caused by carboxylating enzymes (approximately 27‰), “Ci” is the internal CO2 concentration (calculated by Walz GFS-300 software), “Ca” is the atmospheric CO2 concentration (set to ambient), and “d” is a generalized term combining fractionation during photorespiration, dark respiration, and dissolution and diffusion from the gaseous phase to the chloroplasts. For relationships with measured δ13C, assimilation weighted Ci was calculated (Cernusak et al., 2005) to account for proportional changes in the contribution of photosynthesis to δ13C across the course of the light period. This was achieved by the formula
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where A1 and Ci are the first observed A and Ci, respectively, in the light period. The Δ was then calculated as the difference between the isotopic composition of atmospheric CO2 (δ13C air ≈ −8‰) as carbon source and that of the plant organic matter (δ13C plant) as photosynthetic product using Δ (‰) = (δ13C air –δ13C plant)/1+ plant.



Calculation of water use efficiency

Two calculations of WUE were completed in this study. Intrinsic WUE was calculated based upon gas exchange measures using the formula outlined by Osmond et al. (1980):
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where A is the net photosynthesis (μmol m−2 s−1 CO2), and gs is the stomatal conductance (mmol m−2 s−1 H2O). Modeled WUE was calculated based upon isotope abundance from the formula outlined by Seibt et al. (2008), originally developed by Farquhar and Richards (1984):
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where the value “1.6” is the ratio of the diffusion rate between CO2 and H2O across the stomatal cavity, and “b” is the effective fractionation caused by carboxylating enzymes RuBisCO and PEP carboxylase (~27‰).



Statistical analysis

The effects of treatments and genotype on leaf water content, gas exchange parameters, and carbohydrates concentration were examined by ANOVA using GenStat 18th Edition (VSN International, Hemel Hempstead, UK). Duncan's multiple-range tests were used to determine significant differences (p < 0.05) among genotypes. Regression analysis with best-fitting line and significance level (p-values) for the relationship of WUE was calculated using GraphPad Prism7 software (GraphPad Software, San Diego, CA, USA).




Results


Leaf water relations

Leaf water potential was higher (less negative) in irrigated plots compared to rainfed plots for all genotypes at the pod-filling stage, although they were nonsignificant (Figure 2). Genotype had a significant effect. Among genotypes, 11NF010c-4 had the lowest water potential (most negative) and AC0805#4912 had the highest (least negative). No other genotypes except 11NF020a-1 differed according to treatment.


[image: Figure 2]
FIGURE 2
 Predawn leaf water potentials (MPa) of contrasting faba bean genotypes at the three-pod stage grown under field condition (irrigated and rainfed trial) at Narrabri, Australia. Error bars were calculated from four replicates and represent standard error of the mean. Letters represents a significant difference (p < 0.05) among genotypes calculated through DMRT. Asterisks (*) represent significance between irrigated and rainfed treatments.


Relative water content was not significantly different between treatments. However, significant variation existed among genotypes. The highest RWC was observed in the genotype AC0805#4912, which was counted as a WD-tolerant genotype, and the lowest was in 11NF010c-4 (Figure 3).


[image: Figure 3]
FIGURE 3
 Relative water content (%) of contrasting faba bean genotypes grown under field conditions (irrigated and rainfed trial) at Narrabri, Australia. RWC was determined at the three-pod stage. Error bars were calculated from four replicates and represent standard error of the mean. Letters denote a significant difference (p < 0.05) among genotypes calculated through DMRT.




Leaf gas exchange

The mean transpiration rate in the irrigated condition was higher than the rainfed condition irrespective of genotypes. Among genotypes, AC0805#4912 had the highest for irrigated trial, whereas 11NF020a-1 had the highest for rainfed trial (Table 1). Photosynthetic rates also showed similar patterns to transpiration rate among genotypes and across the course of the day. Notably, genotype 11NF010c-4 showed a lower photosynthetic rate across the day for both irrigated and rainfed trials, whereas AC0805#4912 had the highest rate for both trials over the time period of data recording (Table 1).


TABLE 1 Mean transpiration rate (E, mmol m−2 ms−1), net photosynthetic rate (A, μmol m−2 ms−1), stomatal conductance (gs, mmol m−2 ms−1), and ratio between intercellular carbon concentrations (Ci) to atmospheric carbon concentration (Ca) measured among five contrasting faba bean genotypes under rainfed and irrigated conditions at Narrabri, NSW.

[image: Table 1]

The mean gs among genotypes was higher in the irrigated trial compared to the rain-fed one. The highest gs was observed in the genotype AC0805#4912, whereas the lowest was found in 11NF010c-4 across the day in both irrigated and rainfed trials. During midday, a sharp decline in gs was observed for both trials (Supplementary Table 2).

The ratio of ci/ca translated the same observation as that of the net photosynthetic rate. The average ci/ca was slightly higher in the irrigated trial compared to the rainfed one. Among genotypes, AC0805#4912 had higher values for both trials while 11NF008b-15 had the lowest value for both trials. Statistically significant differences were observed among the genotypes for all tested gas exchange parameters (A, gs, and ci/ca). Genotype and treatment interactions were also found to be significant (Table 1).



Concentrations of major sugars

Significant changes were found among treatments in most of the identified carbohydrates, except fructose, in both trials (Figure 4). Generally, soluble sugar concentrations were higher in the rainfed treatment compared to the irrigated treatment. The fructose concentration for the genotypes PBA Warda, 11NF008b-15, and 11NF020a-1 showed an opposite trend: higher in the irrigated trial compared to the rainfed trial. The genotype 11NF008b-15 had the lowest fructose concentration of all the other studied genotypes. The treatment effect was found to be significant for the genotypes 11NF008b-15 and 11NF010c-4 (Figure 4A). The concentration of glucose was found to be significant for both genotype and treatments. The highest concentration was found in the genotypes 11NF010c-4 and the lowest in PBA Warda (Figure 4B). myo-Inositol accumulation also followed that of glucose accumulation pattern; it was significantly higher in the rainfed trial than the irrigated trial. The genotype AC0805#4912 significantly differed from the other genotypes with the highest concentration among the studied genotypes (Figure 4C). Among the identified metabolites, sucrose was found to be the most abundant metabolite and was also observed in increased amounts in the rainfed trial for all genotypes. The WD-sensitive genotype 11NF010c-4 had significantly lower concentrations of sucrose compared to all the other studied genotypes with the highest concentration observed in PBA Warda (Figure 4D).
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FIGURE 4
 Average metabolite concentrations (mg g−1 leaf material) in contrasting faba bean genotypes under rainfed and irrigated conditions. Error bars were calculated from four replicates and represent standard error of the mean. Different letters denote a significant difference (p < 0.05) among genotypes calculated through DMRT. Asterisks (*) represent significance between irrigated and rainfed treatments. (A) Fructose, (B) Glucose, (C) myo-Inositol and (D) Sucrose.




Measured vs. predicted WUE

WUE measured using gas exchange and WUE calculated from the bulk leaf-level carbon isotope abundance were similar for both rainfed and irrigated trials. WUE calculation based on modeled assimilation weighted Ci is higher than that calculated from bulk leaf Δ. Both the predicted and measured WUE did not clearly define the treatment effects. All relationships except for PBA Warda were found to be significant (p < 0.05).



Yield and biomass production under rainfed and irrigated conditions

Significant differences in HI were observed among genotypes. Treatments also elicited a significant influence on each of the genotypes AC0805#4912 and 11NF020a-1. The highest HI was found for the genotype AC0805#4912 and the lowest for 11NF010c-4 and PBA Warda (Figure 5). Generally, HI was higher in the irrigated trial except for genotypes 11NF020a-1 and PBA Warda.
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FIGURE 5
 Harvest index (HI) (%) of contrasting faba bean genotypes grown under field condition (irrigated and rainfed trial) at Narrabri, Australia. Error bars were calculated from four replicates and represent standard error of the mean. Different letters represent a significant difference (p < 0.05) among genotypes calculated through DMRT. Asterisks (*) represent significance between irrigated and rainfed treatments.


Genotypic variation for grain yield was significant among the tested genotypes. PBA Warda had the highest grain yield and 11NF010c-4 had the lowest. Irrigated plots produced higher yield compared to the rainfed plots, but were not statistically significant. Only genotype AC0805#4912 had significantly responded against treatment, producing more yields under irrigation. It was also observed that rainfed plots produced more yield for the genotype 11NF020a-1 though they were nonsignificant (Figure 6).


[image: Figure 6]
FIGURE 6
 Yield (kg ha−1) of contrasting faba bean genotypes grown under field conditions (irrigated and rainfed trial) at Narrabri, Australia. Error bars were calculated from four replicates and represent standard error of the mean. Letters denote a significant difference (p < 0.05) among genotypes calculated through DMRT. Asterisks (*) represent significance between irrigated and rainfed treatments.





Discussion

The accumulation of metabolites and changes in the amount of naturally occurring carbon isotopes represents two of the primary mechanisms by which plants may indicate the elicitation of physiochemical responses that enable acclimation to change in water availability. Quantification of metabolites among genotypes may be useful to detect biochemical markers as they are linked with phenotypic expression (Steinfath et al., 2010). In this study, we found that glucose, myo-inositol, and sucrose levels were significantly decreased under irrigated conditions compared to rainfed conditions. Furthermore, we identified that carbon isotope abundance among faba bean genotypes reflects a daily integral of WUE, with the incorporation of a relatively consistent offset to that measured by leaf-level gas exchange. Combined, these results illustrate the potential for biochemical and isotope analysis to determine novel pre-breeding traits to improve faba bean production under water-limited conditions.


Physiological responses and biomass production among faba bean genotypes

One of the earliest plant defense mechanisms during WD is stomatal closure (Reynolds-Henne et al., 2010). The sensitivity of gs to leaf water loss, particularly for 11NF020a-1, is an indication of this genotype being sensitive to WD. Stomatal response to WD generally involves stomatal closure to reduce dehydration. However, this closure also controls CO2 movement, ultimately influencing carboxylation and plant metabolism (Buckley, 2005). Complete stomatal closure was not observed in our rainfed trial throughout the day, indicating that this investigation was suitable for the study of plant physiological responses within the boundaries of physiological function. A sharp decline was observed in gs in the midday, which is a commonly observed phenomenon for stomata due to the higher temperature as well as WD. Under field conditions, gas exchange is influenced by light intensity, heat, and/or relative humidity (Chaves et al., 2003). Instability of gas exchange measurements may occur due to physiological and short-term physiochemical changes, like alteration in water potential (Farooq et al., 2009) to alleviate the WD effect under field conditions. Such variation exhibited on times scales of minutes and influenced by diurnal patterns remains a major challenge to developing reliable tools to assess leaf-level gas exchange at the scale of a commercial breeding program.

Only genotype AC0805#4912 exhibited an increase in yield in response to the additional 25-mm water supplement (Figure 6) with rainfed plants producing comparable yield weights. Treatment responses to biomass production were not significant for genotypes, except AC0805#4912 and 11NF020a-1 (Figure 5), where the irrigated trial had a higher biomass compared to rainfed trial. Indeterminate growth of faba bean makes it sensible for the genotypes to produce higher biomass with the presence of adequate moisture. Moreover, under field conditions, water-holding capacity and high soil volume contribute to sustaining yield in the rainfed trial.



Biochemical responses among faba bean genotypes

Identification and quantification of metabolites from field-grown samples provided meaningful insight into plant behavior in the cropping system. Leaf sample integrity may be compromised under field-based conditions due to sampling strategy or the interpretation of results in response to prevalent relative humidity, light, temperature, and soil nutrient in both the short and long term (Poorter and Nagel, 2000). In this study, leaf sampling was restricted to within 1 h of the diurnal cycle (16:00–17:00) to minimize the influence of diurnal changes as a systematic error in the sampling strategy.

Sugar alcohol accumulation has been found to be an important trait under environmental fluctuations (Loescher, 1987; Merchant and Richter, 2011), and the distribution of these compounds follows taxonomical patterns of plants (Bieleski and Briggs, 2005; Merchant et al., 2007) correlating with increasing aridity and WD. Despite considerable promise of sugar alcohols conferring stress tolerance, few studies have investigated their accumulation under field conditions (Streeter et al., 2001). In contrast, carbohydrates such as glucose and sucrose are less associated as “stress metabolites” due to their participation in primary metabolism requiring tight regulation, and are therefore less likely to exhibit accumulations in response to abiotic stress. In this study, glucose, myo-inositol, and sucrose increased significantly in irrigated treatments for all the studied genotypes despite only a slight increase in moisture level in the irrigated trial. The reasons behind the significant alteration of metabolites may be co-occurrence of stress as well as short-term response toward stress. Under field conditions, the co-occurrence of stress (drought heat) is frequent and is often misleading at the level of the individual. Plant responses against two co-occurring abiotic stresses are common and with physiological responses difficult to separate as the plant responds to the concomitant effects (e.g., see Poorter and Nagel, 2000; Mittler, 2006). Consequently, many studies of biochemical perturbations in response to stress conditions cannot be extrapolated to the field (e.g., Rizhsky et al., 2004). In this study, this suggests that, although our WD was relatively mild, the observed changes may be influenced by other environmental effects. For example, the accumulation of sugar alcohols and carbohydrates in this study may support what is observed among other sugar alcohol-accumulating species where accumulation is functioning as a supply of substrate for metabolism in sink tissues, thereby alleviating sugar-mediated suppression of photosynthesis under stress (Dumschott et al., 2018). Future studies should target both influence of individual stresses and plant developmental stages on metabolite accumulation in this crop and genetic variation governing these properties.



Predictions of WUE based on the isotopic abundance

Carbon isotope abundance (δ13C) of leaf material to predict WUE is a well-established technique for a wide array of plant species (Seibt et al., 2008). More recently, the use of heterotrophic tissues to increase the precision of WUE calculations has been achieved in legume crops (Lockhart et al., 2016; Smith et al., 2016). Carbon isotope discrimination fluctuates with water availability primarily due to the effect of stomatal aperture influencing diffusional fractionation; therefore, it can be used to predict spatial and temporal carbon–water relationships (Seibt et al., 2008). Under the conditions experienced in this study, no treatment effect in gas exchange parameters was observed, likely due to the large variation in instantaneous measures of A/gs. The main advantage of Δ13C to assess WUE over gas exchange is that it assesses the properties of a carbon pool that is representative (hence integrative) across time (days to weeks), and therefore may reflect more meaningful changes in plant gas exchange than that of direct point-in-time measures by gas exchange.

Due to frequent rainfall during the growing season, no significant treatment effects were observed in this study; however, an array of gas exchange rates was observed among the genotypes. Predicted WUE (from isotope abundance) was highly correlated with the measured (gas exchange) WUE values for all genotypes in this study, except PBA Warda (Figure 7). A consistent offset was observed between measured and predicted WUE. The offset between predicted and measured on the full carbon isotope model may be attributed to the parameterization of the model (such as the fractionation of isotopes attributable to phosphoenolpyruvate carboxylase) and the inclusion of fractionation events that are currently not contained within the model (e.g., see “parameter”; Farquhar and Sharkey, 1982). A number of established implications and indirect parameters counted within the model may be an issue while interpreting the outcome (Seibt et al., 2008). Incorporating post-photosynthetic fractionation in the model and parameterizing processes governing post-photosynthetic fractionation is a significant challenge (e.g., see Cernusak et al., 2009). Similarly, RuBisCO and PEP fractionation are hard to measure (Farquhar et al., 1989). In addition, parameterization of post-photosynthetic fractionation is likely to be species-specific due to the differences in biochemical fractionation during metabolite synthesis. Nevertheless, the relatively consistent offset observed here suggests that post-photosynthetic fractionation may be incorporated into models for the calculation of WUE with the inclusion of such caveats for screening applications such as those suggested here. An improved understanding in this area will help to develop cost-effective and reproducible tools to study plant carbon–water relationships.


[image: Figure 7]
FIGURE 7
 Predicted water use efficiency vs. measured water use efficiency has grown in irrigated and rainfed conditions of contrasting faba bean genotypes. Water use efficiency was calculated according to the formula of Farquhar and Richards (1984) and Seibt et al. (2008). The measurement was completed at the three-pod stage; plant age was between 120 and 128 days.





Conclusion

Leaf-level soluble chemistry of field-grown faba bean contains several indicators of plant performance and physiological health. Plant metabolite abundance, particularly that of low-molecular-weight carbohydrates and sugar alcohols, indicates physiochemical acclimation to the combined effects of drought (water, heat, light) and point-in-time measures of concentration are only indicative of higher synthesis rates. Consequently, increased concentration can only be correlative evidence of enhanced stress tolerance. δ13C is a reliable indicator of WUE. The consistent offset between predicted and measured WUE indicates that heterotrophic tissues may be used in the assessment of WUE across a large number of genotypes and is representative of temporal variation. When combined, this represents considerable use in screening for plant performance under field-grown conditions.
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Cadmium (Cd), a non-essential element for plant, is a ubiquitous and highly toxic heavy metal, seriously endangering agricultural production and human health. As a nonedible economic crop, cotton (Gossypium hirsutum L.) has great potential in remediation of Cd contaminated soil, but its underlying mechanism is still unknown. Melatonin (MT), as a plant growth regulator, is involved in alleviating Cd toxicity in some plants, but the molecular mechanisms of MT-mediated Cd detoxification in cotton are largely unknown. This study investigated the possible molecular mechanisms of the MT-mediated Cd detoxification in cotton seedlings by comparative transcriptomic and metabolomic analyses. The results showed that the cotton seedlings were dwarfed and the leaves were wilted and yellow under Cd stress. The application of 50 µmol L−1 MT significantly increased the superoxide dismutase (SOD) activity and malondialdehyde (MDA) content under Cd stress, but 100 µmol L−1 MT significantly decreased SOD activity, while increased ascorbate peroxidase (APX) activity significantly. The addition of 100 μmol L−1 MT significantly increased Cd concentration in the shoots and roots under Cd stress. RNA-seq analysis showed that 5573, 7105, 7253, 25, 198, 9 up-regulated and 6644, 7192, 7404, 9, 59, 0 down-regulated differentially expressed genes (DEGs) were identified in the comparisons of CK vs T1, CK vs T2, CK vs T3, T1 vs T2, T1 vs T3 and T2 vs T3, respectively. It was revealed that MT promoted the expression of certain related genes under Cd stress, and the effect of 100 µmol L−1 MT was better. Moreover, UPLC-MS/MS widely targeted metabolites analyses showed that 195, 150, 150, 12, 24, 59 up-regulated and 16, 11, 23, 38, 127, 66 down-regulated differentially accumulated metabolites (DAMs) were changed in the CK vs T1, CK vs T2, CK vs T3, T1 vs T2, T1 vs T3 and T2 vs T3, respectively. It was revealed that MT induced the synthesis of alkaloids and flavonoids, and inhibited or reduced the synthesis of lipids, amino acids and their derivatives. The comprehensive analyses of transcriptomic and metabolic data showed that 33 DEGs and 4 DAMs, 46 DEGs and 16 DAMs, and 1 DEGs and 1 DAMs were dominantly involved in the pathways of valine, leucine and isoleucine degradation, ABC transporter, alpha-linolenic acid metabolism, respectively. It was revealed that there were three major mechanisms involved in MT-mediated Cd detoxification in cotton, including the enhancement of antioxidant capacity regulated by APX, flavonoids and alkaloids; accumulation of secondary metabolites related to Cd chelation, such as amino acids and derivatives; and regulation of cadmium ion transportation, such as ABC transporter activation. In conclusion, this study provides new insights into the MT-mediated Cd stress response.




Keywords: Gossypium hirsutum, Cd stress, Detoxification mechanism, 2-hydroxymelatonin, RNA-Seq, UPLC-MS/MS



Highlights

	Application of 100 µmol L−1 MT significantly reduced Cd toxicity and promoted seedling growth.

	The key factors of melatonin-mediated Cd stress tolerance in cotton were revealed.

	The expression of certain related genes were promoted and the most of alkaloids and flavonoids were accumulated by the addition of MT under Cd stress.

	The enhancement of antioxidant capacity, the accumulation of secondary metabolites related to Cd chelation, and regulation of Cd ion transportation, were the three major mechanisms involved in MT-mediated Cd detoxification in cotton.





Introduction

When heavy metal content in soil exceeds the standard, the abiotic stress will cause irreversible damage to plant growth and development (Li et al., 2021). Inappropriate disposal of industrial wastes, sewage irrigation and excessive use of chemical fertilizers and pesticides in agriculture have caused serious cadmium (Cd) pollution in farmland soils worldwide, posing a serious threat to agricultural production and human health (Qin et al., 2021; Yuvaraj et al., 2021). The polluted soil has the characteristics of long-term, cumulative, hidden and irreversibility, so it cannot be repaired and utilized in a short time only by its self-purification ability (Zhang et al., 2021c). Cotton (Gossypium hirsutum L.) is a non-edible cash crop with strong tolerance to Cd stress. Although Cd stress can adversely affect the growth and development of cotton, it has its own adaptation and protection mechanism, such as large biomass, strong accumulation capacity, and cotton fiber as the main product does not enter the food chain (Zhu et al., 2020; Wang et al., 2021). Therefore, it has a unique advantage in considering fiber production and soil remediation for Cd contamination.

Melatonin (MT), also known as the pineal gland, is an indoleamine that is vital to life (Rezzani et al., 2020). The content of MT is low in plants, but it can alleviate the damage caused by abiotic stress (such as heavy metals, saline ions, low temperature, drought, bacteria, pests and other biological stress), thus enhancing the resistance of plants to adverse environment (Zhao et al., 2022). It can promote the biosynthesis of glutathione (GSH) and phytochelin under Cd stress, restrict Cd in cell wall and vacuole, and reduce the mobility of Cd in cells by pre-treating the roots of seedlings with MT (Liu et al., 2021b). The plant height, biomass, root growth, GSH content, and the activities of ascorbate peroxidase (APX) and superoxide dismutase (SOD) increased in wheat seedlings, and hydrogen peroxide (H2O2) content was significantly reduced, then the toxic effects of Cd were greatly reduced by addition of MT (Ni et al., 2018). Therefore, as a new plant growth regulator and biostimulant, melatonin can effectively alleviate Cd toxicity to plants and improve the tolerance to Cd of plants. This is related to the N-acetyl group and 5-methyl group in the chemical structure of MT, which is highly lipophilic and hydrophilic, binds specifically to receptors, and reacts with hydroxyl radicals and peroxy radicals (Arnao & Hernández-Ruiz, 2015). According to the different metabolic pathways of MT, it can be mainly divided into 6-hydroxymelatonin (6-OHMT) and 2-hydroxymelatonin (2-OHMT). 6-hydroxymelatonin is considered to be the most important metabolite of animal MT (Hardeland, 2015). 2-hydroxymelatonin is one of the important metabolites produced by the interaction of melatonin and oxygenates, and is the most important metabolite of plant MT (Byeon et al., 2015; Shah et al., 2020a). Studies have shown that priming seeds with 2-OHMT enhanced photosynthetic rate, water content and gas exchange properties, and also alleviated Cd stress in Cucumis sativus seedlings by enhancing non-enzymatic antioxidant accumulation and gene expression (Shah et al., 2020a; Shah et al., 2020b). However, the interactions between Cd stress and MT stress, as well as the molecular and metabolic regulatory mechanisms of MT-mediated Cd stress relief, remain unclear.

Transcriptome analysis provides an important basis for systematically revealing the mechanism of gene expression and transcriptional regulation in different environments (Jiang et al., 2019). Many important studies on transcriptome analysis of plants under Cd stress have been reported (Zhu et al., 2018; Chen et al., 2020; Wang et al., 2022a). Expression of SaZIP1 in the root and shoot of Sedum alfredii. H was significantly induced by Cd stress, and the expression level of Cd high enriched ecotypes was nearly 100 times than that of non-Cd high enriched ecotypes (Gao et al., 2013). The differentially expressed genes (DEGs) of cherry tomato under Cd stress were mainly involved in plant hormone signal transduction, antioxidant enzymes, cell wall biosynthesis, and metal transportation (Hussain et al., 2016). The up-regulated expression of Cd transporter genes HMA5, NRAMP6, CAX3, ABCC3 and PDR1 in the leaves of cherry tomato can transport active Cd from the exoplasm to vacuoles (Su et al., 2021). Moreover, DEGs of kenaf were mainly involved in carbohydrate metabolism, replication and repair, signal transduction, transport and catabolism under Cd stress (Chen et al., 2020). There were some key genes that encoded specific Cd transporters, defense systems and highly expressed proteins, thus enhancing Cd tolerance in hemp (Huang et al., 2019). Melatonin accumulation induced by HsfA1a could improve the tolerance of tomato to Cd, while MT partially up-regulated the expression of heat shock proteins (HSPs) and protected the plasma membrane and intracellular proteins of tomato (Cai et al., 2017).

In recent years, metabolomics technology has attracted extensive attention because of its ability to directly reflect plant phenotypic changes and regulate plant gene transcription and protein expression (Arbona et al., 2013; Li & Gaquerel, 2021). Many important studies on metabolomic analysis of plants under Cd stress have been reported. HPLC Q-Exactive technology was used to identify changes in the content of 74 differentially accumulated metabolites (DAMs) in Japanese rice (Oryza sativa var. Japonica) under Cd stress, which involved in the pathways of amino acid metabolism, purine metabolism, carbon metabolism and glycerolipid metabolism (Navarro-Reig et al., 2017). A highly developed root system in the low-Cd accumulation rice variety (TY816) reduced Cd uptake by up-regulating lipids and fatty acids, while the high-Cd accumulation cultivar (JY841) responded to Cd-induced oxidative stress by up-regulating phenethyl alcohol glycosides (Liu et al., 2021a). Most carbohydrates and amino acids are down-regulated as Cd increases, especially L-cysteine, and inositol is up-regulated as Cd increases to prevent Cd toxicity (Jiang et al., 2020). Simultaneously, 13-(S) -hydroperoxy-9(Z), 11(E), 15(Z) -octadecatrienoic acid was activated as an organic acid, which was related to the metabolism of α-linolenic acid and the production of jasmonic acid (Zeng et al., 2021). The 12 significantly DAMs of Amaranthus hypochondriacus under Cd stress were highly linearly correlated with phytochelatins (PCs), which involved in the pathways of valine (Val), leucine (Leu) and isoleucine (Ile) biosynthesis, alanine (Ala), aspartic acid (Asp) and glutamate (Glu) metabolism, and arginine (Arg) and proline (Pro) metabolism (Xie et al., 2019).

Integrated metabolomic and transcriptomic network analyses provide a great opportunity to elucidate the complex response process under environmental stress. It was found several DEGs and DAMs in Solanum nigrum L. under Cd stress, including laccase, peroxidase, D-fructose, and cellobiose etc., were related to cell wall biosynthesis and Cd detoxification (Wang et al., 2022a). Study on chickpeas exposed to chromium, Cd and arsenic found that the DEGs of haloacid dehydrogenase, cinnamoyl CoA reductase, F-box protein, GDSL esterase lipase, cellulose synthase, β-glucosidase 13 and isoflavone hydroxylase were significantly enriched, and regulated the pathways of riboflavin metabolism, phenyl propanoid biosynthesis, amino acid biosynthesis, isoflavonoid biosynthesis and indole alkaloid biosynthesis (Yadav et al., 2019). Up to now, the molecular regulation mechanism of plants in response to heavy metal stress is very complicated, so it is very effective to conduct in-depth research on the functioning of a series of DAMs and the corresponding DEGs using the combination of transcriptomic and metabolomic methods.

In this study, different concentrations of MT were added at 200 µmol L−1 Cd concentration to analyze the alleviating effect of exogenous MT on Cd toxicity of cotton seedlings. We analyzed phenotypic and physiological responses of cotton seedlings using Illumina high-throughput sequencing technology, and analyzed the changes of metabolites and metabolic pathways using UPLC-MS/MS. Combined with transcriptome and metabolome analysis, the regulatory network of MT-mediated Cd stress in cotton was elucidated and the underlying mechanism was revealed. The purpose of this study was to provide theoretical basis for phytoremediation of heavy metal contaminated soil.



Materials and methods


Plant materials and treatments

The cotton variety CCRI 45 was used as the experimental material to study the effect of MT under Cd stress and further remediate Cd-contaminated soil, it is a high-yield and insect-resistant variety selected by Institute of Cotton Research of CAAS with better tolerance to Cd stress. The cotton seeds were surface-sterilized with 3% H2O2 for 10 min and then washed with tap water three times. After soaking the sterilized seeds in water at 30 °C for 2 h, the seeds were evenly placed in mixed soil at a ratio of vermiculite to organic fertilizer to soil of 2:1:3 in the plastic pots (50 cm length × 25 cm width), and maintained at 28°C and 70% relative humidity in a darkroom. After seed germination, the seedlings were cultured for 14 h at 28 °C under a light intensity of 400 µmol m−2 s−1 and 10 h at 18 °C under dark conditions every day, and the relative humidity was maintained at 70%.

When the seedlings grew to 2 weeks, the robust and relatively uniform plants were selected and transferred to nutrient solution. The formulation of the nutrient solution (mg L−1) referred to Wu et al. (2004). The nutrient solution, with a pH of 6.5± 0.1, was placed in 5L black plastic bucket (20 cm diameter × 20 cm depth). There were 4 holes in the disc cover of each bucket, and the cotton seedlings were fixed in the holes with a sponge, and 3 plants were fixed in each hole. The nutrient solution changed once a week and ventilated with a pump.

The cotton seedlings treated with 200 µmol L−1 CdCl2 H2O after transplanting for one week, and the Cd concentration was screened by our laboratory through more than 10 years of experiments. 2-hydroxymelatonin (CAS: 73-31-4) was used in this experiment, which was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. The melatonin solutions were prepared by dissolving the solute in ethanol followed by dilution with Milli-Q water [ethanol/water (v/v) =1/10000] (Li et al., 2017). Add different concentrations of MT the next day after Cd treatment. Control plants were grown in the same nutrient solution without Cd. 4 treatments were designed in the experiment, that is 0 (CK), 200 µmol L−1 Cd (T1), 50 µmol L−1 MT+200 µmol L−1 Cd (T2), 100 µmol L−1 MT+200 µmol L−1 Cd (T3), and each treatment was repeated 3 times, 12 plants per pot. After each treatment for 3 days, the cotton seedlings changed obviously, 1 g of fresh leaves of each sample were collected for determination of antioxidative enzyme and lipid peroxides, and 2 g of fresh leaves were wrapped with tin foil, then immediately frozen in the liquid nitrogen and stored at -80°C prior to RNA-Seq and metabolite extraction.



Determination of antioxidative enzyme and lipid peroxides

After each treatment for 3 days, 1 g of fresh leaves from plants undergoing different treatments was placed into a mortar, and 10 mL of 50 mmol L−1 phosphate buffer (pH 7.8, containing 0.1 mmol L−1 EDTA) and a small amount of quartz sand were added and ground into a homogenate in an ice bath. The sample was transferred to a 10 mL centrifuge tube and centrifuged at 12000 g at 4 °C for 20 min. The supernatant was stored in a refrigerator at 4 °C prior to the determination of antioxidant enzyme activity and malondialdehyde (MDA) content. The activity of SOD was determined by the nitrotetrazolium blue chloride (NBT) method at 560 nm (Beyer & Fridovich, 1987). Peroxidase (POD) activity was measured using guaiacol oxidation at 470 nm (Pütter, 1974). Ascorbate peroxidase (APX) activity was determined according to the method of (Chen & Asada, 1989). The MDA content represented the level of lipid peroxidation products and was determined by the reaction of 2-thiobarbituric acid (TBA) (Heath & Packer, 1968).



Determination of Cd concentration

The Cd concentration was determined using Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) (7500a, Agilent). Briefly, the shoots and roots were collected separately, dried at 80°C to constant weight, then ground to a fine powder and passed through a 120-mesh sieve. 0.1 g of sample was weighed accurately into quartz digestion cup, then digested for 4-5 hours by adding a mixture of 4-5 ml HNO3 and 0.5 ml H2O2. The digested sample solution was transferred to a 50 mL volumetric flask to volume, and Cd was quantified using ICP Mass Spectrograph.



Transcriptome sequencing and analysis

Total RNA was extracted from the leaves of 12 cotton samples using Trizol reagent (Invitrogen, Carlsbad, CA, USA). Three biological replicates were performed. The concentration, purity and integrity of RNA samples were detected by Qubit 2.0 Flurometer, NanoPhotometer spectrophotometer and Agilent 2100 bioanalyzer. The cDNA library construction and sequencing were performed by Wuhan Met Ware Biotechnology Co., Ltd. (www.metware.cn) using the Illumina high-throughput sequencing platform. Clean reads were obtained by referring to the method of (Chen et al., 2018), and mapped to the cotton reference genome (Gossypium hirsutum. L) using HISAT v2.1.0 (Kim et al., 2015). The gene alignment and the FPKM of each gene based on the gene length were calculated using Feature Counts v1.6.2 (Liao et al., 2014). The DEGs were analyzed using DESeq2 v1.22.1, which were identified according to |log2fold change|≥1 and false discovery rate (FDR)<0.05 (Love et al., 2014). And in order to infer the function of DEGs, BLAST software and KOBAS 2.0 software were used for KEGG pathway analysis.



Metabolite analysis

Sample freeze-drying, crushing and extraction, and metabolome profiling and data analysis were carried out at Wuhan MetWare Biotechnology Co., Ltd. (www.metware.cn) following their standard procedures (Guo et al., 2019). Three biological replicates were performed. The UPLC-MS/MS system was used for metabolome profiling, which was composed of Ultra Performance Liquid Chromatography (UPLC) and Tandem mass spectrometry (MS/MS). The conditions of UPLC and MS referred to the detailed procedures of Guo et al. (2019). The mass spectrometry software analyst 1.6.3 was used to process the data obtained, and partial least squares-discriminant analysis (PLS-DA) was carried out to DAMs, which satisfying variable importance of the projection (VIP) ≥1 and |log2fold change| ≥1 were defined as DAMs. The functional annotation of DAMs was carried out based on KEGG and analyzed the relevant pathways, their significance was determined by the P value of the hypergeometric test.



Integrated analysis between DEGs and DAMs

In order to establish the data relationship, the transcriptome and metabolome data were normalized and statistically analyzed, key genes, metabolites and metabolic pathways were screened out by functional analysis, metabolic pathway enrichment and correlation analysis. The Pearson correlation analysis between DEGs and DAMs was using the cor function of R language with normalized data. The analysis of correlation and KEGG enrichment was performed using DEGs and DAMs Pearson Correlation Coefficient (PCC)| ≥0.8). And a network diagram of DEGs and DEMs was drawn to analyze the relationship between genes and metabolites.



Data analysis

Data collation, calculation and histogram drawing using Microsoft Excel 2010, variance analysis using SPSS 20.0, each data was expressed in the form of mean ± MS, and t-test analysis was performed at the P<0.05 level.




Results


Phenotype and physiology responses of cotton seedling

The phenotype of cotton seedlings was investigated and physiological responses of leaves were analyzed after 3 days of each treatment. Compared with the control (CK), 200 µmol L−1 Cd significantly inhibited the growth of cotton seedlings, the plants were short and the leaves were yellow and withered (T1). The Cd toxicity can be reduced by adding MT, and the effect of 100 µmol L−1 MT was significantly better than that of 50 µmol L−1 MT, but the growth of cotton seedling plants is still worse than that of CK (Figure S1-A). The activities of SOD, POD and APX, and MDA content in cotton seedling leaves were significantly higher under 200 µmol L−1 Cd treatment (T1) than that of the control (CK). Compared with the Cd treatment alone (T1), the SOD activity and MDA content increased significantly after adding 50 µmol L−1 MT (T2), while POD and APX decreased significantly. After adding 100 µmol L−1 MT (T3), the SOD activity decreased significantly, the POD activity and MDA content also decreased, but the difference was not obvious, while the APX activity increased significantly (Figure S1B). The results preliminarily showed that 100 µmol L−1 MT was more effective than 50 µmol L−1 MT in reducing the toxicity of Cd.



Cd concentration in cotton shoots and roots

The concentration of Cd in shoots and roots of cotton seedlings determined after under Cd stress and adding melatonin (Figure S2). The Cd concentration in roots was significantly higher than in shoots, showing that more Cd accumulated by root absorption under the same conditions. Compared to the control, Cd concentration was significantly increased in shoots and roots under 200 µmol L−1 Cd (T1). Compared with the Cd treatment alone (T1), the addition of MT significantly increased Cd concentration, but the effect between 50 µmol L−1 MT (T2) and 100 µmol L−1 MT (T3) was not obvious in the shoots. In roots, Cd concentration was significantly increased by adding 100 µmol L−1 MT (T3) compared with Cd treatment alone (T1), but decreased by adding 50 µmol L−1 MT (T2), and the difference was not significant.



Transcriptome analysis

The transcriptome responses of leaves were investigated by RNA-seq after 3 days of each treatment. This study obtained a total of 80.39 Gb clean data, and the clean data of each sample reached 6 Gb. The GC content was 43.00%-44.18%, and the Q30 was >94.04% (Figure S3). The comparison efficiency was 97.64%-98.06% between the reads of each sample and the reference genome. The clean data generated in RNA-seq were submitted to NCBI (PRJNA818420). Based on the comparison results, the mapped reads were assembled and compared with the published annotation information of the upland cotton genome, alternative splicing analysis and gene structure optimization were performed, and a total of 2688 new genes were discovered. The DEGs in different samples were screened and then performed functional annotation and enrichment analysis.

A total of 41471 DEGs were screened, of which 20163 were up-regulated and 21,308 were down-regulated (Figure 1A). The numbers of DEGs were significantly higher in CK vs T1, CK vs T2, CK vs T3 than that in T1 vs T2, T1 vs T3, T2 vs T3. It indicated that the effects on the gene expression were significant in cotton seedlings under Cd treatment or the addition of MT. And certain genes were promoted by adding MT under Cd stress, especially 100 µmol L−1 MT has a better effect. There were 3 DEGs in CK vs T1, CK vs T2, CK vs T3, T1 vs T2, T1 vs T3, which were novel.1853, gene-LOC107922917, and novel.79; 10137 DEGs in CK vs T1, CK vs T2, CK vs T3; and 8 DEGs in T1 vs T2, T1 vs T3, which were novel.1853, gene-LOC107922917, novel.79, novel.1760, novel.1572, novel.2101, gene-LOC107954558, gene-LOC107894809; 3 DEGs in T1 vs T3, T2 vs T3, which were gene-LOC121202834, gene-LOC107912207, gene-LOC107932195 (Figure 1B). Only 9 DEGs in T2 vs T3, and all of them were up-regulated, it can be explained why the detoxification effect of Cd by adding 100 µmol L−1 MT was better than that of 50 µmol L−1 MT. Therefore, these DEGs can be used as the source of candidate genes for responding to Cd stress and screening MT concentration.




Figure 1 | The number distribution, venn diagram and KEGG pathway enrichment map of DEGs in different sample group. (A), The number distribution of DEGs among CK vs T1, CK vs T2, CK vs T3, T1 vs T2, T1 vs T3, T2 vs T3; (B), Venn diagram of DEGs among CK vs T1, CK vs T2, CK vs T3, T1 vs T2, T1 vs T3, T2 vs T3; (C), KEGG pathway enrichment map of DEGs among CK vs T1, CK vs T2, CK vs T3. CK refers to the control, T1 refers to 200 µmol L−1 Cd treatment, T2 refers to the treatment of 50 µmol L−1 MT+200 µmol L−1 Cd, T3 refers to the treatment of 100 µmol L−1 MT+200 µmol L−1 Cd.



The KEGG enrichment analysis indicated that DEGs of CK vs T1, CK vs T2, CK vs T3 were significantly enriched (P-value<0.01) in the pathways of photosynthesis-antenna proteins, ribosome, MAPK signaling pathway-plant, plant-pathogen interaction, plant hormone signal transduction, porphyrin and chlorophyll metabolism, amino sugar and nucleotide sugar metabolism, starch and sucrose metabolism, galactose metabolism, valine, leucine and isoleucine degradation (Figure 1C). No DEGs significantly enriched in T1 vs T2, T1 vs T3, T2 vs T3 (P-value<0.01). However, the pathways of alpha-Linolenic acid metabolism, MAPK signaling pathway-plant, and proteasome were significantly enriched (P-value<0.05) by DEGs in T1 vs T3.



Metabonomic analysis

The metabolome responses of cotton seedlings leaves were investigated using UPLC-MS/MS after 3 days of each treatment. The results showed that a total of 1019 metabolites were identified from the 6 treatment combinations. The numbers of DAMs were significantly higher in CK vs T1, CK vs T2, CK vs T3 than that of T1 vs T2, T1 vs T3, T2 vs T3, which was basically the same as the change trend of DEGs, but the changes of DAMs were not obvious than that of DEGs (Figure 2A). The results also indicated that certain metabolites were stimulated by Cd stress, and the down-regulated of DAMs were reduced by the addition of MT under Cd stress, especially 100 µmol L−1 MT. The numbers of up-regulated DAMs were significantly higher than that of down-regulated DAMs in CK vs T1, CK vs T2, CK vs T3, on the contrary, the up-regulated DAMs were significantly lower than that of down-regulated DAMs in T1 vs T2, T1 vs T3, T2 vs T3. In particular, 100 µmol L−1 MT significantly caused the down-regulated of a large number of DAMs under Cd stress.




Figure 2 | The number distribution, venn diagram and KEGG pathway enrichment map of DAMs in different sample group. (A), The number distribution of DAMs among CK vs T1, CK vs T2, CK vs T3, T1 vs T2, T1 vs T3, T2 vs T3; (B), Venn diagram of DAMs among CK vs T1, CK vs T2, CK vs T3, T1 vs T2, T1 vs T3, T2 vs T3; (C), KEGG pathway enrichment map of DAMs among CK vs T1, CK vs T2, CK vs T3, T1 vs T2, T1 vs T3, T2 vs T3. CK refers to the control, T1 refers to 200 µmol L−1 Cd treatment, T2 refers to the treatment of 50 µmol L−1 MT+200 µmol L−1 Cd, T3 refers to the treatment of 100 µmol L−1 MT+200 µmol L−1 Cd.



From the Venn diagram (Figure 2B), it can be seen that there were 5 DAMs in CK vs T1, CK vs T2, CK vs T3, T1 vs T2, T1 vs T3, which were DL-2-aminoadipic acid, scoparone, solasodiene, LysoPC 18:3(2n isomer), genistein-7-O-(6’’-malonyl) glucoside. Scoparone and genistein-7-O- (6’’-malonyl) glucoside were up-regulated in all combinations, and DL-2-aminoadipic acid, solasodiene and LysoPC 18:3 (2n isomer) were up-regulated in CK vs T1, CK vs T2, CK vs T3, while down-regulated in T1 vs T2 and T1 vs T3. And there were 78 DAMs in CK vs T1, CK vs T2, CK vs T3, 8 DAMs in T1 vs T2, T1 vs T3, T2 vs T3. Among the 8 DAMs, D-Glucurono-6,3-lactone was up-regulated, 9-Hydroxy-10,12,15-octadecatrienoic acid, 13-KODE; (9Z,11E)-13-Oxooctadeca-9,11-dienoic acid (13-KODE), 9,12,13-Trihydroxy-10,15-octadecadienoic acid, LysoPC 14:0, LysoPC 16:0(2n isomer) and LysoPC 19:1 were all lipids and down-regulated in T1 vs T2, T1 vs T3, T2 vs T3. And 24,30-Dihydroxy-12(13)-enolupinol was down-regulated in T1 vs T2, while up-regulated in T1 vs T3 and T2 vs T3. Therefore, these DAMs can be used as candidate metabolites for responding to Cd stress and screening MT concentration.

The analysis of KEGG enrichment was performed on the all-treatment combinations, only the pathway of aminoacyl-tRNA biosynthesis was significantly enriched (P-value<0.05) by DAMs in CK vs T1 (Figure 2C). Therefore, the KEGG enrichment analysis was conducted at P-value<0.1, it found that the pathways of aminoacyl-tRNA biosynthesis, lysine degradation, biosynthesis of amino acids, ABC transporters, purine metabolism, glucosinolate biosynthesis, lysine biosynthesis, penicillin and cephalosporin biosynthesis, pyrimidine metabolism, cyanoamino acid metabolism, valine, leucine and isoleucine degradation, tryptophan metabolism, 2-Oxocarboxylic acid metabolism, phenylalanine, tyrosine and tryptophan biosynthesis, tropane, piperidine and pyridine alkaloid biosynthesis, caffeine metabolism, pentose phosphate pathway, biosynthesis of unsaturated fatty acids, carbon fixation in photosynthetic organisms, D-Arginine and D-ornithine metabolism, flavone and flavonol biosynthesis were significantly enriched by DAMs in the all treatment combinations.

The top 10 DAMs of up-regulated and down-regulated in the all-treatment combinations were listed in Table 1 according to the value of log2 fold change. It can be seen that the up-regulated DAMs were isoquinoline, α-Solasonine, 4,8-Dihydroxyquinoline-2-carboxylic acid, 3-Indoleacetonitrile, 3-Indolepropionic acid, LysoPE 15:1 and DL-2-Aminoadipic acid in CK vs T1, CK vs T2, CK vs T3, which contained 5 alkaloids, 1 organic acid and 1 lipid; the down-regulated DAMs were N-Acetyl-L-glutamic acid, 3-Guanidinopropionic acid and 1-(9Z-Octadecenoyl)-2-(9-oxo-nonanoyl)-sn-glycero-3-phosphocholine, which were 1 amino acid and its derivatives, 1 organic acid and 1 lipid respectively. The up-regulated DAMs were chrysin-5-O-glucoside, genistein-7-O-(6’’-malonyl) glucoside, acetryptine, scoparone, D-glucurono-6,3-lactone, erythorbic acid (isoascorbic acid) in T1 vs T2 and T1 vs T3, which were 2 flavonoids, 1 alkaloid, 1 lignans and coumarins, 2 other kinds; the down-regulated DAMs were 9,12,13-Trihydroxy-10,15-octadecadienoic acid, LysoPC 16:0, LysoPC 17:0, LysoPC 20:0, all of which were lipids. And up-regulated DAMs were esculetin-7-O-glucoside, esculin (6,7-DihydroxyCoumarin-6-glucoside) and 24,30-Dihydroxy-12(13)- enolupinol in T1 vs T3 and T2 vs T3, which contained 2 lignans and coumarins, 1 terpene; the down-regulated DAMs was L-Alanyl-L-Phenylalanine, which belonged to amino acid and derivatives. So, it can be seen that DAMs with large up-regulation were mainly alkaloids, while that with large down-regulation were riched in types and relatively more lipids.


Table 1 | Top ten DAMs (up or down regulated) among different sample groups.





Correlation analysis between DEGs and DAMs

Log2 conversion data for DEGs and DAMs were selected with a Pearson’s correlation coefficient (PCC)>0.8. The nine quadrant diagrams were generated to obtain a systematic view of the variations in DAMs and their corresponding DEGs respond to Cd stress and the addition of MT (Figure 3). The black dotted lines divide each graph into 9 quadrants. Unchanged DAMs and unchanged DEGs were displayed in quadrant 5, up-regulated DAMs and up-regulated DEGs were displayed in quadrant 3, down-regulated DAMs and down-regulated DEGs were displayed in quadrant 7, and the DAMs and DEGs shown in quadrant 3 and quadrant 7 were positively correlated and had similar consistent patterns. Up-regulated DAMs and down-regulated DEGs were displayed in quadrant 1, down-regulated DAMs and up-regulated DEGs were displayed in quadrant 9, while the DAMs and DEGs shown in quadrant 1 and quadrant 9 were negatively correlated and had opposite patterns. The unchanged DAMs and up-regulated or down-regulated DEGs, as well as the unchanged DEGs and up-regulated or down-regulated DAMs were displayed in quadrant 2, 4, 6, 8.




Figure 3 | Correlation quadrant diagrams representing association of DEGs and DAMs. (A), CK vs T1; (B), CK vs T2; (C), CK vs T3; (D), T1 vs T2; (E), T1 vs T3; (F), T2 vs T3.



As shown in quadrant 3,7, 11430 DEGs corresponding to 219 DAMs in CK vs T1 (Figure 3A), 12645 DEGs corresponding to 162 DAMs in CK vs T2 (Figure 3B), 12834 DEGs corresponding to 195 DAMs in CK vs T3 (Figure 3C), 578 DEGs corresponding to 54 DAMs in T1 vs T2 (Figure 3D), 1150 DEGs corresponding to 145 DAMs in T1 vs T3 (Figure 3E), 158 DEGs corresponding to 96 DAMs in T2 vs T3 (Figure 3F).



KEGG analysis of DEGs and DAMs

According to the results of KEGG enrichment analysis on DEGs and DAMs of cotton seedling leaves in response to Cd stress and the addition of MT, a histogram was drawn to show the enrichment degree of pathways with DEGs and DAMs simultaneously. The results were shown in Figure 4. 5114 DEGs and 328 DAMs were enriched to 68 metabolic pathways in CK vs T1 (Figure 4A), 5803 DEGs and 268 DAMs were enriched to 63 metabolic pathways in CK vs T2 (Figure 4B), 6105 DEGs and 256 DAMs were enriched to 64 metabolic pathways in CK vs T3 (Figure 4C), 8 DEGs and 10 DAMs were enriched to 3 metabolic pathways in T1 vs T2, 43 DEGs and 85 DAMs were enriched to 10 metabolic pathways in T1 vs T3 (Figure 4D), 6 DEGs and 33 DAMs were enriched to 4 metabolic pathways in T2 vs T3.




Figure 4 | KEGG enrichment analysis pvalue histogram of DEGs and DAMs. (A), CK vs T1; (B), CK vs T2; (C), CK vs T3; (D), T1 vs T3. The abscissa represents metabolic pathways, and the ordinate represents the enriched pvalue of DEGs (red) and DAMs (green), which is represented by -log (Pvalue). The higher the ordinate, the stronger the enrichment degree.



Interestingly, it was found that DEGs and DAMs in CK vs T1 were simultaneously significantly enriched in the pathway of valine, leucine and isoleucine degradation (P value<0.05), which was stimulated by Cd stress. The pathways of valine, leucine and isoleucine degradation and ABC transporter were significantly enriched (P-value<0.05) by DEGs and DAMs simultaneously in CK vs T2 and CK vs T3, it indicated that the pathway of valine, leucine and isoleucine degradation was still active under Cd stress after adding MT, and the ABC transporter are stimulated simultaneously. Only the pathway of alpha-linolenic acid metabolism was significantly enriched (P-value<0.05) by DEGs and DAMs simultaneously in T1 vs T3, it showed that the production of alpha-linolenic acid was promoted by 100 µmol L−1 MT in response to Cd stress. There were no significant enrichment pathways in the treatment groups of T1 vs T2 and T2 vs T3, it indicated that no metabolic pathway was obviously stimulate by 50 µmol L−1 MT, and the differences on MT concentrations were not obvious for the excitation of metabolic pathways. In conclusion, the three pathways of valine, leucine and isoleucine degradation, ABC transporter, and alpha-linolenic acid metabolism may be the key and important pathways for cotton leaves to respond to Cd stress and melatonin to alleviate Cd toxicity.



Co-expression network analysis of DEGs and DAMs

A correlation network diagram of DEGs and DAMs (|PCC|≥0.8, P-value<0.05) was conducted to further analyze the correlation between the DEGs and DAMs involved in the three metabolic pathways of valine, leucine and isoleucine degradation, ABC transporter and alpha-Linolenic acid metabolism (Figure 5). The results showed that a total of 33 DEGs and 4 DAMs were involved in the pathway of valine, leucine and isoleucine degradation, and β-hydroxyisovaleric acid was related to pathway. In this pathway, only three genes, gene-LOC107926533, gene-LOC107956866 and gene-LOC107963679, were negatively correlated with DAMs, and the others were positively correlated. A total of 46 DEGs and 16 DAMs were involved in the ABC transporter pathway, in which commonly enriched by 11 amino acids (L-isoleucine, L-leucine, S-methyl-L-cysteine, L-valine, L-histidine, L-phenylalanine, L-proline, L-threonine, L-lysine, L-glutamine, L-ornithine) and D-glucose, inositol, cytidine, 2’-Deoxyguanosine, xanthosine. In this pathway, gene-LOC107959623 and gene-LOC107889290 were only involved in negative regulation of D-glucose and inositol; gene-LOC107916807, gene-LOC107940004 and gene-LOC107953026 were only involved in negative regulation of cytidine, 2’-Deoxyguanosine, xanthosine; the other genes were participated in the positive regulation of amino acid metabolism. Only gene-LOC107892610 was involved in the negative regulation of α-linolenic acid metabolism. Therefore, it indicated that the co-expression of DEGs and DAMs related to the pathways of valine, leucine and isoleucine degradation, ABC transporter, alpha-linolenic acid metabolism can be regulated by MT under Cd stress.




Figure 5 | The network analysis of DEGs and DAMs in response to Cd stress and the addition of MT in cotton seedling leaves. (A) the correlation network of DEGs and DAMs involved in the pathway of valine, leucine and isoleucine degradation; (B) the correlation network of DEGs and DAMs involved in the pathway of ABC transporter; (C), the correlation network of DEGs and DAMs involved in the pathway of alpha-linolenic acid metabolism; ●The red circle represents DEGs;  ♦the green square represents DAMs, the solid red line represents positive correlation, and the dashed black line represents negative correlation.





Comprehensive analysis of related DEGs and DAMs in the pathway of valine, leucine and isoleucine degradation

The interaction of DEGs and DAMs involved in the pathway of valine, leucine and isoleucine degradation was analyzed to clarify the effects of MT on genes and metabolites related to this metabolic pathway in cotton under Cd stress (Figure 6). It was found that 31, 39, and 40 DEGs were associated with the pathway of valine, leucine and isoleucine degradation in CK vs T1, CK vs T2, CK vs T3, but not found in T1 vs T2, T1 vs T3, T2 vs T3. Among them, BCKDHA (2-oxoisovalerate dehydrogenase E1 component alpha subunit; gene-LOC107914135, gene-LOC107957713), DBT (2-oxoisovalerate dehydrogenase E2 component (dihydrolipoyl transacylase; gene-LOC107931504, gene-LOC107935162), IVD (isovaleryl-CoA dehydrogenase; gene-LOC107889251, gene-LOC107891492), ECHA (enoyl-CoA hydratase; gene-LOC107952046, gene-LOC107910232), MCCC (3-methylcrotonyl-CoA carboxylase alpha subunit; gene-LOC107953393, gene-LOC107938005, gene-LOC107914801, gene-LOC107951384), ACAT (acetyl-CoA C-acetyltransferase; gene-LOC107963730, gene-LOC107960146), ALDH (aldehyde dehydrogenase; gene-LOC107900603, gene-LOC121224459, gene-LOC121211266, gene-LOC107909633, gene-LOC107955587), AGXT2 (alanine-glyoxylate transaminase/(R)-3-amino-2-methylpropionate-pyruvate transaminase; gene-LOC107896807, gene-LOC107903538, gene-LOC107935989, gene-LOC121206319), ALDH6A1 (malonate-semialdehyde dehydrogenase (acetylating)/methylmalonate-semialdehyde dehydrogenase; gene-LOC107886997, gene-LOC107908919, gene-LOC107908920), ACAA (acetyl-CoA acyltransferase; gene-LOC107897747, gene-LOC107915059, gene-LOC107924670) and other DEGs were up-regulated, and DLD (dihydrolipoamide dehydrogenase, gene-LOC107926533) was down-regulated. In addition, BCAT (branched-chain amino acid aminotransferase; gene-LOC107905173, gene-LOC107905209, gene-LOC107930548, gene-LOC107957884, gene-LOC121217891) was up-regulated in CK vs T1, CK vs T2, CK vs T3, and only down-regulated in CK vs T2 that regulated by gene-LOC107951135. HMGCS (hydroxymethylglutaryl-CoA synthase, gene-LOC107963679) was down-regulated, and HIBADH (3-hydroxyisobutyrate dehydrogenase, gene-LOC107908489) was up-regulated in CK vs T2 and CK vs T3. HIBCH (3-hydroxyisobutyryl-CoA hydrolase; novel.2291, gene-LOC107956866) regulated by gene-LOC107956866 was down-regulated in CK vs T1, CK vs T2, CK vs T3, and regulated by novel.2291 was up-regulated in CK vs T1 and CK vs T3. HIBCH (3-hydroxyisobutyryl-CoA hydrolase; novel.2291, gene-LOC107956866) regulated by gene LOC107956866 was down-regulated in all three combinations, and regulated by novel.2291 was up-regulated in T1 vs T2, T2 vs T3. Therefore, it indicated that DEGs and DAMs related to the pathway of valine, leucine and isoleucine degradation were co-responded to Cd stress by adding melatonin in cotton.




Figure 6 | The DEGs and DAMs involved in the pathway of valine, leucine and isoleucine degradation in response to Cd stress and the addition of MT. BCAT, branched-chain amino acid aminotransferase; BCKDHA, 2-oxoisovalerate dehydrogenase E1 component alpha subunit; DLD, dihydrolipoamide dehydrogenase; DBT, 2-oxoisovalerate dehydrogenase E2 component (dihydrolipoyl transacylase); IVD, isovaleryl-CoA dehydrogenase; ECHA, enoyl-CoA hydratase; MCCC, 3-methylcrotonyl-CoA carboxylase alpha subunit; ACAT, acetyl-CoA C-acetyltransferase; HMGCS, hydroxymethylglutaryl-CoA synthase; HIBCH, 3-hydroxyisobutyryl-CoA hydrolase; HIBADH, 3-hydroxyisobutyrate dehydrogenase; AGXT2, alanine-glyoxylate transaminase/(R)-3-amino-2- methylpropionate-pyruvate transaminase; ALDH, aldehyde dehydrogenase (NAD+); ALDH6A1, malonate-semialdehyde dehydrogenase (acetylating)/methylmalonate-semialdehyde dehydrogenase; ACAA, acetyl-CoA acyltransferase. The blue pattern represents the DEGs or DEGs that changed under Cd stress and the addition of MT. The rectangle is divided into three equal parts (the left of rectangle represents DEGs or DEMs in CK vs T1, the middle of rectangle represents DEGs or DEMs in CK vs T2, the right of rectangle represents DEGs or DEMs in CK vs T3). The color in the rectangle represents the DEGs or DEMs are regulated under Cd stress and the addition of MT (red indicates up-regulation, green indicates down-regulation, blue indicates both up-regulation and down-regulation, white indicates neither up-regulation nor down-regulation).





Comprehensive analysis of related DEGs and DAMs in ABC transporter pathway

The interaction of DEGs and DAMs involved in the pathway of ABC transporter was analyzed to clarify the effects of MT on genes and metabolites related to this metabolic pathway in cotton under Cd stress (Figure S4). A total of 51, 63, and 65 DEGs were found to be associated with the pathway of ABC transporter in CK vs T1, CK vs T2, CK vs T3, but not found in T1 vs T2 and T2 vs T3, only L-ornithine was negatively correlated with gene-LOC107922854. Mineral and organic ion transporters, such as glycine betaine/proline and osmoprotectant; oligosaccharide, polyol, and lipid transporters, such as nucleoside; monosaccharide transporters, such as glucose/arabinose, glucose/mannose and myo-Inositol; phosphate and amino acid transporters, such as histidine, S-methylcysteine, arginine/lysine/histidine/glutamine, arginine/lysine/histidine, branched-chain amino acid and neutral amino acid/histidine were up-regulated in CK vs T1, CK vs T2, CK vs T3. Oligogalacturonide and ribose/autoinducer2 in CK vs T3, glutamine and aspartate/glutamate/glutamine in CK vs T1, and lysine and riboflavin in CK vs T1 and CK vs T2 were up-regulated, respectively. Arginine/omithine and glutathione were down-regulated in CK vs T3. Lysine/arginine/omithine was up-regulated in CK vs T1 and CK vs T2, and down-regulated in CK vs T3. The eukaryotic ABC transporters, including ABCA Subfamily ABCA 3, ABCB Subfamily ABCB 1, ABCC Subfamily ABCC 2 were both up-regulated and down-regulated in CK vs T1, CK vs T2, CK vs T3.




Discussion


The relationship between melatonin and physiology response to cadmium

Heavy metal pollution in soil is one of the most important factors restricting agriculture development and endangering human health. Hyperaccumulators, such as sedum, solanum, rapeseed, mustard, clover, switchgrass, were used to adsorb or degrade heavy metal pollutants in the soil, which as an ideal method at present being the characteristics of simple, low cost, little damage to farmland, suitable for large-area treatment and not easy to cause secondary pollution (Yu et al., 2019; Nazli et al., 2020; Xu et al., 2020). However, compared with the super-accumulating bacteria, cotton is an inedible cash crop with a large biomass and a strong ability to absorb and accumulate Cd (Li et al., 2020). It is an ideal crop for remediation of Cd-contaminated soil, with unique ecological and economic advantages. This study investigated the possible mechanism of MT alleviating Cd toxicity in cotton. In this study, the growth of the cotton seedlings with MT was better than that treated with 200 µmol L−1 Cd stress alone, but both were inferior to the control (Fig 1-A). Furthermore, the activities of SOD, POD and APX, and MDA content were increased significantly under 200 µmol L−1 Cd stress, SOD activity first increased and then decreased significantly, the activities of POD and APX decreased significantly, while APX activity increased significantly by adding 100 µmol L−1 MT. These results were consistent with previous study of wheat seedlings by (Ni et al., 2018) and cucumber (Cucumis sativus L.) plants by (Shah et al., 2020a), which indicated that the activities of APX and SOD were increased by MT to reduce Cd toxicity. The same conclusions have been also obtained from the studies on mallow (Malva parviflora) (Tousi et al., 2020), strawberry seedlings (Wu et al., 2021), and maize (Ma et al., 2021) plants under Cd stress, indicating that MT maybe improve Cd tolerance by activating the antioxidant defense system and reducing the oxidative stress of the plants. It is inferred that a high concentration of MT has a stronger ability to scavenge free radicals and inhibit the generation of free radicals, which in turn consumes more SOD, resulting in a relatively low SOD activity. Then H2O2 is further catalyzed by POD and APX, and or directly cleared by MT (Haider et al., 2021). In this experiment, cotton seedlings were mainly tolerant to Cd toxicity by enhancing APX activity and up-regulating genes related to ascorbic acid metabolism pathway. Therefore, the POD activity was relatively low, but the difference was not significant. Moreover, the MDA content increased significantly in this study, it decreased slightly at 100 µmol L−1 MT, but the difference was not significant. Cadmium stress enhanced the degree of peroxidation of membrane lipids, as evidenced by the increase in MDA content (Singh et al., 2019). However, MT induced the content of MDA in wheat seedlings (Kaya et al., 2019) and cucumber plants (Shah et al., 2020a) decreased under Cd stress, which may be related to the concentration of MT. It indicated that low concentration MT was more susceptible to membrane damage than the high concentration, while high concentration has a better mitigation effect on Cd toxicity. Meanwhile, Cd concentration increased with the increase of MT concentration, especially in the roots in this experiment. This may be related to the mechanism of MT regulating the absorption, transport and accumulation of Cd. The study showed that the regulation of IRT1, Nramp1, HMA2, HMA4 and HMA3 genes by MT may promote Cd uptake and transport to the xylem, and exacerbate Cd sequestration in root vacuoles (Wang et al., 2019), and ABC transporters can assist the transport of Cd to the xylem through the apoplast to transport and fix Cd (Winter et al., 2015). The increase of alkaloids and flavonoids in plants to reduce Cd poisoning through chelation and passivation by addition of MT (Cai et al., 2017; Dhalaria et al., 2020), this is consistent with the results of this experiment on cotton plants. It was concluded that the tolerance of cotton plants to Cd and the accumulation of Cd were relatively increased due to the addition of MT. Therefore, it is believed that 100 µmol L−1 MT has a better mitigation effect on Cd toxicity based on the analysis of the morphological and physiological responses of cotton seedlings under Cd stress by MT.



Melatonin promotes the expression of DEGs under cadmium stress

Transcriptomics can help us understand the differences between plants at different developmental stages or different environmental conditions. These results indicate that the number of responding genes is regulated by heavy metal stress, and these DEGs may be used as functional genes to explore metabolic pathways and response mechanisms (Wang et al., 2022b). In this study, the numbers of DEGs in all treatments compared with the control were significantly higher than that between different treatments, indicating that it had a significant impact on the gene expression of cotton seedlings under Cd treatment and the addition of MT, and MT promoted the expression of certain genes under Cd stress. Meanwhile, the DEGs were significantly enriched in the pathways of photosynthesis-antenna proteins, ribosome, MAPK signaling pathway, plant-pathogen interaction, plant hormone signal transduction, porphyrin and chlorophyll metabolism, amino sugar and nucleotide sugar metabolism, starch and sucrose metabolism, galactose metabolism, valine, leucine and isoleucine degradation. In the same study, it was found that DEGs was enriched in secondary metabolites, starch and sucrose metabolism, flavonoid synthesis, phenylalanine metallization and biosynthesis in the roots of cotton seedlings, which was related to improving the activities of antioxidant system, repair system and transportation system, and reduced the toxicity of Cd (Chen et al., 2019). Moreover, 9 DEGs were all up-regulated in T2 vs T3, and involved in the pathways of ascorbic acid and aldonic acid metabolism, α-linolenic acid metabolism, MAPK signaling pathway, glycerophospholipid metabolism and plant hormone signal transduction. The expression of 9 DEGs maybe preliminarily explain why the detoxification effect on Cd by 100 µmol L−1 MT was better than that of 50 µmol L−1 MT. In particular, ascorbic acid had strong reducing properties and was present in mitochondria, chloroplasts, peroxisomes, nuclei, cytoplasm, endoplasmic reticulum and vacuoles (Dumanović et al., 2021). Cadmium toxicity in tomato (Elkelish et al., 2020) and cucumber (Semida et al., 2018) seedlings can be reduced by exogenous ascorbic acid. This was due to ascorbic acid acted as a special electron donor for APX to reduce the content of H2O2 and O2−, and was oxidized to dehydroascorbic acid (DHAA) and then non-enzymatically reduced by GSH to form an AsA-GSH cycle, which eliminates reactive oxygen species (ROS) produced under heavy metal stress by redox regulation (Intarasit & Saengnil, 2021). Studies have found that Cd toxicity reprogrammed the gene transcription profile of the AsA-GSH cycle, the expression level of the corresponding DEGs was greater especially in Cd-tolerant wheat varieties (Zhang et al., 2021b), and the addition of exogenous MT increased the content of ascorbic acid and GSH in safflower seedlings (Amjadi et al., 2021), which was consistent with the up-regulated of genes related to the ascorbic acid metabolism pathway in this study, and the pretreatment with 2-OHMT (Shah et al., 2020b) and MT (Shah et al., 2020c) increased the accumulation of glutathione in Cucumis sativus seedlings, indicating that plant seedlings can improve the tolerance to Cd toxicity by accelerating the AsA-GSH cycle.



Melatonin promotes metabolism of alkaloids and flavonoids under cadmium stress

Metabolites, as the end products of cell activities, are a direct reflection of the effects of temporal and spatial changes or environmental changes on plant cells. The UPLC-MS/MS was used to conduct qualitative and quantitative analysis of widely targeted metabolites in cotton seedling leaf samples affected by Cd stress and MT addition. In our study, the number of up-regulated DAMs was significantly higher than that of down-regulated in all treatments compared with the control. Isoquinoline, α-solasonine, etc. had higher up-regulation multiples, and most of them were alkaloids; N-acetyl-L-glutamic acid, as one of amino acids and their derivatives, had higher down-regulation multiples. These findings indicated MT treatment caused the synthesis of isoquinolines, indoles and other alkaloids in cotton leaves, and inhibited or reduced the synthesis of N-Acetyl-L-glutamic acid to a certain extent, which may be related to the tolerance to Cd in plant. Studies have shown that Cd increased the content of alkaloid and changed its composition of Narcissus tazetta plants (Soleimani et al., 2020), increased the production of indole alkaloids (vindoline, vinblastine and vinblastine) in Catharanthus roseus seedlings, and the gene expression of enzymes and alkaloid transporters in TIA pathway in leaves (Chen et al., 2017). These studies were consistent with our findings, which respond to Cd stress by increasing the accumulation of alkaloids in plants. The functional groups of elements such as amino, carboxyl, and hydroxyl in amino acids or lipids can determine the chelating agents in plant vacuoles such as chelating agents, metallothionein, etc., followed by limited vacuoles, cell walls, etc., to achieve passivation and heavy metal detoxification (Dhalaria et al., 2020). Furthermore, tyrosine was the starting material for the synthesis of isoquinoline alkaloids, so the synthesis of isoquinoline alkaloids also needs to consume a certain amount of tyrosine (Liu et al., 2022). Therefore, it caused the down-regulation of amino acids and their derivatives. Our study also found that the number of up-regulated DAMs decreased significantly under Cd stress by adding MT, and a large number of down-regulated DAMs was caused by 100 µmol L−1 MT. The flavonoids, such as chrysin-5-O-glucoside, genistein-7-O-(6’’-malonyl) glucoside, etc. had higher up-regulation multiples, it was consistent with the study of Robinia pseudoacacia seedlings (Zhang et al., 2021a) and Cucumis sativus seedlings (Shah et al., 2020b) respond to Cd stress by increasing the total flavonoid content. It was speculated that the oxidative activity of ROS can be reduced by flavonoids in plants grown in Cd-contaminated soil, due to its antioxidant properties and the capability of chelating Cd by hydroxyl or carboxyl groups, thereby reducing the toxicity of heavy metal (Khalid et al., 2019). Therefore, MT treatment caused a significant up-regulation of flavonoid metabolites, which would help improve the resistance to Cd stress. Moreover, 9,12,13-Trihydroxy-10,15-octadecadienoic acid and LysoPC series, had higher down-regulation multiples, were all lipids. It was speculated that the down-regulated DEGs maybe inhibit or reduce the expression of some DAMs, especially the down-regulation of amino acids and their derivatives, such as L-slanyl-L-phenylalanine, L-valyl-L-leucine, L-valyl-L-phenylalanine, L-leucyl-L-leucine etc. caused by 100 µmol L−1 MT, or maybe the combination of lipids or amino acids with chelating agents, so as to reduce the toxicity of Cd to plants (Cai et al., 2017).



Co-enrichment of DEGs and DEMs enhances the tolerance to cadmium

A great deal of information about the metabolic pathway (KEGG) were obtained by integrating the transcriptomic data with metabolomic data. The metabolic pathway of valine, leucine and isoleucine degradation was one of the most significant ways to enrich DEGs and DAMs under Cd sress after MT addition. Leucine, isoleucine and valine are all branched chain amino acids, which can promote the secretion of growth hormone to promote the normal growth of plants, repair damaged tissues, and quickly decompose and convert into glucose to provide energy. The study on tomato had found that Cd treatment caused an up-regulation of leucine aminopeptidase-A and increased the hydrolysis activities of Leu, Met, Arg, Pro and Lys in roots (Boulila-Zoghlami et al., 2011). It was inferred that the decomposition of leucine, isoleucine and valine under Cd stress after MT addition was accelerated by DEGs and DAMs significantly enriched in this pathway, and provided energy to maintain plant growth and respond to Cd stress. A total of 33 DEGs and 4 DAMs were involved in this metabolic pathway, 30 DEGs were positively correlated to promote the metabolism, and only gene-LOC107926533, gene-LOC107956866 and gene-LOC107963679 were negatively correlated to inhibit or slow down the metabolism. Meanwhile, β-hydroxyisovaleric acid, as a metabolite of leucine, had functions such as improving the recovery ability of tissue damage and improving basic metabolism, which was related to the function of this metabolic pathway respond to Cd stress. Our study also found that ABC transporter metabolic pathway was another pathway that DEGs and DAMs were significantly enriched under Cd stress after MT addition. A total of 46 DEGs and 16 DAMs were involved, and 11 amino acids were riched in this metabolic pathway and participated in the regulation of amino acid metabolism. Studies have found that a large number of ABC transporter genes were induced or inhibited under Cd stress (Chen et al., 2019), and AtABCC1 and AtABCC2, as ABCC-type transporter, were determined as the main apo-phytochelatin and phytochelatin-heavy metal (oid) complex transporters (Klein et al., 2006), so it was very important for the detoxification of Cd. However, some studies have also found that ABC transporter can assist the transport of Cd to the xylem through the ectoplasmic pathway to transport and fix Cd (Winter et al., 2015). Although ABC transporter was involved in the tolerance and detoxification of heavy metals in plants, its mechanism needs to be further explored (Klein et al., 2006).




Conclusion

In the present study, the combined analysis of transcriptomic and metabolomic revealed the complex response mechanisms induced by Cd stress, and clarified the metabolic pathways by which MT enhanced the tolerance of cotton seedlings to Cd stress. The growth of cotton seedlings was affected by Cd stress, while the activities of APX and SOD increased by adding MT to reduce the Cd toxicity to plants. The DEGs were significantly affected by Cd stress and the addition of melatonin, especially only 9 DEGs were found between different concentrations of melatonin, which all were up-regulated. The synthesis of alkaloids and flavonoids were promoted, and the synthesis of lipids, amino acids and their derivatives were inhibited or reduced by melatonin under Cd stress. The co-expression of DEGs and DAMs related to the pathways of valine, leucine and isoleucine degradation, ABC transporter, alpha-linolenic acid metabolism can be regulated by adding MT under Cd stress, and the toxicity of Cd to cotton seedlings can be relieved by MT.
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The contributions of the different leaf layers to maize yields identified as middle leaf > lower leaf > upper leaf, where the vertical photosynthetically active radiation (PAR) in the canopy gradually decreases. We hypothesized that the allocation of more PAR and nitrogen (N) to the highest contributing leaves will would be beneficial for higher yields and N use efficiencies. The N application rate and plant density effectively regulated the canopy light and N distribution. We evaluated the interactive effects of N rate and plant density on the agronomic and ecophysiological characteristics of leaves at different orientations in a 2019/2020 field experiment. In this study, an N application rate of 180 kg ha–1 coupled with a plant density of 82,500 plants ha–1 achieved the highest yield and N recovery efficiency (NRE). In contrast to the traditional farming practices in northern China, the density was increased and N rate was reduced. Densification from 52,500 to 82,500 plants ha–1 increased the population leaf area index (LAI) by 37.1% and total photosynthetically active radiation (TPAR) by 29.2%; however, excessive density (from 82,500 to 97,500 plants ha–1) drastically reduced the proportion of TPAR by 28.0% in the lower leaves. With increased density, the leaf areas and angles of the upper leaves decreased much more than those of the other leaves, which allowed the middle and lower leaves to access more light, which manifested a smaller extinction coefficient for light (KL). A high yield (>1,000 kg ha–1) of maize could be achieved simultaneously with higher NRE; however, it was negatively correlated with internal N use efficiency (IEN). Higher N concentrations and lower total performance index (PItotal) in the lower leaves may be an important rationale for the reduction of IEN in high-yielding maize. Additionally, decreased N rate without yield reduction under higher densities was primarily attributed to the more uniform vertical N distribution [a smaller extinction coefficient for N (KN)]. These results suggest that the N fertilizer rate can be moderately reduced without a reduction in maize yield under high plant densities in northern China.
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Introduction

Maize (Zea mays L.) is a major cereal crop worldwide and a staple food in developing countries (Nedi et al., 2016). Increasing grain yields with reduced inputs is an important goal for sustainable agriculture. Maize grain yield is positively related to the number of kernels per unit land area. Kernels arise from well-developed and pollinated female florets, that are borne by spikelet meristems derived from the inflorescence meristem (Ning et al., 2021). For high-yield maize breeding, kernel number per ear is one of the key breeding targets (Zhou et al., 2015). In cultivation, there are two approaches for increasing the kernel number per unit area: (i) increasing the number of grains per unit area by increasing the planting density and (ii) increasing the number of florets under the same planting density to increase the number of grains per ear (Yan et al., 2018). The former needs to overcome the adverse effects of dense planting conditions on floret development, whereas the latter requires improvements in the activities of inflorescence and florets, which can increase the number of fertile florets (Cheng et al., 1983).

In China, most farmers produce maize under conditions of low plant density and high fertilizer input. In practice, low plant densities (5.0–6.0 plants m–2) and the over-application of Nitrogen (N) fertilizer (approximately 250 kg N ha–1) restrict yields and N use efficiencies (Jin et al., 2012). In contrast, grain yields as high as 15.2 t ha–1 have been achieved in some studies under high plant densities (9.0–10.5 plants m–2) and N inputs (approximately 750 kg N ha–1) in northern China (Li et al., 2001). Therefore, appropriate plant densities combined with optimal N management are likely to increase grain yields and N use efficiency (Yan et al., 2016).

N is the most limiting nutrient in maize production; thus, it is required in larger amounts than to other nutrients (Correndo et al., 2021). During the silking stage, maize exhibits a reduced vegetative plant N accumulation rate and increased N remobilization rate (from vegetative organs to grains). Thus, deficiencies in N accumulation prior to anthesis affect kernel numbers of reductions in carbon assimilation (Uhart and Andrade, 1995). Limited N decreases starch deposition in the maize endosperm, which resulting in a decline in kernel weight, primarily through its influence on the synthesis of sucrose synthase, hexokinase, and pyrophosphate-linked phosphofructokinase (Singletary and Below, 1990). Consequently, to ensure high yields, N fertilizer overdosing relative to the actual needs of plants is practiced by most farmers in China (Xu et al., 2017). However, the overapplication of N fertilizer enhances N losses through runoff, denitrification, leaching, and volatilization (Li et al., 2018; Hou et al., 2021). Furthermore, high N fertilizer inputs lead to luxury absorption, and increased the risks of lodging, diseases, and pests (Kruczek, 2003).

Plant density influences the light environment of plant canopies (Luo et al., 2018). This is because the leaf area and angle of a single plant are reduced with increasing plant density, whereas the upper leaf area is increased, which inhibits light interception of the middle and lower leaves (Mina, 2013; Al-Naggar and Atta, 2017). Ecological studies have demonstrated that light harvesting is of paramount importance for plants growing in light competitive environments such as dense stands (Hou et al., 2019). In the upper canopy layer, the allocation of N to the photosynthetic apparatus of the leaves increases with higher radiation, which results in enhanced N use efficiencies. In contrast, N allocations in the mid- and lower-canopy layers decrease with higher plant densities, resulting in a reduction of light-saturated photosynthetic rates and photosynthetic N use efficiencies in leaves (Yao et al., 2016). An appropriate maize plant density provides a good microecological environment that is beneficial for individual plants as well as coordination between groups (Shi et al., 2016). From this perspective, medium plant densities are optimal as they facilitate the highly efficient utilization of light, the superior spatial allocation of leaf N to the photosynthetic apparatus, and high use efficacy of photosynthetic N in leaves within the canopy (Yao et al., 2016). This strategy has been employed to increase the yields of wheat (Liu et al., 2021; Zheng et al., 2021), cotton (Li et al., 2017), rice (Hou et al., 2019), and oilseed rape (Labra et al., 2020).

It is noteworthy that the accumulation of N in individual plants decreases with higher plant densities (Wang et al., 2020), because crowding stress reduces the capacity of plants to absorb soil N (Yan et al., 2017). Thus, more N fertilizer is required as planting density increases. Except for a few reports of super high-yielding crops, most studies have concluded that increased plant densities with reduced N inputs can improve their efficacy while maintaining grain yields (Dong et al., 2019; Du et al., 2021). This raises the question of why high N inputs under high plant densities do not attain high yields. Furthermore, the optimal plant density optimizes the distribution of N in maize to enhance its efficiency. In this study, we compared the agronomic and photochemical characteristics of different canopy layers at various N input rates and plant densities. Furthermore, we clarified the effects of light and leaf N matching on maize yields and N use efficiencies.



Materials and methods


Site description

Field experiments were conducted during the maize growing seasons (June–October 2019, 2020) in Yuzhou County (34°27′N 113°34′E), Henan Province, Central China. During the maize-growing seasons, the total precipitation and mean temperature were 321.2 mm and 18.0°C, respectively, in 2019, and 467.0 mm and 24.4°C, respectively, in 2020 (Figure 1). Prior to the experiments, soil samples were extracted from the upper 20-cm layer for chemical analyses. The soil type was fluvoaquic soil (pH 8.2), with an organic matter content of 16.3 g kg–1, total N of 1.04 g kg–1, available P of 20.0 mg kg–1, available K of 113.7 mg kg–1, available Zn of 1.15 mg kg–1, and bulk density of 1.25 g cm–3.
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FIGURE 1
Temperature and precipitation measurements during the maize-growing season.




Experimental design and management

The cultivar Beiqing 340 was used for the experiments during the two growing seasons. This maize cultivar has been widely cultivated by Henan farmers because of its high yields and adaptability. Beiqing 340 is a compact plant type, with an average plant height of 279 cm and 19 leaves. It has sturdy stems, well-developed aerial roots, and good lodging resistance (ensuring that maize will not lodge under high-density planting in this study).

The experiment was laid out using a split-plot design with three replicates, with plant densities assigned to the primary plots, whereas the N input rates were set up in subplots. These included four plant densities (52,500, 67,500, 82,500, and 97,500 plants ha–1, abbreviated as D525, D675, D825, and D975, respectively) and three N input rates (0, 180, and 360 kg ha–1, abbreviated as N0, N180, and N360, respectively). The dimensions of each plot were 4 m × 10 m and seeds were mechanically sown on June 03. Urea served as the source of N, which was applied in two splits, with 50% at the basal stage and 50% at the 10-leaf stage (45 days after sowing). Phosphorus (90 kg [P2O5] ha–1) in the form of calcium superphosphate, potassium (90 kg [K2O] ha–1) in the form of potassium chloride and zinc (5 kg [Zn] ha–1) in the form of zinc sulfate were applied as the basal dose. 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, whereas thiophanate-methyl and lambda-cyhalothrin were applied at the eight-leaf stage to prevent diseases and insects.



Sampling and measurements


Leaf position

The ear leaf, a leaf above the ear leaf, and a leaf below the ear leaf were defined as the middle leaf (M leaf). The remaining leaves above the middle leaf were referred to as the upper leaf (U leaf; the six leaves above the middle leaf), while the remaining leaves below the M leaf were referred to as the lower leaf (L leaf; there are only five to six leaves below the middle leaf at the silking stage, because some of the early emerging lower leaves would have died). Beiqing 340 had a total of 19 leave. We measured the agronomic (except leaf area) and physiological indicators of the 16th, 12th, and 8th leaves (from the base to the top, the base leaf was the 1st leaf, the ear leaf was the 12th leaf, and the top leaf was the 19th leaf), which represent the upper, middle, and lower leaves, respectively (Figure 2).
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FIGURE 2
A schematic model depicting the leaf position and incident light of maize. The IU, and Io, IM, and IL are PAR values on a horizontal level at upper, middle and lower leaf layers. The thickness of the red arrows represent the light density that is intercepted by different leaf positions.




Leaf agronomic and physiological characteristic measurements

At the silking stage (75 days after sowing), the PAR was measured using a field scout external light sensor meter (3415FX and 366816 quantum light 6 sensor bar, Spectrum, CA, United States) from 11:00 to 12:30 pm, during sunlight hours. The sensor bar was horizontally placed into the different leaf positions facing upward to measure the PAR. The TPAR was calculated as follows:

TPAR (μmol s–1) = PAR (μmol ⋅ m–2 ⋅ s–1) × leaf area (m2).

The area of each living leaf was measured at the silking stage (R1). The leaf area was determined using a leaf area meter (YMJ-A; Zhejiang Top Yunnong Technology Co., Ltd., China), and the U, M, and L leaf areas were the sum of the areas of all leaves at that leaf position. The leaf area index (LAI) is the surface area of leaves per unit of ground. The leaf angle was measured using a protractor, and the leaf angle was defined as the acute angle value between the leaf and stem.

At the silking stage, the leaves at different leaf positions of five representative plants in each plot were selected as physiological test materials in the morning (10:00–1200 am). The leaf disk samples were homogenized in 5 mL of an 80% acetone solution added to 0.01 g of CaCO3, and then centrifuged at 2,000 × g for 10 min at 10°C. The supernatant was collected, and the final volume of the extract was 25 mL using 80% acetone. The absorbance (A) of the extracts was determined at 663 and 645 nm using a spectrophotometer, and an estimate of the chlorophyll content a [Chl a = 12.72 × A663 − 2.59 × A645], chlorophyll b [Chl b = 22.88 × A645 − 4.67 × A663], chlorophyll (a + b) [Chl (a + b) = 20.29 × A6452 + 8.05 × A663] was obtained according to Li (2000).

The remaining leaf disk samples were used to measure relative leaf conductivity (EC), and 40 mL of distilled water was added to the samples in a clean beaker. Subsequently, the conductivity R0 was quantified using a conductivity meter (DDSJ 308, Shanghai), which was placed in a beaker sealed with plastic wrap and soaked for 5–6 h, after which the conductivity R1 was measured. Next, the samples were placed in a water bath, boiled for 30 min, and removed. After cooling to room temperature, conductivity R2 was measured again. The relative conductivity EC was calculated as EC = (R1 − R0)/(R2 − R0), according to Fu et al. (2020).

To obtain the dry weight of the leaves, the leaf samples were dried at 105°C for 30 min, and then at 70°C to a constant weight, ground to pass through a 1-mm mesh screen, and then digested with H2SO4 and H2O2. The total N concentration of the digested samples was determined using an automated continuous flow analyzer (Seal, Norderstedt, Germany).



Leaf chlorophyll fluorescence measurements

The chlorophyll a fluorescence was measured for 10 s via a Plant Efficiency Analyzer (PEA; Hansatech Ltd., King’s Lynn, Norfolk, United Kingdom) with an excitation light intensity of 3.3 mmol m–2 s–1, which emits light that is centered at a 650 nm wavelength with an intensity of 3,000 μmol photons m–2 s–1. The fluorescence emission was detected using a high-performance PIN-photodiode with an optical design and filtering that ensured a maximal response to longer wavelength fluorescence signals. These measurements were taken from the leaves (30 min dark-adapted) at the maize silking stage, in which 15 leaves at different orientations were measured for each plot.

Each transient was analyzed according to the JIP-test (Appenroth et al., 2001), by utilizing the original data: F0 (minimum fluorescence, when all PSII reaction centers were open), Fm (maximum fluorescence, when all PSII reaction centers were closed), M0 (approximated initial slope of the fluorescence transient), and Vj and Vi (fluorescence intensities at 2 and 60 ms, respectively). The following equations were used for the quantification of PSII behavior, referring to time zero: (1) the specific energy fluxes per cross section (CS) for absorption (ABS/CS0), trapping (TR0/CS0), electron transport (ET0/CS0), dissipation (DI0/CS0), and PSI electron acceptation (RE0/CS0):

ABS/CS0 = F0;

TR0/CS0 = (1–F0/FM) × F0;

ET0/CS0 = (1–F0/FM) × (1-Vj) × F0;

DI0/CS0 = ABS/CS0–TR0/CS0;

RE0/CS0 = (ET0/CS0) × (1–Vj) × (1–Vi),

(2) The number of active PSII reaction centers per excited cross-section (RC/CS0)

RC/CS0 = (FM – F0) × (Vj/M0)

(3) Total performance index (PItotal) of the photosynthetic apparatus on an absorption basis:

PItotal = (RC/ABS) × [(TR0/ABS)/(1–TR0/ABS)] × [(ET0/TR0)/(1–ET0/TR0)] × [(RE0/ET0]/(1–RE0/ET0)].




Calculations and statistical analysis

The relationship between canopy light distribution and canopy structure may be described by an exponential function (Gallagher and Biscoe, 1978) as:

IM = IU. e (–KL(U–M) . F(U–M)); IL = IM. e (–KL(M–L) . F(M–L))

where F(U–M) and F(M–L) are the cumulative areas of green leaves per unit ground from the upper to middle leaf layer and from the middle to lower leaf layer, respectively; IU, IM, and IL are PAR values on a horizontal level in the upper, middle, and lower leaf layers, respectively; and KL(U–M) and KL(U–M) are the light extinction coefficients from the upper to middle leaf layer and from the middle to lower leaf layer, respectively. A smaller KL value indicates a more uniform light distribution in the canopy.

The N gradient is described by the following with an exponential function (Anten et al., 1995) as:

NM = (NU–Nb). e(–KN(U–M) . F (U–M)) + Nb; NL = (NM–Nb). e(–KN(M–L) . F(M–L)) + Nb

where NU, NM, and NL are the leaf N (g N m–2) of the upper, middle, and lower leaf layers, respectively; KN(U–M) and KN(M–L) are the extinction coefficients for effective leaf N from the upper to middle leaf layer and from the middle to lower leaf layer, respectively; and Nb is the base value of leaf N for photosynthesis, which may be regarded as representing the non-photosynthetic N content. The value of Nb is 0.3 g N m–2 leaf (Yin and van Laar, 2005).

The formula for calculating the absorption and utilization efficiency parameters of the N fertilizer:

TNA [kg ha–1] = plant N concentration [kg kg–1] × plant dry matter [kg ha–1]

IEN [kg kg–1] = grain yield [kg ha–1]/total plant N uptake [kg ha–1]

NRE [%] = (TNA of N applied - TNA of N omitted) [kg ha–1]/N applied [kg ha–1] × 100 [%]

where TNA is the total N accumulation, IEN is the internal N-use efficiency, and NRE is the N recovery efficiency.

The data from both seasons were statistically evaluated using an analysis of variance (ANOVA) to compare the differences between the various treatments, and the means were separated using the least significant difference (LSD) test at a significance level of 0.05. Variance analyses of N rate, plant density, and their interactive effects were performed using the Statistical Software Package for Social Science (SPSS, version 19.0). Figures were generated using Origin Pro 9.0.




Results


Grain yields

Two-way ANOVAs revealed that the grain yield was markedly affected by the N rate (N), plant density (D) and their interaction effect (N × D) in 2019 and 2020 (Figure 3). Compared with the N0 input, the grain yields were remarkedly increased under the N180 input at averaged across planting densities, averaging 1681.0 and 2454.2 kg ha–1 for the 2 years at increase rates of 17.8 and 28.2%, respectively. Compared with N180, the grain yield with the N360 input under the D525 treatment was substantially increased. No notable change in grain yield was observed under the D675 treatment; however, it was markedly reduced by D975 treatment.
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FIGURE 3
Influence of N rate and plant density on the grain yield.


Higher plant densities resulted in greater grain yields, with the largest being under the D825 treatment at 2722.7 and 3708.2 kg ha–1, with increase rates of 31.8 and 47.2%, respectively, recorded for the 2 years. Higher plant densities led to relatively higher grain yields with a lower N application rate, and vice versa. The N180 input combined with D825 treatment for 2 years was the optimal combination for the best yields among all treatments.



Leaf agronomic traits at different leaf positions

LAI, leaf area, and leaf angle at different leaf orientations were affected by N rates and plant density; however, there were no strong interaction between them (Figure 4 and Table 1). Compared with the N0 input averaged across planting densities, the LAI of the N180 input was increased by from 19.4 to 23.5% in 2019 and from 14.3 to 22.0% in 2020. With continued increase in the N fertilizer rate to 360 kg ha–1, the LAI decreased. Higher plant density also substantially significantly influenced leaf development. Compared with the D525 treatment averaged across the N treatments, the LAI under D825 treatment increased by 26.9% in 2019 and 47.3% in 2020. With a further increase in planting density, compared to the D825 treatment, the LAI under the D975 treatment increased by 13.9% in 2019 and 12.1% in 2020.
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FIGURE 4
Top view of different nitrogen input and plant density treatments on leaf development at the tasseling stage.



TABLE 1    Influence of N rate and plant density on the leaf area index (LAI), leaf area, and angle at different leaf positions.

[image: Table 1]

The area of the lower leaf was higher than that of the middle or U leaf. Similar to the LAI being affected by N application rate, the leaf areas at different orientations were enhanced with the N rate, and the maximum value appeared under N180 input. The leaf area per plant was decreased substantially at higher plant densities. Compared with the D525 treatment averaged across N treatments, the U leaf area under the D825 treatment showed the greatest decreases of 22.4% (2019) and 14.5% (2020), followed by the L leaf and M leaf. Comparison with the D825 treatment, the leaf area at different leaf positions continued to decrease.

Akin to the leaf area, the leaf angle also affected the amount of intercepted light. The leaf angle of the U leaf was the lowest, followed by those of the M, and L leaves. At the same planting density, the leaf angles under various N inputs were notably higher than those under N0 input; however, no obvious differences were observed between them. Leaf angles also decreased at higher plant densities. Compared with the D525 treatment averaged across N treatments, the U leaf angle under the D825 treatment decreased by 19.5% (2019) and 28.5% (2020), the M leaf angle decreased by 7.8% (2019) and 6.4% (2020), and the L leaf angle decreased by 9.7% (2019) and 18.4% (2020). In comparison with the D825 treatment, the leaf angles at different leaf positions continued to decrease.



Intercepted photosynthetic radiation at different leaf positions

The area of the pie chart represents the TPAR intercepted by different leaf layers (Figure 5 and Supplementary Figure 1). In 2019, the average TPAR of the U leaves was 22.4% higher than that of the M leaves, and 3.67 times higher than that of the L leaves across all treatments. In 2020, the average TPAR of the U leaves was 37.5% higher than that of the M leaves, and 4.19 times higher than that of the L leaves at across all treatments. For the same leaf positions, TPAR increased with higher planting densities and higher N application rates (except for N360 treatments). For U leaves, the average TPAR ratio (TPAR of any leaf layer/TPAR of the whole population) increased with higher plant densities, ranging from 46.3 to 48.9% (2019) and from 45.7 to 49.1% (2020) across N treatments. However, the TPAR ratio for L leaves decreased with higher plant densities, ranging from 10.0 to 7.1% (2019) and from 9.5 to 7.1% (2020). The change in the TPAR value of M leaves among the different densities was very small, ranging from 4.4 to 4.5% (2019) and from 4.3 to 4.5% (2020).
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FIGURE 5
Influence of N rate and plant density on the photosynthetically active radiation (PAR) at different leaf positions in 2019. The size of pie diagram represents the TPAR of different leaf layers; the percentage of each section represents the TPAR ratio for the upper, middle, and lower leaf layers.




Leaf photosynthetic characteristics at different leaf positions

Under the same treatments, the photosynthesis-related parameters (N concentration, chlorophyll concentration, fluorescence efficiency, and senescence process) of leaves at different positions varied (Figure 6 and Supplementary Figure 2). The M position leaf possessed the highest leaf N, chlorophyll, and PItotal, and the lowest relative EC, followed by the U and L leaves.
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FIGURE 6
Influence of N rate and plant density on the leaf N concentration, chlorophyll concentration, relative EC, and PItotal at different leaf positions in 2019.


At the same plant density, the specific leaf N (SLN) concentration, chlorophyll concentration, and PItotal of the N180 inputs were always better than those of the N360 inputs, with the worst being the N0 input. The relative EC parameter, the opposite trend was observed for the relative EC parameter between different N input rates. At the same N input rates, SLN concentration, chlorophyll concentration and PItotal decreased with higher plant densities, but the highest value was always observed with N180. In 2019, compared with the D525 treatment, the SLN concentration under the D825 treatment decreased by 11.6% (U leaf, 6.6%; M leaf, 17.0%; and L leaf, 9.7%), leaf chlorophyll concentration decreased by 18.4% (U leaf, 16.2%; M leaf, 18.0%; and L leaf, 21.3%), leaf PItotal was decreased by 36.4% (U leaf, 41.9%; M leaf, 27.7%; and L leaf, 42.2%), and leaf relative EC increased by 21.0% (U leaf, 20.8%; M leaf, 25.8%; and L leaf, 17.4%). Further increasing planting density, compared with the D825 treatment, the SLN concentration under the D975 treatment decreased by 27.5% (U leaf, 31.0%; M leaf, 19.8%; and L leaf, 32.7%), leaf chlorophyll concentration decreased by 5.4% (U leaf, 4.6%; M leaf, 0.2%; and L leaf, 13.6%), leaf PItotal decreased by 22.9% (U leaf, 20.0%; M leaf, 23.8%; and L leaf, 23.7%), and the leaf relative EC increased by 6.9% (U leaf, 9.0%; M leaf, 5.6%; and L leaf, 6.3%). A similar trend was observed for 2020.

Specific leaf fluxes are presented in Table 2. The ABS/CS0, TR0/CS0, and ET0/CS0 of the M leaves were significantly higher than those of the U and L leaves during the two growing seasons. At the same plant density, the ABS/CS0, DI0/CS0, TR0/CS0, and ET0/CS0 of the N180 at any leaf position were the highest, followed by the N360, with the worst being the N0 input. It is worth noting that under the same N rates, ABS/CS0, DI0/CS0, TR0/CS0, and ET0/CS0 at any leaf position decreased with higher plant densities. In 2019, compared with the D525 treatment, the ABS/CS0 under the D825 treatment was decreased by 3.3% (U leaf), 6.2% (M leaf), and 4.7% (L leaf) at the different leaf positions. The ABS/CS0 of D975 was decreased by 0.7% (U leaf), 0.6% (M leaf), and 0.7% (L leaf) in comparison with D825. In 2020, compared with the D525 treatment, the ABS/CS0 under the D825 treatment was decreased by 11.7% (U leaf), 12.6% (M leaf), and 10.5% (L leaf) at the different leaf positions. The ABS/CS0 of D975 decreased by 1.0% (U leaf), 0.9% (M leaf), and 1.0% (L leaf) in comparison with D825. Similarly, with an increased in planting density (from D525 to D825), the rate of decrease of TR0/CS0 and ET0/CS0 in M leaves was higher than that in other leaf layers.


TABLE 2    Influence of N rate and plant density on the leaf specific energy fluxes per cross section (CS) at different leaf positions.
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Distribution of vertical light and N and relationships with NUE

The canopy extinction coefficients for light (KL) and N (KN) were calculated using the cumulative LAI from the top of the canopy and the relative sunlight penetration. The KL value from the U to M leaf layers decreased with higher N application rates. However, from the M to L leaf layers the KL value was highest under the N0 input, then under the N360 input, with the minimum found for the N180 input (Table 3). Furthermore, KL decreased at higher plant densities. As the SLN of the M leaf was the highest, the KN from the U to M leaves had a negative value, while the KN from the M to L leaves had a positive value. The value of KN was the highest under the N0 input, followed by N360 input, with the minimum being under the N180 input.


TABLE 3    Influence of N rate and plant density on the canopy light extinction coefficient (KL, m2 ground m–2 leaf), canopy nitrogen extinction coefficient (KN, m2 ground m–2 leaf), and their ratio (KN/KL).
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Parameter KN/KL is an indicator of the N partitioning efficiency at the overall canopy level. This value from the U to M leaf positions was arranged in the order of N180 > N360 > N0, whereas the opposite tendency was found for the M to L leaf positions. It should be noted that the absolute KN/KL value was higher at higher plant densities (D825 and D975) than that in the lower plant densities (D525 and D675).

The relationship between KN/KL and the internal N use efficiency (IEN) is shown in Figure 7. There was a significant positive correlation between the KN/KL (from the M to L leaf positions) and IEN, where the fitted linear equation was y = 0.012x − 0.24, with a coefficient of determination of 0.34. There was a significant negative correlation between KN/KL (from the U to M leaf positions) and IEN, where the fitted linear equation was y = −0.037x + 1.36 with a coefficient of determination of 0.34.
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FIGURE 7
The N extinction coefficient with respect to light (KN/KL) vs. internal N use efficiency for upper-middle maize canopy (blue line) and middle-lower maize canopy (red line) in 2019 and 2020.




Relationships between yield and NUE

There was a quadratic correlation between the yield and the N recovery efficiency (NRE) for the overall data, and this equation also fitted for the yield and NRE under N180 or N360 inputs with higher determination (Figure 8). The NRE under N360 inputs significantly lower than that under N180 input. At the same N level, the plant density management practices improved both the maize yield and NRE, particularly under the N180 inputs, and the NRE under the D825 treatment increased by 115.6% compared with the D525 treatment.
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FIGURE 8
Relationships between yield and N recovery efficiency (NRE) for maize in 2019 and 2020. Non-linear regressions were fitted for overall data (black solid line), data for the N180 inputs (red dashed line) and N360 inputs (green dashed line).


For a <10,000 kg ha–1 yield a positive linear correlation (y = 0.0026x + 32.05) appeared between the yield and IEN, whereas for a ≥10,000 kg ha–1 yield a significant negative linear correlation (y = −0.0045x + 99.33) appeared (Figure 9). At the same N levels, the fitted linear equation under N0 inputs was y = 0.0025x + 38.56 with a coefficient of determination of 0.43. The non-linear fitted equation under the N180 inputs was y = 0.2 × 10–5x2 + 0.041x − 161.85 with a coefficient of determination of 0.94, whereas under the N360 inputs it was y = 0.2 × 10–5x2 + 0.037x − 149.34 with a coefficient of determination of 0.53.
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FIGURE 9
Relationships between yield and internal N use efficiency (IEN) for maize in 2019 and 2020. Linear regressions were fitted for the low yield data (<10,000 kg ha– 1; black solid line) and high yield data (≥10,000 kg ha– 1; orange solid line). Non-linear regressions were fitted for the data under the N0 inputs (blue dashed line), N180 inputs (red dashed line), and N360 inputs (green dashed line).





Discussion


Agronomic and photosynthetic attributes of canopy in high-yielding and high N efficiency maize

One of the most critical aspects of maize production is N nutrition. The application of N fertilizer within a certain range significantly increased maize yield (Zhao et al., 2018). In this study, N input increased the kernels per ear and grain weight of maize, particularly in terms of the number of kernels (Supplementary Table 1). Meanwhile, the NRE was reduced with higher N application rates (Figure 8), which suggests that the absorption of N by individual maize plants was limited; thus, it was necessary to increase the crop density. Currently, the density of summer maize in the North China Plain is ∼61,900 plants ha–1, which is much lower than that reported for high-yield maize in the United States (85,500–1,09,500 plants ha–1). Intensive planting has become a key measure and development trend toward achieving large-scale high-yielding maize on a global scale (Ma et al., 2020).

In this study, increasing plant density could further improve NRE under N180 inputs (Figure 8). This is because increasing the density accelerates the transfer of N nutrients from the stems and leaves to the grains (Lai et al., 2022). The highest NRE of maize in this experiment was 56.5–62.8% (2019–2020), while the average NRE of farmer practices in China was 25–30% (Li et al., 2019). Hence, increased plant density is important for reducing N fertilizer losses and environmental risks. Once the optimum plant density was exceeded, both the grain yields and NRE decreased (Figures 1, 8), whereas the risks of lodging, diseases, and insect pests increased (Xue et al., 2017).

In this study, the highest yield and NRE were observed for the D825/N180 treatment, but not for the D975 treatment (Figures 1, 8). Analysis of the agronomic and canopy attributes between different canopy layers for this treatment provided theoretical support for the development of maize populations with high yield and N efficiency in field production. Previous studies have demonstrated that LAI enhances light interception and further increase crop yield (Portes and Melo, 2014; Shi et al., 2016). In this study, the LAI of the D825/N180 treatment was substantially lower than that of the D975/N180 treatment, whereas it was markedly higher than that of the other N-density combinations (Table 1). Hence, LAI is not always accompanied by high yield (Remison and Lucas, 1982). Although LAI was not the highest in the D825/N180 treatment, it had the highest population PAR value (Figure 5). As N and plant density increased leaf area, the shading of the M and L leaves became even more severe under high N and planting density treatments. Insufficient light limits the physiological photosynthetic functions of leaves, even though it results in higher photosynthetic potential (Wang et al., 2017). This, suggests that population PAR is a better indicator of yield than leaf area or LAI.

Moreover, our findings revealed that the angles of the U leaves decreased more than those of the M and L leaves with increasing plant densities (Table 1). The substantial reduction in leaf area and angle of U-leaves seemed to favor more sunlight in the M and L leaf layers. Earlier studies proposed that the net photosynthetic rate of maize was greater in the mid-canopy than in the other leaves from the silking stage until physiological maturity (Dwyer and Stewart, 1986). In this study, the PItotal of the M leaves was the highest, followed by that of the U and L leaves (Figure 6). The low photosynthetic efficiencies in the L leaves were likely related to their long-term exposure to shade (Chen et al., 2015) but not to N nutrient concentration, as the lowest ABS/CS0 was recorded in the L leaves (Table 2 and Figure 6). Furthermore, the chlorophyll concentrations of the M leaves were the highest, followed by those of the L and U leaves. Meanwhile, the relative EC showed the opposite trend in the different leaf layers (Figure 6 and Supplementary Figure 2). Chlorophyll is often positively correlated with the functional periods of leaves, whereas the EC value is negatively correlated (Fu et al., 2020). These data indicate that the M leaves maintained a longer functional period than the L and U leaves. Furthermore, in this study, N deficits or excesses and increasing plant densities led to a significant reduction in whole-plant leaf photosynthetic efficiency (Figure 6 and Supplementary Figure 2). Thus, the selection of reasonable N-density treatments might initially impact leaf agronomic and physiological properties in different leaf layers, which are more conducive to the light-N matching of the vertical maize canopy.



Allocation of vertical light and leaf N distribution in relation to grain yield and N use efficiency

Canopy productivity might be markedly improved by enhancing the light distribution to the leaf layer that contributes the most to grain yield. Several studies have demonstrated that the M leaves contributed the most, followed by the U and L leaves of maize (Dwyer and Stewart, 1986). This may be related to the photosynthetic products of M leaves following the principle of nearest distribution to preferentially supply the cobs (Yuan et al., 2015). Thus, it may be assumed that the higher the PAR is in M leaves, the more conducive the plant will be to high yields. In this study, the PAR value of M leaves in D825/N180 was the highest among all treatments; however, this was not only due to PAR ratio (Figure 5 and Supplementary Figure 1). Additionally, it is necessary to note that the D825/N180 treatment had the highest PAR ratio in the L leaves. Although the N concentration and photosynthetic capacity of L leaves were less than those of M and U leaves (Chen et al., 2015), they had sufficient leaf area (approximately 1.5 times higher than that of U leaves). Furthermore, the function of the L leaves is mainly to produce photosynthetic products to maintain the growth of roots and stems (Hao, 2017). Premature senescence of L leaves due to insufficient light accelerates root senescence, and absorption of mineral nutrients is restricted in the later growth stage (Borras et al., 2003). Then, to help the M and L leaves get more light, it is necessary to slow down the light reduction in the vertical direction, that is, a smaller KL value. A smaller KL value indicates a more uniform light distribution within the vertical canopy, which better matches the high-yielding canopy (Peng et al., 2008; Gu et al., 2017). Our results indicated that both the application of N and enhancing plant density could decrease the value of KL (Table 3).

A linear, or more generally asymptotic relationship between photosynthesis and the leaf N content has been found in numerous studies (Xiong et al., 2015; Wu et al., 2019). Crop growth and production are dependent not only on the amount of total N absorbed by plants, but also on the vertical leaf N distribution within canopies (Li et al., 2013; Hikosaka, 2016). In many plant canopies, there is a vertical gradient of leaf N content per unit leaf area, which is higher in U-leaves (Huang et al., 2014; Niinemets et al., 2015). In this study, the N content of the M leaves was the highest, followed by that of the U and L leaves (Figure 6), which was distinct from that of rice and wheat (Shiratsuchi et al., 2006). Hence, the KN from the upper-middle canopy had a negative value, whereas the KN from the middle-lower canopy had a positive value. It was worth mentioning that the absolute value of KN under moderate N inputs (N180) was lowest, and the high-yield treatment (D825/N180) had the lowest KN (absolute value). This indicates that the N gradient distribution in the vertical canopy of high-yield maize was more uniform. Furthermore, the higher KN under N0 input may have been related to low N availability. When the availability of N is low for plants, senescence of old leaves occurs; thus, the retranslocation of N from old to new leaves is accelerated, which also contributes to the high KN, as shown in Table 3.

It has been suggested that leaf N gradients observed in canopies represent a strategy for maximizing carbon assimilation (Hirose, 2005). In this study, a higher absolute KN/KL value in the U-M canopy and a lower absolute KN/KL value in the M-L canopy were observed in the D825/N180 treatment (Table 3). It can be used as an indicator for evaluating the quality of maize canopy structure in breeding and cultivation management. There was a significant negative linear correlation between the IEN and grain yields when the yield was >10 t ha–1, whereas the NRE was significantly increased with enhanced yields (Figures 7, 8). Therefore, the mechanism of N-density matching to improve grain yields was not primarily determined by the retranslocation of N from the leaves to the grain, but rather by enhancing the absorption efficiency of N by roots. This viewpoint was similar to that of Yan et al. (2017) who suggested that planting density affected the ability of maize plants to use available soil N either insufficient or excessive density will result in a low NRE.

Previous studies have reported that insufficient plant densities and excessive use of N fertilizer were the main reasons for the lower corn yields and N use efficiencies in China (Meng et al., 2013). According to this study, increasing the plant density from 52,500 to 82,500 plants ha–1 improved both the grain yields and N use efficiency (NUE, including NRE and IEN). However, a further increase in plant density to 97,500 plants ha–1 induced grain yield losses and NUE reductions. In this study, the 82,500 plants ha–1 was similar to the optimal plant density (79,000 plants ha–1) in America (Ciampitti and Vyn, 2011), while it was lower than the 90,000–1,05,000 plant ha–1 for a superior high-yield study in China (Chen et al., 2011). It could not be ignored that the average N fertilizer inputs of super-high-yielding fields reached 774 kg N ha–1. Consequently, low NRE and substantial N losses have been reported in these fields, which is clearly not in line with the goals of modern crop nutrient management. Our study suggests that the potential negative effects of reduced N rate on yield attributes and grain yield can be compensated for increasing plant density to a certain range, and dense planting may be a feasible strategy to reduce N input in maize production.




Conclusion

Increasing yields in conjunction with efficient N utilization is an important goal for sustainable agriculture. In this study, an N application rate of 180 kg ha–1 coupled with a plant density of 82,500 plants ha–1 achieved the highest yield and NRE, which resulted in higher plant densities and lower N inputs than traditional agricultural practices in Northern China. Moderate densification effectively reduced the leaf area and angles of the upper leaves while allowing more light to enter the middle and lower leaf layers, increasing the population TPAR. The N and chlorophyll concentrations, anti-aging capacity, and photosynthetic fluorescence efficacy of the middle leaves were much higher than those of other leaves. The lager leaf area compensated for the insufficient PAR absorption efficiency in the lower leaves. Thus, maintaining a certain light intensity in the lower leaf layer (indicated by a smaller KL) is key to achieving high yields. Furthermore, the reduced N rate without yield reductions under higher plant densities primarily attributed to the vertical N distribution, was more uniform.
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Nutritional correlations between plants and pathogens can crucially affect disease severity. As an essential macronutrient, the availability of nitrogen (N) and the types of N content play a fundamental part not only in energy metabolism and protein synthesis but also in pathogenesis. However, a direct connection has not yet been established between differences in the level of resistance and N metabolism. Pertinently, former studies hold ammonia (NH3) accountable for the development of diseases in tobacco (Nicotiana tabacum L.) and in some post-harvest fruits. With a purpose of pinpointing the function of NH3 volatilization on Alternaria alternata (Fries) Keissl pathogenesis and its correlation with both N metabolism and resistance differences to Alternaria alternata infection in tobacco, leaf tissue of two tobacco cultivars with susceptibility (Changbohuang; CBH), or resistance (Jingyehuang; JYH) were analyzed apropos of ammonia compensation point, apoplastic NH4+ concentration, pH value as well as activities of key enzymes and N status. At the leaf age of 40 to 60 d, the susceptible cultivar had a significantly higher foliar apoplastic ammonium (NH4+) concentration, pH value and NH3 volatilization potential compared to the resistant one accompanied by a significant reduction in glutamine synthetase (GS), which in particular was a primary factor causing the NH3 volatilization. The NH4+ concentration in CBH was 1.44 times higher than that in JYH, and CBH had NH3 compensation points that were 7.09, 6.15 and 4.35-fold higher than those of JYH at 40, 50 and 60 d, respectively. Moreover, the glutamate dehydrogenase (GDH) activity had an upward tendency related to an increased NH4+ accumulation in both leaf tissues and apoplast but not with the NH3 compensation point. Collectively, our results strongly suggest that the accumulation of NH3 volatilization, rather than NH4+ and total N, was the primary factor inducing the Alternaria alternata infection in tobacco. Meanwhile, the susceptible cultivar was characterized by a higher N re-transfer ability of NH3 volatilization, in contrast to the disease–resistant cultivar, and had a stronger capability of N assimilation and reutilization. This study provides a deeper understanding of the pathogenicity mechanism induced by Alternaria alternata, which is useful for breeding Alternaria alternata-resistant varieties of tobacco, at the same time, our research is also conducive to control tobacco brown spot caused by Alternaria alternata in the field.
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Introduction

Nutrient elements such as nitrogen (N) can profoundly affect disease development, and the expression of certain pathogenicity–related genes and virulence/avirulence responses are also altered by the host plant’s N status (Snoeijers et al., 2000; Sun et al., 2021). Successful plant colonization by pathogen requires the utilization of nutrient resources present in host tissues, and overcoming this challenge becomes easier when plants contain adequate nutrition (Mu et al., 2000; Ballini et al., 2013). However, various nutritional limitations, in particular N, also tend to influence pathogenesis (Yu et al., 2018). The observation that both fungal and bacterial genes are induced in regard to N deficiency in artificial media infers that the utilization of N by pathogen should be limited during growth in planta (Talbot et al., 1997). Nevertheless, the presence of foliar soluble N in millimolar concentration (Farrar, 1995), even under the condition of N deficiency in the plant (López-Berges et al., 2010), apparently contradicts the idea of pathogen having access only to a specific subcomponent of soluble N pool (Walters and Bingham, 2007). For most interactions involving plants and pathogens, little information is available regarding the composition and content of N during infection and subsequent colonization. Furthermore, a direct link has not yet been established between N–shortage stress and pathogen virulence (Snoeijers et al., 2000).

According to Walters and Bingham (2007), pathogen invasion involves encountering a series of different forms of N in the symplast and apoplast of plant tissues, ranging from inorganic N (e.g., nitrate), to organic N (e.g., glutamine). Ammonia is readily adsorbed onto wet leaf cuticle surface, contributing to the main pathway of N loss from plant leaves (Sparks, 2009). Lots of previous studies have indicated that NH3 is involved in plant-pathogen interactions. An important influencing factor for the expansion of Erwinia carotovora in potato is NH3 accumulation (Lowekovich et al., 1967). Huber and Watson (1974) found that NH3 could stimulate diseases caused by Fusarium oxysporum, Rhizoctonia solani and Sclerotinia sclerotiorum on citrus, cotton, sugar beet, tomato and wheat. The host’s NH3 signal also shares a key role in the infection caused by post-harvest pathogenic fungi such as Alternaria alternata and Colletotrichum gloeosporioides (Prusky et al., 2001; Prusky and Yakoby, 2003; Alkan et al., 2008; Prusky and Lichter, 2008). The buildup of NH3 at the site of infection during the decomposition of avocado fruits portrays a specific condition that is perceived by the pathogen; NH3 directly triggers the expression of pathogenicity factors in Colletotrichum gloeosporioides, such as PELB which encodes for pectate lyase (Kramer-Haimovich et al., 2006). Pathogens can even alter pH around the infection site, which in turn modulates the action of pathogenicity factors (Prusky et al., 2001; Eshel et al., 2002; Prusky and Yakoby, 2003). In a study on Alternaria alternata (Fries) Keissl causing brown spot disease, which accelerates senescence in tobacco leaves, the facultative parasitic fungus responded to ambient NH3 and used it as a stimulator to attack host by differentiating into infection structures, switching to a necrotrophic lifestyle (Duan et al., 2010). Furthermore, at the status of 10−6–10−4 mol L−1 NH3, the infection of Pseudomonas syringae pv. tabaci was elevated, suggesting that an appropriate NH3 level could promote pathogenicity (Li, 2018). However, it is worthwhile to note that, fungal pathogens are predisposed to a range of fluctuations in the NH3 environment of their host, attributable to the leaf senescence that correlates with both NH3 and NH4+ accumulation in the foliar tissues and apoplast (Sutton et al., 1993, 1998; Masclaux et al., 2000; Schjoerring et al., 2002). Furthermore, nitrate (NO3−) has been found to increase disease resistance to Pseudomonas syringae pv. phaseolicola and Fusarium oxysporum in tobacco and cucumber, respectively (Gupta et al., 2013; Sun et al., 2021). However, few data are available regarding in planta differences in NH4+ concentrations between susceptible and resistant cultivars.

Different tobacco cultivars have diverse N metabolism reactions (Duan et al., 2012; Yang et al., 2015; Wu et al., 2016). Relatedly, high incidence rate of Alternaria alternata–mediated brown spot disease is always associated with sufficient N in tobacco plants (Stavely and Main, 1970). In the process of growth and development, plants can lose N in the form of NH3, with the consequence that NH3 exchange occurs between plants and external environment, and this volatilization of NH3 is strongest in the leaf senescence stage (Massad et al., 2008; Chen et al., 2009; Herrmann et al., 2009). The apoplast is considered to be the primary reservoir of NH4+ and its concentration in the apoplast has an important effect on the volatilization of NH3 in plants (Nielsen and Schjoerring, 1998). The balance between NH3 and NH4+ in the apoplast could be achieved by NH3 volatilization (Jiang, 2017); moreover, the NH4+ in the apoplast is very sensitive to leaf N status and its external supply (Schjoerring et al., 2000). Noteworthily, the apoplast is a key part where early interaction occurs between host plant and pathogen upon pathogen infection, and the exchanges of NH3 between plants and atmosphere also happen through the apoplast (Hammond-Kosack and Parker, 2003; Herrmann et al., 2009). In particular, as a unity of structure and function, the apoplast plays important roles pertinent to the instigation and co-ordination of certain defense responses (Yakimova et al., 2009); for instance, the reactive oxygen species (ROS) can move into the apoplast, and directly act on the invading pathogen (Wilkinson and Davies, 1997; Bolwell et al., 2001). Based on these reasons, deeply clarifying the role of apoplastic NH3 volatilization in pathogenicity is valuable for revealing the inducing factors of Alternaria alternata from quiescent biotrophic growth to necrotrophic stage.

Tobacco is an important economic plant in China and the principal production areas are concentrated in remote rural areas with less developed economies, such as Yunnan, Guizhou, etc. However, it is easily susceptible to Alternaria alternata infection, which adversely affects the yield and quality, but until now there is no effective prevention method (Slavov et al., 2004). In fact, the effect of N nutrition depends on plant–pathogen interactions, in particular, the pathogenic lifestyle and pathosystems (Dordas, 2008). To our knowledge, fewer studies have examined the differences in the N status and metabolic reactions in tobacco cultivars that are resistant and/or susceptible to Alternaria alternata infection. Products of N metabolism also function as signaling molecules to trigger defense responses, following pathogen recognition and signal transduction processes (Kachroo and Robin, 2013; Rojas et al., 2014; Thalineau et al., 2016). Given the importance of N metabolism in agriculture, in this study, we investigated the function of NH3 volatilization as regulated by the apoplast in pathogenesis and its correlation with N metabolism and resistance differences to pathogens infection. Keeping the aim in view, parameters such as ammonia compensation point, apoplastic NH4+ concentration, pH value, the contents of total N, soluble protein and NH4+ concentration in leaf tissue, as well as N metabolism related key enzymes activities were measured in two cultivars with resistance or susceptibility to Alternaria alternata. The study provides further insights into the role of NH3 volatilization in the pathogenicity mechanism induced by Alternaria alternata and delivers a deeper understanding of the metabolic basis of resistance.



Materials and methods


Experimental materials and growth conditions

Differing in their response to Alternaria alternata attack, two tobacco cultivars, i.e., Jingyehuang (JYH, resistant) and Changbohuang (CBH, susceptible) provided by Guizhou academy of tobacco science, were used as the experimental materials. Moreover, JYH was bred by system selection from disease-resistant individuals of CBH, which is used as core parent for breeding brown spot-resistant varieties in tobacco (Yang et al., 2018). The loamy textured soil used in this study contained 8.50 g kg−1 organic matter, 0.89 g kg−1 total N, 0.07 g kg−1 available N, 0.03 g kg−1 available phosphorus (P), and 0.11 g kg−1 available potassium (K), with a pH of 7.91. Additionally, the soil was air-dried and sterilized by fumigation, before passing through a 0.5 × 1 cm screen.

The tobacco seeds were sterilized with a 0.2% CuSO4 (w/v) solution for 10 min, and then washed with deionized water. The seeds were allowed to germinate in floating trays consisting of 20% vermiculite, 70% peat and 10% perlite (v/v), and the nutrition for tobacco seeds growth was supplied with modified Hogland nutrient solution (10 mol L−1 KNO3, 1 mol L−1 CaCl2, 1 mol L−1 MgSO4, 2 mol L−1 KH2PO4, 200 μmol L−1 EDTA-Fe, and 0.5 ml L−1 microelements buffered with 0.5 g L−1 MES [2-(N-morpholino) ethanesulfonic acid), pH 5.5; Hu et al., 2019] and grown in a greenhouse with day-night temperatures of 28 ± 2°C and 25 ± 2°C, respectively. The relative humidity of air (RH) was maintained around 70 ± 5% under a 16–h photoperiod (light intensity >400 μmol m−2 s−1). The seedlings (55 d post-germination), averaging approximately 12 cm in height, were transplanted into polyethylene plastic pots (27 × 33 × 21 cm, height × caliber × bottom diameter) with a load of 20 kg of soil and grown under conditions mentioned above. Each pot contained only one plant, 80 plants per cultivar were used. The experiment was conducted with a completely random design with three replicates. At the end of experiment, the tested soil contained 0.2 N, 0.4 P and 0.5 K (g nutrient kg−1 soil) after fertilization with NH4+–N (1.36): NO3−–N (1.14), taking NH4NO3, NaH2PO4 and K2SO4 as fertilizer source. The samples were collected (13th leaf from the bottom of tobacco plant) in the late morning (9.30–11.30 a.m.) at 30, 40, 50, 60, and 70 d (days after leaf sprouting) of leaf age, which paralleled the leaf expansion stage (before 40 d), ripening and senescence period (after 40 d), respectively. Counting of leaf age began from the first day when the sprout was 1 cm long and 0.5 cm wide, and along with it the leaf labeling began. The approximate time of flowering was around 40 d in this study. All sampled leaves were washed with distilled water, immediately frozen in liquid nitrogen and stored at −80°C until further analysis.



Measurements


Apoplastic fluid and leaf tissue extraction

For the extraction of apoplastic fluid, a vacuum infiltration technique was employed (Husted and Schjoerring, 1995). In case of leaf tissue extraction, samples were homogenized in 10 mmol L−1 of formic acid in a cooled mortar with a little sand, then centrifuged at 25,000 × g (2°C) for 10 min, followed by transference of supernatant to a 0.45–μm polysulphone centrifugation filter (Micro Vectra Spin, Whatman Ltd., Maidstone, United Kingdom), and spinning at 5,000 × g (2°C) for 5 min.



Analyses of GS, GDH activities, apoplastic NH4+ concentration and pH value

Activity of glutamine synthetase (GS) was tested according to the method of Meng et al. (2016) by measuring formed γ-glutamyl-hydroxamate, while a protocol described by Turano et al. (1996) was followed for glutamate dehydrogenase (GDH) assay based on the measurement of decrease or increase in absorbance of samples (respective of the direction of the reaction) at 340 nm using a spectrophotometer Novaspec II (Pharmacia, Uppsala, Sweden). The apoplastic NH4+ concentration was determined with a continuous flowing analyzer (Bran Luebbe AA3), using calibration solutions depending on the concentration of the samples, i.e., 0.1 and 1.0 μg NH4+ kg−1 or 1.0 and 10 μg NH4+ kg−1 (NH4Cl in ddH2O). Deionized water was used as zero standard. Moreover, the pH value was monitored directly in the micro-centrifuge tube by inserting a microelectrode (Mettler Toledo, Inlab 423, Electroly, 9,811).



Quantification of different N compounds in leaf tissues

The NH4+ concentration in leaf tissue was examined through fluorimetry using an HPLC system (Waters Corp., Milford, MA, United States) fitted with a pump, a column oven with a 3.3-m stainless steel reaction coil, an autosampler cooled to 2°C and a scanning fluorescence detector. The reaction took place between NH4+ and o-phthalaldehyde to form an alkylthioisoindole fluorochrome at neutral pH with β-mercaptoethanol (as reducing agent). Excitation and emission wavelengths were 410 and 470 nm, respectively (O’Leary et al., 2014). Carlo Erba Model-1,106 Elemental Analyzer (Carlo Erba, Milan, Italy) was employed to determine total N content in leaf tissues (Horneck and Miller, 1998). Soluble protein content in the crude leaf extracts (the same as used for GS activity) were detected by a protein assay kit (Bio-Rad, Munich, Germany), keeping bovine serum albumin as standard.




Statistical analysis

All the measurements were conducted with three independent biological replicates for each determination, and mean values are presented with standard errors. Data were analyzed with SPSS-17.0 (statistical software package) using one-way ANOVA, while least significance difference (LSD) test at 0.05 probability assisted in separating differences in means according to the method of Hosseini et al. (2022).




Results


Concentration of apoplastic NH4+ and pH value

The NH4+ concentration in apoplastic solution increased with leaf age except for 60 to 70 d, the maximum concentration in CBH was 1.44 times larger than that in JYH (Figure 1A). Significantly higher apoplastic NH4+ concentration was observed for CBH compared to JYH, keeping all the leaf collection stages in perspective (p ≤ 0.05). For both tobacco cultivars, there was a rise in apoplastic pH value in the initially obtained samples (leaf age from 30 to 40 d), which consecutively decreased at the stage of 40 to 70 d (Figure 1B). The pH values elevated by more than 1 unit in CBH, which occurred much rapidly than that in JYH, and exceeded 6.0. Consequently, those values remained higher in CBH than in JYH during the entire period (p ≤ 0.05).

[image: Figure 1]

FIGURE 1
 Apoplastic NH4+ concentration (A) and pH value (B) in resistant and susceptible tobacco cultivars to Alternaria alternata. Values with different letters are significantly different (p ≤ 0.05).




Potential for NH3 volatilization

The potential for NH3 loss from the senescing plant material was evaluated by calculating the ratio between [NH4+] and [H+], which is a temperature-independent value, termed as NH3 compensation point, utilizing the apoplastic solution. The trend ascended significantly in the initially obtained samples of both cultivars (Figure 2). The increase indicated that tobacco plant lost N through NH3 volatilization due to NH3/NH4+ accumulation in leaf tissues and apoplastic solution. Moreover, CBH had NH3 compensation points that were 7.09, 6.15 and 4.35-fold higher than those of JYH at 40, 50 and 60 d, respectively. Although the apoplastic pH value decreased from 50 to 60 d, the NH3 compensation point still remained higher due to the increase in apoplastic NH4+ concentration.

[image: Figure 2]

FIGURE 2
 NH3 compensation point in resistant and susceptible tobacco cultivars to Alternaria alternata. Values with different letters are significantly different (p ≤ 0.05).




Concentration of NH4+, total N and soluble protein in leaf tissues

Based on the results indicated in Figure 3A, the leaf NH4+ concentration portrayed an upward trend in two cultivars from 30 to 40 d leaf age. During the period of 40 to 70 d, the furtherance of senescence resulted in a pronounced and continuous decrease in the leaf tissue NH4+ concentration. Through the course of experiment, the leaf tissue NH4+ concentration in these cultivars was CBH > JYH; also, CBH showed much rapid increase in the leaf tissue NH4+ concentration than that of JYH. The total N content in leaf tissue was in the form of successively rising with the developmental stage between 30 and 40 d in these two cultivars and thereafter declined progressively (Figure 3B). Higher total N content was found in CBH than that in JYH throughout the experimental period (p ≤ 0.05). At the last stage of 70 d, the total N content decreased 43.47 and 56.74% from the highest values in CBH and JYH, respectively. Altogether, the content of soluble protein in JYH and CBH had similar variation throughout the temporal phases of experiment, with both showing a gradual decline, and the reductions were 53.81 and 59.64%, respectively (Figure 3C). At the stage from 30 to 60 d, CBH had higher soluble protein content than JYH (p ≤ 0.05), on the contrary, the two genotypes did not differ significantly at leaf stage of 70 d.

[image: Figure 3]

FIGURE 3
 Leaf tissue NH4+ concentration (A) and contents of total nitrogen (B) and soluble protein (C) in resistant and susceptible tobacco cultivars to Alternaria alternata. Values with different letters are significantly different (p ≤ 0.05).




Glutamine synthetase and glutamate dehydrogenase activity assays in leaf tissue

As depicted in Figure 4A, GS activities dwindled markedly in both cultivars during the period from 30 to 60 d, whereas an upward tendency was observed when reaching the stage of 70 d. A continuous display of significantly higher GS activity was observed for JYH in comparison to CBH throughout the experimental stages (p ≤ 0.05). According to Figure 4B, GDH activities in both JYH and CBH had a pronounced and gradual decrease following an increase in the beginning stages of leaf age samples. However, more than 10 days of increase was observed in CBH, and as a consequence, GDH activity was significantly higher in CBH than that in JYH at 50 d (p ≤ 0.05).

[image: Figure 4]

FIGURE 4
 Glutamine synthetase (GS) (A) and glutamate dehydrogenase (GDH) (B) activities in leaf tissue in resistant and susceptible tobacco cultivars to Alternaria alternata. Values with different letters are significantly different (p ≤ 0.05).




Correlation analysis of N metabolism-related parameters

Correlation analyses of N metabolism-related parameters in JYH and CBH were performed, and a significance test was also conducted. On the basis of present results showed in Figure 5 and Table 1, a highly significant negative correlation was observed between apoplastic NH4+ concentration and GS activity in these two tobacco cultivars. By contrast, apoplastic pH value had a significant or highly significant positive correlation with the total N contents and soluble proteins in foliar tissues, also a very positive correlation with leaf tissue NH4+ concentration was exhibited. Simultaneously, there existed a highly significant positive correlation between the NH4+ concentrations and GDH activity in the leaf tissues and apoplast. However, the NH3 compensation point was independent of GDH activity. The results revealed that the NH3 compensation point and GS activity had a highly significant inverse correlational dependence, in addition to a remarkable negative correlation with the contents of total N and soluble protein in leaf tissue. Nevertheless, the NH3 compensation point had substantial positive correlation with apoplastic pH value and NH4+ concentration in both leaf tissues and apoplast. Meanwhile, the correlation analysis also displayed that the NH3 compensation point had an upward trend in a situation where GS activity and the contents of total N and soluble protein in leaf tissues decreased while apoplastic NH4+ concentration and pH value both increased, and which ultimately led to an elevation in NH3 volatilization.

[image: Figure 5]

FIGURE 5
 Correlation analysis of nitrogen metabolism–related parameters in resistant and susceptible tobacco cultivars to Alternaria alternata. Abbreviations: NH3 compensation point–NCP. Apoplastic NH4+ concentration–ANC. Apoplastic pH value–APV. Leaf tissue NH4+ concentration–LNC. Total nitrogen content–TN. Soluble protein content–SP. GS activity–GS. GDH activity–GDH. *Significant at p ≤ 0.05 level. **Significant at p ≤ 0.01 level.




TABLE 1 Correlation analysis of nitrogen metabolism–related parameters in resistant and susceptible tobacco cultivars.
[image: Table1]




Discussion

Nitrogen plays an essential role in plant–pathogen interactions (Wang et al., 2019). Depending on the plant species and pathogen strains, N can affect the resistance and susceptibility of a plant to diseases by regulating plant growth and physiology, influencing pathogen growth and virulence, and modifying the rhizosphere environment (Fagard et al., 2014). Previous reports have inferred that the invasion on tobacco from Alternaria alternata escalates with increasing leaf N content (Stavely and Main, 1970). Moreover, N availability is deduced as a regulatory factor for the phytopathogenic fungal colonization (Stephenson et al., 1997; Talbot et al., 1997; Snoeijers et al., 2000). Excessive N supply has been registered as useful particularly for the sporulation capacity of colonies and the cumulative production of spores on leaves (Jensen and Munk, 1997; Robert et al., 2005). A further link between host and pathogen N was found by Robert et al. (2002) who correlated spore production by the fungus Puccinia triticina in wheat. The spores number was 70% less in the low N plants but the percentage of N in the spores was higher than in the leaves, suggesting that the pathogen is highly efficient at taking up N from the host would be important for virulence. Consistent with previous scientific literature, the close relationship between N utilization capacity and susceptibility of tobacco cultivars to Alternaria alternata infection in the present work demonstrated that higher content of total N was detected in CBH (susceptible cultivar) than that in the disease–resistant one, i.e., JYH. Therefore, the disease–resistant cultivar apparently had lower N availability. Furthermore, the NH4+ concentration in these two cultivars concurred with their resistance to Alternaria alternata infection. Moreover, the changes in leaf tissue NH4+ concentration and apoplastic pH value were also concomitant, and so were the consequent calculated NH3 compensation point.

During host-pathogen interactions, pathogen and host compete for N–based nutrients, and the pathogen may affect the mobilization and distribution of N in the host plants so as to meet its own demands for growth (Pageau et al., 2006; Jedelská et al., 2021). Increased supply of N in the plants led to higher spore production by the powdery mildew fungus Oidium lycopersicum, and the increment in leaf colonization by the bacterium Pseudomonas syringae pv tomato suggested that increased leaf N caused greater susceptibility to these pathogens (Mur et al., 2016). In the present research, it was found that the susceptible cultivars had a higher total N content than the disease–resistant cultivar. Brown spot disease is known to be favored by excess N (Stavely and Main, 1970). After tobacco leaves enter a mature stage, Alternaria alternata begin to infect and colonize the tissues. The higher total N content in the susceptible cultivar provides more nutrients to this fungal pathogen, which is beneficial to the extension of mycelium and sporulation. The lower N level in the disease–resistant cultivar may have resulted in nutrient demands of Alternaria alternata not being met limiting infection and spread. This variation in N content between disease–resistant and susceptible cultivars may be an important factor responsible for the differences between the cultivars in their resistance to Alternaria alternata infection (Barrit et al., 2022).

As the results of this research revealed, the susceptible cultivar had significantly higher concentration of apoplastic NH4+ and pH value, as well as the NH3 compensation point than those in the disease–resistant cultivar from 40 to 60 d, in the course of which the volatilization of NH3 appeared to be significant. Duan et al. (2010) found that Alternaria alternata could sense ambient NH3, get stimulated by it for invasion and prompts infection structures’ differentiation on tobacco leaves, finally accelerating a shift from biotrophic process to a lifestyle contingent on necrotrophy, by the secretion of pathogenicity factors. Additionally, Alternaria alternata and Glomerella cingulata in fruits make use of the changes of N status in host and even actively secrete NH3 to alkalize the host tissue, which ensues the host parasitic to saprophyte transformation (Eshel et al., 2002; Prusky et al., 2006). Consecutively, the gradients of leaf pH value also affect the growth direction of germ tube in Uromyces viciae-fabae (Edwards and Bowling, 1986). In addition, our current results exhibited that the susceptible cultivar had greater increase in the apoplastic pH value and NH3 compensation point as compared to the disease–resistant one, with a higher accumulation of NH4+ concentrations in the leaf tissue and apoplast, which resulted in greater NH3 volatilization (Walker et al., 2012). In particular, NH4+ has been reported to increase resistance against Pseudomonas. syringae in tomato (González-Hernández et al., 2019). Eventually, high level of NH3 shifts in host could produce an appropriate condition, which is helpful for the Alternaria alternata infection. On the contrary, the disease–resistant cultivar had smaller N metabolism-related parameters and N status as opposed to the susceptible one, and as a consequence, the NH3 volatilization was lower. In this sense, these variations in the NH3 environment and apoplastic pH value might not be sufficient to cause the infection reaction of Alternaria alternata on the disease–resistant tobacco cultivar. To deal with pathogens invasion, plants have evolved sophisticated defence mechanisms, including inducible and constitutive resistance mechanisms. Contrary to the constitutive defence, which typically consists of physical barriers and pre-formed chemical compounds, the pathogen-induced plant resistance depends on the activation of downstream defence responses (Sun et al., 2020). Our research results reinforce the role of NH3 accretion in the invasion of susceptible cultivar by Alternaria alternata.

Increment in the apoplastic pH value resulted from NH3/NH4+ accumulation in the leaf tissues and apoplastic fluid, displaying a consumption of protons with the excretion of NH3/NH4+ from leaf cells into apoplast (Wang et al., 2013), and in most plant species the apoplastic pH values usually ranges from 5.0 to 6.5 (Husted and Schjoerring, 1995; Mattsson et al., 1997). However, the transformation from living parasite phase to saprophytic stage in facultative pathogenic fungi during fruit ripening is closely related to the rise in pH and NH4+ concentration. For polyphagous pathogens such as Alternaria alternata, a three- to ten-fold increase in NH3 concentration and a 0.2 to 2.4 units of pH elevation are detected in several hosts, including cherry, melon, persimmon, pepper and tomato (Eshel et al., 2002). The expression of AAK1 (an endoglucanase gene) in Alternaria alternata is maximal at pH value beyond 6.0, which is a characteristic of decaying tissue, whereas at lower pH condition neither this gene is expressed nor the pathogen is active. The previous study also reported that for mycelial growth and/or sporulation of Alternaria alternata, the optimal pH value was between 6.0 and 8.0 (Du et al., 2009). In our present research, the susceptible cultivar showed pH values greater than 6.0 during senescence, compared with those in the disease–resistant one. Currently, no data are available about the pathogenesis, and therefore, obtaining more knowledge regarding the effects of pH value on infection by fungus, particularly in the senescence stage, is important.

Most plants use inorganic nitrogen, NO3− and NH4+, as their primary N source (Soulie et al., 2020). Several reactions occur in plant tissues can release NH4+ from organic compounds and among those, the most important NH4+ production processes are ammonium uptake through roots, nitrate reduction, deamination, photorespiration and protein degradation during senescence (Joy, 1988). According to Leegood et al. (1995), this NH4+ should be re-assimilated to prevent plant from being depleted of N, because the photorespiratory NH4+ release may take place at ten-fold higher rates compared to the rates of primary NH4+ assimilation. Correspondingly, a key enzyme GS re-assimilates NH4+, which is not only involved in the regulation of NH4+ concentration in plant tissues (Schjoerring et al., 2002), but also the flux of NH3 between plant and atmosphere (Husted and Schjoerring, 1995). The genotypes with lower GS activity are able to exhibit higher NH3 volatilization (Husted and Schjoerring, 1996; Mattsson et al., 1997; Husted et al., 2002). In the present experiment, the rise in apoplastic pH, NH3 compensation point and leaf tissue NH4+ concentration occurred simultaneously, accompanied by a decrease in GS activity. However, the response of the susceptible cultivar was steeper than that in the disease–resistant one. Meanwhile, compared with the disease–resistant cultivar, higher NH4+ concentration and a more rapid increase in pH value in the apoplast were detected in the susceptible one, most likely due to insufficient GS activity for the re-assimilation of higher quantities of NH3 released during leaf senescence by protein degradation. By contrast, the higher GS activity in the disease–resistant cultivar ensured that the NH4+ concentration in leaf tissue did not accumulate to a harmful level, but was stronger in N assimilation and reutilization; nitrogen was thus less volatilized in NH3 (Hao et al., 2020). On this basis, the obvious distinctions in N metabolism among various tobacco cultivars are the decisive factors for the differential NH3 compensation points.

In our work, the promotion of NH4+ concentration in the two tobacco cultivars with differing resistance was indeed concomitant with both the increase in GDH activity and the dramatic decline in GS activity. Although, GDH is induced along with a buildup of NH4+ resulting from hydrolysis of proteins during natural leaf senescence (Masclaux et al., 2000), its function in higher plants remains debatable. For example, the upregulation of GDH activity in response to elevated levels of NH4+ imply its importance in the detoxification of NH4+ by assimilating some of the excess NH4+ ions (Terce-Laforgue et al., 2004a; Tercé-Laforgue et al., 2004b). However, GDH also partakes in the deamination process by converting amino acids (AAs) into transport compounds with a lower C/N ratio, for instance, in senescing leaves and germinating seeds (Frechilla et al., 2002). Additionally, this concept is fully backed by a number of experiments employing tobacco plants (Masclaux-Daubresse et al., 2006; Purnell and Botella, 2006; Skopelitis et al., 2007). Labboun et al. (2009) documented the suppression of glutamate synthesis in the presence of NH4+ in transgenic tobacco leaves when GDH was inhibited. The current experimental results also indicated that the GDH activity significantly and positively correlated with the NH4+ concentrations in the apoplast and leaf tissues, which inferred that the increase in GDH activity could contribute to the elevated NH4+ concentration. Similarly, rice mutants lacking Fd-GOGAT have enhanced resistance to seven Xanthomonas oryzae pv. oryzae (Xoo) strains (Chen et al., 2016). It seems that N-related key enzymes are affected by pathogen, and the activity modification can alter N metabolism, leading to remarkable effects on disease development. Thus, how the N metabolism are associated with plant defence and the underlying mechanisms need to be intensive tested in a biological context using the same system, which might account for the highly specific nature of tobacco–Alternaria alternata interactions in response to N conditions.



Conclusion

In conclusion, during the leaf age of 30 to 70 d, the N metabolism–related parameters including NH4+ concentrations in the leaf tissue and apoplast, apoplastic pH value, NH3 compensation point and N status in the resistant cultivar were all lower in comparison with the susceptible one, and eventually led to a weaker ability of NH3 volatilization. In contrast, the susceptible cultivar had superior NH3 volatilization potential against the disease–resistant cultivar, which precisely created a favorable environment for the instigation of Alternaria alternata infection. In addition, the apoplast actively regulated the exchange between NH3 and external environment, and the NH3 volatilization primarily resulted from a sharp reduction in GS activity. Simultaneously, the GDH activity surge was positively related to a rise in the accumulation levels of NH4+, whereas the activity was independent of the NH3 compensation point. The results also revealed that there were lower GS activity and higher NH3 compensation point in the susceptible cultivar, which could give rise to more NH3 volatilization. On the contrary, the disease–resistant cultivar had higher GS activity and a lower NH3 compensation point and primarily depended on the ability of N assimilation and reutilization to remove NH4+ accumulation. The present research gave new insights into the connection between N metabolism, especially the function of NH3 volatilization and the resistance differences to Alternaria alternata, indicating that N metabolism is in a close association with the resistance or susceptibility to Alternaria alternata attack. However, N metabolism is a complex process, which can be affected by many factors, and the N content, leaf tissue and apoplastic NH4+ concentrations, apoplastic pH and key enzyme activities do not fully reveal the resistance mechanism against Alternaria alternata. Many other factors, such as special physiological and biochemical processes may be at play and still need to be further clarified.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material; further inquiries can be directed to the corresponding authors.



Author contributions

YL, YG, and IS designed the research. ZY, YW, HX, SZ, and SX performed the research. ZY and YC analyzed the data. ZY, YL, and YG wrote the manuscript. YG, JL, SS, and IS revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Department of Science and Technology of Guizhou Province, China ([2020]1Y106, ZK[2021]YIBAN110, Qiankehezhicheng[2018]2344 and Qiankeheping tairencai[2020]6016), the National Natural Science Foundation of China (31660544, 32160648), the Major Science and Technology Program of China National Tobacco Corporation, China [11020200027(JY-10) and 110202101032(JY-09)], the Science and Technology Program of Guizhou Provincial Tobacco Company, China (201801, 2020XM02, 2020XM06, 2021XM05, 2021XM12, and 2022XM05), the Science and Technology Program of Zunyi Tobacco Company, China (2021XM05), the Sino-Pakistan Project NSFC (31961143008), the National Natural Science Foundation of China, International (Regional) Cooperation and Exchange Program, Research fund for International Young Scientists (31750110462) and Jiangsu Collaborative Innovation Center for Modern Crop Production (JCIC-MCP), China.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Alkan, N., Fluhr, R., Sherman, A., and Prusky, D. (2008). Role of ammonia secretion and pH modulation on pathogenicity of Colletotrichum coccodes on tomato fruit. Mol. Plant Microbe In. 21, 1058–1066. doi: 10.1094/MPMI-21-8-1058 

 Ballini, E., Nguyen, T. T., and Morel, J. (2013). Diversity and genetics of nitrogen-induced susceptibility to the blast fungus in rice and wheat. Rice 6:32. doi: 10.1186/1939-8433-6-32 

 Barrit, T., Porcher, A., Cukier, C., Satour, P., Guillemette, T., Limami, A. M., et al. (2022). Nitrogen nutrition modifies the susceptibility of Arabidopsis thaliana to the necrotrophic fungus, Alternaria brassicicola. Physiol. Plant. 174:e13621. doi: 10.1111/PPL.13621

 Bolwell, P. P., Page, A., Piślewska, M., and Wojtaszek, P. (2001). Pathogenic infection and the oxidative defences in plant apoplast. Protoplasma 217, 20–32. doi: 10.1007/BF01289409 

 Chen, M. X., Huang, J. L., Cui, K. H., Nie, L. X., and Farooq, S. (2009). Genotypic variations and terms of NH3 volatilization in four rice (Oryza sativa L.) cultivars. Asian J. Plant Sci. 8, 353–360. doi: 10.1016/S0140-6736(00)03499-1

 Chen, H. L., Li, C. R., Liu, L. P., Zhao, J. Y., Cheng, X. Z., Jiang, G. H., et al. (2016). The Fd-GOGAT1 mutant gene lc7 confers resistance to Xanthomonas oryzae pv. Oryzae in rice. Sci. Rep. 6:26411. doi: 10.1038/srep26411 

 Dordas, C. (2008). Role of nutrients in controlling plant diseases in sustainable agriculture. A review. Agron. Sustain. Dev. 28, 33–46. doi: 10.1051/agro:2007051

 Du, L., Zhang, L., Gao, Z. M., Wang, G., and Zhang, J. X. (2009). Studies on biological characteristics and pathogenicity differentiation in Alternaria alternata in Anhui. Acta Taba. Sin. 15, 39–48.

 Duan, W. J., Yang, T. Z., Dai, Y., Li, D. L., Zhang, X. Q., Liu, H. B., et al. (2012). Stomatal NH3 compensation point and its metabolic regulation in senescence phenotypes of Nicotiana tabacum. Biol. Plant. 56, 771–774. doi: 10.1007/s10535-012-0141-z

 Duan, W. J., Zhang, X. Q., Yang, T. Z., Dou, X. W., Chen, T. G., Li, S. J., et al. (2010). A novel role of ammonia in appressorium formation of Alternaria alternata (fries) Keissler, a tobacco pathogenic fungus. J. Plant Dis. Protect. 117, 112–116. doi: 10.1007/BF03356345

 Edwards, M. C., and Bowling, D. J. F. (1986). The growth of rust germ tubes towards stomata in relation to pH gradients. Physiol. Mol. Plant P. 29, 185–196. doi: 10.1016/S0048-4059(86)80020-0

 Eshel, D., Miyara, I., Ailinng, T., Dinoor, A., and Prusky, D. (2002). pH regulates endoglucanase expression and virulence of Alternaria alternata in persimmon fruits. Mol. Plant Microbe In. 15, 774–779. doi: 10.1094/MPMI.2002.15.8.774 

 Fagard, M., Launay, A., Clement, G., Courtial, J., Dellagi, A., Farjad, M., et al. (2014). Nitrogen metabolism meets phytopathology. J. Exp. Bot. 65, 5643–5656. doi: 10.1093/jxb/eru323 

 Farrar, J. F. (1995). Just another sink? Sources of assimilate for foliar pathogens. Asp. Appl. Biol. 42, 81–89.

 Frechilla, S., Lasa, B., Aleu, M., Juanarena, N., Lamsfus, C., and Aparicio-Tejo, P. M. (2002). Short-term ammonium supply stimulates glutamate dehydrogenase activity and alternative pathway respiration in roots of pea plants. J. Plant Physiol. 159, 811–818. doi: 10.1078/0176-1617-00675

 González-Hernández, A. I., Fernández-Crespo, E., Scalschi, L., Hajirezaei, M.-R., von Wirén, N., García-Agustín, P., et al. (2019). Ammonium mediated changes in carbon and nitrogen metabolisms induce resistance against pseudomonas syringae in tomato plants. J. Plant Physiol. 239, 28–37. doi: 10.1016/j.jplph.2019.05.009 

 Gupta, K. J., Brotman, Y., Segu, S., Zeier, T., Zeier, J., Persijn, S. T., et al. (2013). The form of nitrogen nutrition affects resistance against pseudomonas syringae pv. Phaseolicola in tobacco. J. Exp. Bot. 64, 553–568. doi: 10.1093/jxb/ers348 

 Hammond-Kosack, K. E., and Parker, J. E. (2003). Deciphering plant–pathogen communication: fresh perspectives for molecular resistance breeding. Curr. Opin. Plant Biol. 14, 177–193. doi: 10.1016/s0958-1669(03)00035-1

 Hao, D. L., Zhou, J. Y., Yang, S. Y., Qi, W., Yang, K. J., and Su, Y. H. (2020). Function and regulation of ammonium transporters in plants. Int. J. Mol. Sci. 21:3557. doi: 10.3390/ijms21103557 

 Herrmann, B., Mattsson, M., Jones, S. K., Cellier, P., Milford, C., Sutton, M. A., et al. (2009). Vertical structure and diurnal variability of ammonia exchange potential within an intensively managed grass canopy. Biogeosciences 6, 15–23. doi: 10.5194/bg-6-15-2009

 Horneck, D. A., and Miller, R. O. (1998). “Determination of total nitrogen in plant tissue” in Handbook of Reference Methods for Plant Analysis. ed. Y. P. Karla (New York: CRC Press), 75–83.

 Hosseini, A., Hosseini, M., and Schausberger, P. (2022). Plant growth-promoting rhizobacteria enhance defense of strawberry plants against spider mites. Front. Plant Sci. 12:753578. doi: 10.3389/fpls.2021.783578 

 Hu, W., Di, Q., Wang, Z., Zhang, Y., Zhang, J., Liu, J., et al. (2019). Grafting alleviates potassium stress and improves growth in tobacco. BMC Plant Biol. 19:130. doi: 10.1186/s12870-019-1706-1 

 Huber, D. M., and Watson, R. D. (1974). Nitrogen form and plant disease. Annu. Rev. Phytopathol. 12, 139–165. doi: 10.1146/annurev.py.12.090174.001035

 Husted, S., Mattsson, M., Möllers, C., Wallbraun, M., and Schjoerring, J. K. (2002). Photorespiratory NH4+ production in leaves of wild-type and glutamine synthetase 2 antisense oilseed rape. Plant Physiol. 130, 989–998. doi: 10.1104/pp.006759 

 Husted, S., and Schjoerring, J. K. (1995). Apoplastic pH and ammonium concentration in leaves of Brassica napus L. Plant Physiol. 109, 1453–1460. doi: 10.1104/pp.109.4.1453 

 Husted, S., and Schjoerring, J. K. (1996). Ammonia flux between oilseed rape plants and the atmosphere in response to changes in leaf temperature, light intensity and air humidity. Plant Physiol. 112, 67–74. doi: 10.1104/pp.112.1.67 

 Jedelská, T., Luhová, L., and Petřivalský, M. (2021). Nitric oxide signalling in plant interactions with pathogenic fungi and oomycetes. J. Exp. Bot. 72, 848–863. doi: 10.1093/jxb/eraa596 

 Jensen, B., and Munk, L. (1997). Nitrogen induced changes in colony density and spore production of Erysiphe graminis f.sp. hordei on seedlings of six spring barley cultivars. Plant Pathol. 46, 191–202. doi: 10.1046/j.1365-3059.1997.d01-224.x

 Jiang, J. Y. (2017). Ammonia Volatilization of winter wheat canopy under different Nitrogen rates. Master Thesis, Northwest A & F University.

 Joy, K. W. (1988). Ammonia, glutamine and asparagine: a carbon-nitrogen interface. Can. J. Bot. 66, 2103–2109. doi: 10.2307/2996163

 Kachroo, A., and Robin, G. P. (2013). Systemic signaling during plant defense. Curr. Opin. Plant Biol. 16, 527–533. doi: 10.1016/j.pbi.2013.06.019

 Kramer-Haimovich, H., Servi, E., Katan, T., Rollins, J., Okon, Y., and Prusky, D. (2006). Effect of ammonia production by Colletotrichum gloeosporioides on pelB activation, pectate lyase secretion, and fruit pathogenicity. Appl. Environ. Microbiol. 72, 1034–1039. doi: 10.1128/AEM.72.2.1034-1039.2006 

 Labboun, S., Tercé-Laforgue, T., Roscher, A., Bedu, M., Restivo, F. M., Velanis, C. N., et al. (2009). Resolving the role of plant glutamate dehydrogenase. I. in vivo real time nuclear magnetic resonance spectroscopy experiments. Plant Cell Physiol. 50, 1761–1773. doi: 10.1093/pcp/pcp155 

 Leegood, R. C., Lea, P. J., Adcock, M. D., and Häusler, R. E. (1995). The regulation and control of photorespiration. J. Exp. Bot. 46, 1397–1414. doi: 10.1093/jxb/46.special_issue.1397

 Li, M. (2018). Preliminary Study on Apoplastic Ammonium ion Affecting Tobacco Pseudomonas syringae pv. tabaci Interaction. Master Thesis, Henan Agricultural University.

 López-Berges, M. S., Rispail, N., Prados-Rosales, R. C., and Di Pietro, A. (2010). A nitrogen response pathway regulates virulence functions in Fusarium oxysporum via the protein kinase TOR and the bZIP protein MeaB. Plant Cell 22, 2459–2475. doi: 10.1105/tpc.110.075937 

 Lowekovich, L., Lovrckovich, H., and Slahmann, M. A. (1967). Inhibition of phenol oxidation by Erwinia carotovora in potato tuber tissue and its significance in disease resistame. Phytopathology 57, 737–742. doi: 10.1098/rstl.1767.0047 

 Masclaux, C., Valadier, M. H., Brugière, N., Morot-Gaudry, J. F., and Hirel, B. (2000). Characterization of the sink/source transition in tobacco (Nicotiana tabacum L.) shoots in relation to nitrogen management and leaf senescence. Planta 211, 510–518. doi: 10.1007/s004250000310 

 Masclaux-Daubresse, C., Reisdorf-Cren, M., Pageau, K., Lelandais, M., Grandjean, O., Kronenberger, J., et al. (2006). Glutamine synthetase-glutamate synthase pathway and glutamate dehydrogenase play distinct roles in the sink-source nitrogen cycle in tobacco. Plant Physiol. 140, 444–456. doi: 10.1104/pp.105.071910 

 Massad, R. S., Loubet, B., Tuzet, A., and Cellier, P. (2008). Relationship between ammonia stomatal compensation point and nitrogen metabolism in arable crops: current status of knowledge and potential modelling approaches. Environ. Pollut. 154, 390–403. doi: 10.1016/j.envpol.2008.01.022 

 Mattsson, M., Häusler, R. E., Leegood, R. C., Lea, P. J., and Schjoerring, J. K. (1997). Leaf-atmosphere NH3 exchange in barley mutants with reduced activities of glutamine synthetase. Plant Physiol. 114, 1307–1312. doi: 10.1104/pp.114.4.1307 

 Meng, S., Zhang, C. X., Su, L., Li, Y. M., and Zhao, Z. (2016). Nitrogen uptake and metabolism of Populus simonii in response to PEG-induced drought stress. Environ. Exp. Bot. 123, 78–87. doi: 10.1016/j.envexpbot.2015.11.005

 Mu, K. G., Zhao, X. Q., Li, J. Q., and Liu, X. L. (2000). Progressing on the relation between mineral nutrients and plant disease. J. China Agr. Univ. 5, 84–90.

 Mur, L. A. J., Simpson, C., Kumari, A., Gupta, A. K., and Gupta, K. J. (2016). Moving nitrogen to the Centre of plant defence against pathogens. Ann. Bot. 119, mcw179–mcw709. doi: 10.1093/aob/mcw179 

 Nielsen, K. H., and Schjoerring, J. K. (1998). Regulation of apoplastic NH4+ concentration in leaves of oilseed rape. Plant Physiol. 118, 1361–1368. doi: 10.1104/pp.118.4.1361 

 O'Leary, B. M., Rico, A., Craw, S., Fones, H. N., and Preston, G. M. (2014). The infiltration-centrifugation technique for extraction of apoplastic fluid from plant leaves using phaseolus vulgaris as an example. Jove–J. Vis. Exp. 94:e52113. doi: 10.3791/52113 

 Pageau, K., Reisdorf-Cren, M., Morot-Gaudry, J. F., and Masclaux-Daubresse, C. (2006). The two senescence-related markers, GS1 (cytosolic glutamine synthetase) and GDH (glutamate dehydrogenase), involved in nitrogen mobilization, are differentially regulated during pathogen attack and by stress hormones and reactive oxygen species in Nicotiana tabacum L. leaves. J. Exp. Bot. 57, 547–557. doi: 10.1093/jxb/erj035 

 Prusky, D., Kobiler, I., Akerman, M., and Miyara, I. (2006). Effect of acidic solutions and acid prochloraz on the control of postharvest decays caused by Alternaria alternata in mango and persimmon fruit. Postharvest Biol. Tec. 42, 134–141. doi: 10.1016/j.postharvbio.2006.06.001

 Prusky, D., and Lichter, A. (2008). Mechanisms modulating fungal attack in post-harvest pathogen interactions and their control. Eur. J. Plant Pathol. 121, 281–289. doi: 10.1007/s10658-007-9257-y

 Prusky, D., McEvoy, J. L., Leverentz, B., and Conway, W. S. (2001). Local modulation of host pH by Colletotrichum species as a mechanism to increase virulence. Mol. Plant Microbe. In. 14, 1105–1113. doi: 10.1094/MPMI.2001.14.9.1105 

 Prusky, D., and Yakoby, N. (2003). Pathogenic fungi: leading or led by ambient pH? Mol. Plant Pathol. 4, 509–516. doi: 10.1046/j.1364-3703.2003.00196.x

 Purnell, M. P., and Botella, J. R. (2006). Tobacco isoenzyme 1 of NAD(H)-dependent glutamate dehydrogenase catabolizes glutamate in vivo. Plant Physiol. 143:530. doi: 10.1104/PP.106.091330

 Robert, C., Bancal, M. O., and Lannou, C. (2002). Wheat leaf rust uredospore production and carbon and nitrogen export in relation to lesion size and density. Phytopathology 92, 762–768. doi: 10.1094/PHYTO.2002.92.7.762 

 Robert, C., Bancal, M. O., Ney, B., and Lannou, C. (2005). Wheat leaf photosynthesis loss due to leaf rust, with respect to lesion development and leaf nitrogen status. New Phytol. 165, 227–241. doi: 10.1111/J.1469-8137.2004.01237.x 

 Rojas, C. M., Senthil-Kumar, M., Tzin, V., and Mysore, K. S. (2014). Regulation of primary plant metabolism during plant–pathogen interactions and its contribution to plant defense. Front. Plant Sci. 5:17. doi: 10.3389/fpls.2014.00017 

 Schjoerring, J. K., Husted, S., Mäck, G., and Mattsson, M. (2002). The regulation of ammonium translocation in plants. J. Exp. Bot. 53, 883–890. doi: 10.1093/jexbot/53.370.883

 Schjoerring, J. K., Husted, S., Mäck, G., Nielsen, K. H., Finnemann, J., and Matt, M. (2000). Physiological regulation of plant-atmosphere ammonia exchange. Plant Soil 221, 95–101. doi: 10.1023/A:1004761931558

 Skopelitis, D. S., Paranychianakis, N. V., Kouvarakis, A., Spyros, A., Stephanou, E. G., and Roubelakis-Angelakis, K. A. (2007). The isoenzyme 7 of tobacco NAD(H)-dependent glutamate dehydrogenase exhibits high deaminating and low aminating activities in vivo. Plant Physiol. 145, 1726–1734. doi: 10.1104/PP.107.107813 

 Slavov, S., Mayama, S., and Atamassov, A. (2004). Toxin production of Alternaria alternata tobacco pathotype. Biotechnol. Biotec. EQ. 18, 90–95. doi: 10.1080/13102818.2004.10817126

 Snoeijers, S. S., Pérez-Garcia, A., Joosten, M. H. A. J., and De Wit, P. J. G. M. (2000). The effect of nitrogen on disease development and gene expression in bacterial and fungal pathogens. Eur. J. Plant Pathol. 106, 493–506. doi: 10.1023/A:1008720704105

 Soulie, M. C., Koka, S. M., Floch, K., Vancostenoble, B., Barbe, D., Daviere, A., et al. (2020). Plant nitrogen supply affects the botrytis cinereal infection process and modulates known and novel virulence factors. Mol. Plant Pathol. 21, 1436–1450. doi: 10.1111/mpp.12984 

 Sparks, J. P. (2009). Ecological ramifications of the direct foliar uptake of nitrogen. Oecologia 159, 1–13. doi: 10.1007/s00442-008-1188-6 

 Stavely, J. R., and Main, C. E. (1970). Influence of temperature and other factors on initiation of tobacco brown spot. Phytopathology 60, 1591–1596. doi: 10.1094/phyto-60-1591

 Stephenson, S. A., Green, J. R., Manners, J. M., and Maclean, D. J. (1997). Cloning and characterization of glutamine synthetase from Colletotrichum gloeosporioides and demonstration of elevated expression during pathogenesis on Stylosanthes guianensis. Curr. Genet. 31, 447–454. doi: 10.1007/s002940050228 

 Sun, Y. M., Li, Y. R., Li, Y., Wang, M., Mur, L. A. J., Shen, Q. R., et al. (2021). Nitrate mediated resistance against Fusarium infection in cucumber plants acts via photorespiration. Plant Cell Environ. 44, 3412–3431. doi: 10.1111/pce.14140 

 Sun, Y. M., Wang, M., Mur, L. A. J., Shen, Q. R., and Guo, S. W. (2020). Unravelling the roles of nitrogen nutrition in plant disease defences. Int. J. Mol. Sci. 21:572. doi: 10.3390/ijms21020572 

 Sutton, M. A., Burkhardt, J. K., Guerin, D., Nemitz, E., and Fowler, D. (1998). Development of resistance models to describe measurements of bi-directional ammonia surface atmosphere exchange. Atmos. Environ. 32, 473–480. doi: 10.1016/S1352-2310(97)00164-7

 Sutton, M. A., Fowler, D., Moncrieff, J. B., and Storeton-West, R. L. (1993). The exchange of atmospheric ammonia with vegetated surfaces. II. Fertilized vegetation. Q. J. Roy. Meteor. Soc. 119, 1023–1045. doi: 10.1002/qj.49711951310

 Talbot, N. J., McCafferty, H. R. K., Ma, M., Moore, K., and Hamer, J. E. (1997). Nitrogen starvation of the rice blast fungus Magnaporthe grisea may act as an environmental clue for disease symptom expression. Physiol. Mol. Plant P. 50, 179–195. doi: 10.1006/pmpp.1997.0081

 Terce-Laforgue, T., Dubois, F., Ferrario-Méry, S., De Crecenzo, M. P., Sangwan, R., and Hirel, B. (2004a). Glutamate dehydrogenase of tobacco is mainly induced in the cytosol of phloem companion cells when ammonia is provided either externally or released during photorespiration. Plant Physiol. 136, 4308–4317. doi: 10.1104/pp.104.047548 

 Tercé-Laforgue, T., Mäck, G., and Hirel, B. (2004b). New insights towards the function of glutamate dehydrogenase revealed during source-sink transition of tobacco (Nicotiana tabacum L.) plants grown under different nitrogen regimes. Physiol. Plant. 120, 220–228. doi: 10.1111/j.0031-9317.2004.0241.x 

 Thalineau, E., Truong, H. N., Berger, A., Fournier, C., Boscari, A., Wendehenne, D., et al. (2016). Cross-regulation between N metabolism and nitric oxide (NO) signaling during plant immunity. Front. Plant Sci. 7:472. doi: 10.3389/fpls.2016.00472 

 Turano, F. J., Dhner, R., Upadhyaya, A., and Caldwell, C. R. (1996). Purification of mitochondrial glutamate dehydrogenase from dark-grown soybean seedlings. Plant Physiol. 112, 1357–1364. doi: 10.1034/j.1399-3054.1998.1040307.x 

 Walker, J. T., Jones, M. R., Bash, J. O., Myles, L., Meyers, T., Schwede, D., et al. (2012). Processes of ammonia air-surface exchange in a fertilized Zea mays canopy. Biogeosci. Discuss. 9, 7893–7941. doi: 10.5194/bgd-9-7893-2012

 Walters, D. R., and Bingham, I. J. (2007). Influence of nutrition on disease development caused by fungal pathogens: implications for plant disease control. Ann. Appl. Biol. 151, 307–324. doi: 10.1111/j.1744-7348.2007.00176.x

 Wang, M., Gu, Z. C., Wang, R. R., Guo, J. J., Ling, N., Firbank, L. G., et al. (2019). Plant primary metabolism regulated by nitrogen contributes to plant-pathogen interactions. Plant Cell Physiol. 60, 329–342. doi: 10.1093/pcp/pcy211 

 Wang, L., Pedas, P., Eriksson, D., and Schjoerring, J. K. (2013). Elevated atmospheric CO2 decreases the ammonia compensation point of barley plants. J. Exp. Bot. 64, 2713–2724. doi: 10.1093/jxb/ert117 

 Wilkinson, S., and Davies, W. J. (1997). Xylem sap pH increase: a drought signal received at the apoplastic face of the guard cell that involves the suppression of saturable abscisic acid uptake by the epidermal symplast. Plant Physiol. 113, 559–573. doi: 10.1104/pp.113.2.559 

 Wu, Y. J., Yang, T. Z., Song, Y. Y., Zhang, X. Q., Xu, S. X., and Xing, X. X. (2016). Metabolic regulation of ammonia emission in different senescence phenotypes of Nicotiana tabacum. Biol. Plant. 60, 190–194. doi: 10.1007/s10535-015-0556-4

 Yakimova, E. T., Yordanova, Z. P., Slavov, S., Kapchina-Toteva, V. M., and Woltering, E. J. (2009). Alternaria alternata AT toxin induces programmed cell death in tobacco. J. Phytopathol. 157, 592–601. doi: 10.1111/j.1439-0434.2008.01535.x

 Yang, Z. X., Yang, Y. F., Yu, S. Z., Wang, R. G., Wang, Y., and Chen, H. L. (2018). Photosynthetic, photochemical and osmotic regulation changes in tobacco resistant and susceptible to Alternaria alternata. Trop. Plant Pathol. 43, 413–421. doi: 10.1007/s40858-018-0222-4

 Yang, Z. X., Zhang, X. Q., Xue, G., Ding, Y. F., and Yang, T. Z. (2015). The relationship between resistance to tobacco brown spot and nitrogen metabolism in mature tobacco (Nicotiana tabacum) plants. Trop. Plant Pathol. 40, 219–226. doi: 10.1007/s40858-015-0030-z

 Yu, P., Dong, C., Yao, C. X., Ding, Y. M., and Zhou, X. G. (2018). Proteomic analysis of the secretory proteins from Phytophthora infestans under nitrogen deficiency using label-free LC-MS. Int. J. Agric. Biol. 20, 2363–2370. doi: 10.17957/IJAB/15.0823













	 
	

	TYPE Review
PUBLISHED 27 September 2022
DOI 10.3389/fpls.2022.994306





Enhancement of nitrogen use efficiency through agronomic and molecular based approaches in cotton

Muhammad Sohaib Chattha1,2†, Qurban Ali3†, Muhammad Haroon4, Muhammad Junaid Afzal5, Talha Javed6, Sadam Hussain7, Tahir Mahmood8, Manoj K. Solanki9, Aisha Umar10, Waseem Abbas4, Shanza Nasar11, Lauren M. Schwartz-Lazaro2* and Lei Zhou1*

1State Key Laboratory for Managing Biotic and Chemical Threats to the Quality and Safety of Agro-Products, Institute of Agro-Product Safety and Nutrition, Zhejiang Academy of Agricultural Sciences, Hangzhou, China

2School of Plant, Environmental and Soil Sciences, Louisiana State University Agricultural Center, Baton Rouge, LA, United States

3Laboratory of Integrated Management of Crop Diseases and Pests, Department of Plant Pathology, College of Plant Protection, Ministry of Education, Nanjing Agricultural University, Nanjing, China

4National Key Laboratory of Crop Genetic Improvement and National Centre of Plant Gene Research (Wuhan), Huazhong Agricultural University, Wuhan, China

5Department of Soil Science, University of Manitoba, Winnipeg, MB, Canada

6College of Agriculture, Fujian Agriculture and Forestry University, Fuzhou, China

7Department of Agronomy, University of Agriculture Faisalabad, Faisalabad, Pakistan

8Department of Plant Breeding & Genetics, Pir Mehr Ali Shah Arid Agriculture University, Rawalpindi, Pakistan

9Institute of Biology, Biotechnology and Environmental Protection, Faculty of Natural Sciences, University of Silesia in Katowice, Katowice, Poland

10Institute of Botany, University of the Punjab, Lahore, Pakistan

11Department of Botany, University of Gujrat Hafiz Hayat Campus, Gujrat, Pakistan

[image: image]

OPEN ACCESS

EDITED BY
Muhammad Azhar Nadeem, Sivas University of Science and Technology, Turkey

REVIEWED BY
Inzamam Ul Haq, Gansu Agricultural University, China
Asad Prodhan, Department of Primary Industries and Regional Development of Western Australia (DPIRD), Australia
Kanchan Vishwakarma, Swedish University of Agricultural Sciences, Sweden

*CORRESPONDENCE
Lauren M. Schwartz-Lazaro, lauren.lazaro@bluerivertech.com
Lei Zhou, zhoul@zaas.ac.cn

†These authors have contributed equally to this work

SPECIALTY SECTION
This article was submitted to Crop and Product Physiology, a section of the journal Frontiers in Plant Science

RECEIVED 14 July 2022
ACCEPTED 22 August 2022
PUBLISHED 27 September 2022

CITATION
Chattha MS, Ali Q, Haroon M, Afzal MJ, Javed T, Hussain S, Mahmood T, Solanki MK, Umar A, Abbas W, Nasar S, Schwartz-Lazaro LM and Zhou L (2022) Enhancement of nitrogen use efficiency through agronomic and molecular based approaches in cotton.
Front. Plant Sci. 13:994306.
doi: 10.3389/fpls.2022.994306

COPYRIGHT
© 2022 Chattha, Ali, Haroon, Afzal, Javed, Hussain, Mahmood, Solanki, Umar, Abbas, Nasar, Schwartz-Lazaro and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Cotton is a major fiber crop grown worldwide. Nitrogen (N) is an essential nutrient for cotton production and supports efficient crop production. It is a crucial nutrient that is required more than any other. Nitrogen management is a daunting task for plants; thus, various strategies, individually and collectively, have been adopted to improve its efficacy. The negative environmental impacts of excessive N application on cotton production have become harmful to consumers and growers. The 4R’s of nutrient stewardship (right product, right rate, right time, and right place) is a newly developed agronomic practice that provides a solid foundation for achieving nitrogen use efficiency (NUE) in cotton production. Cropping systems are equally crucial for increasing production, profitability, environmental growth protection, and sustainability. This concept incorporates the right fertilizer source at the right rate, time, and place. In addition to agronomic practices, molecular approaches are equally important for improving cotton NUE. This could be achieved by increasing the efficacy of metabolic pathways at the cellular, organ, and structural levels and NUE-regulating enzymes and genes. This is a potential method to improve the role of N transporters in plants, resulting in better utilization and remobilization of N in cotton plants. Therefore, we suggest effective methods for accelerating NUE in cotton. This review aims to provide a detailed overview of agronomic and molecular approaches for improving NUE in cotton production, which benefits both the environment and growers.
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Introduction


Source of nitrogen and plant soil interaction

Nitrogen (N) is the key component of plant chlorophyll, nucleic acids, and amino acids, and, compared to other elements, plants acquire N in large amounts from the soil (Shafreen et al., 2021). It is important for plant growth, leaf area, biomass, and crop yield (Kumar et al., 2020). Approximately 78% of the atmospheric N is dinitrogen gas (N2), which is converted into various forms of NH4+ and NO3– by microorganisms. Undisturbed soil organic matter comprises almost 95% N (Walworth, 2013). From an agricultural perspective, certain N sources are major sources of available N in crop production. These are natural and organic N sources, some of which have been artificially developed. The conversion of N from one form to another greatly influences nitrogen use efficiency (NUE). At earlier stages, nitrate (NO3–) is essential, but it is not commonly used as a fertilizer alone, and the other forms are released into the atmosphere through the denitrification process. Although urea is the most widely used N fertilizer source, it is rapidly nitrified after its conversion to ammonium (NH4+) (Robinson et al., 2011). The application of urea to the soil results in NO3– and NH4+. However, urea’s uptake process and the plants’ metabolic changes are not yet clear (Witte, 2011). Soil N availability in the soil is an indicator to examine the N efficiency in crop fields (Cui et al., 2008). Various field studies of N-labeled fertilizers have shown that N uptake is primarily obtained from the soil (Franco et al., 2011).

Mineralization and bacterial N fixation are natural sources of available N in the soil (Iqbal et al., 2020c; Gu et al., 2022). NH4+ and NO3– are the available forms of N for plant uptake. Nitrite (NO2–), nitrous oxide (NO), and atmospheric N are not readily available to plants unless they are converted into NH4+ and NO3– (Ma et al., 2015; Su et al., 2022). Microorganisms also degrade N, which is naturally available in the soil. When plants die, they decompose and deposit N into the soil. Legume crops contribute more N than other field crops (Hocking and Reynolds, 2012). Legumes are grown during crop rotation, help fix atmospheric N, and deposit it into the uppermost layers of the soil. Animal bones and bone meals are also an important source of higher levels of N than chemical ones (Sharma and Bali, 2017). A summary of N sources and their conversion, availability to plants, final harvested product, and losses within and outside of the soil are presented in Figure 1.
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FIGURE 1
Summary of nitrogen sources and their conversion, availability to plant along with final harvested product and losses within/outside of soil. The figure created with Biorender (https://biorender.com/). BNF, biological nitrogen fixation.


One N and three hydrogens (H) form anhydrous ammonia (NH3), an easily available and relatively cheap N fertilizer. However, it is explosive, caustic, and toxic. The use of this fertilizer is strictly regulated in the United States [Occupational Safety and Health Administration (OSHA), 2017]. Urea is another source of N and is widely used in crop production. It is readily available in a granular form and is better to use in windy conditions. It is degraded into NH4+ and carbon dioxide (CO2). It is an excellent source of N with appropriate attention for better crop production. Ammonium nitrate (NH4NO3) is chemically composed of NO3– and NH4+ cations. N uptake by plants is in the form of NH4+ and NO3–, and NH4NO3 is simply a mixture of both and is applied as a source of N. It has a low pH and is better for us in low wind conditions because of its structure (Kaiwen et al., 2015). One of the first N fertilizers produced 150 years ago was ammonium sulfate [(NH4)2SO4], which contains 21% N and 24% sulfur (S), which is most easiest to manage. (NH4)2SO4 is an important source of N and S, which are crucial for various plant functions, such as protein synthesis. (NH4)2SO4 is a well-known N fertilizer that lowers soil pH and enhances soil S. It is an excellent source of S in soil for better crop production (Khan et al., 2017b).



What is nitrogen use efficiency and the common factors contributing to low nitrogen use efficiency?

Nitrogen, a structural component of proteins and DNA, is essential for life and considered the most important crop-yield limiting nutrient (Mueller et al., 2012). Therefore, most farmers rely on N fertilizers to increase crop yields and economic returns (McLellan et al., 2018). However, N is prone to different types of losses, including ammonia (NH3) volatilization, nitrate (NO3–) leaching, denitrification losses as dinitrogen (N2) gas emissions, and nitrous oxide (N2O) emissions, which lead to environmental pollution and contribute to climate change (Fowler et al., 2013). Recent studies have reported that the agricultural sector is a major source of N loss to the environment (Ahmar and Gruszka, 2022). The rapid increase in population and ever-increasing food demand will further increase the demand for N fertilizers in the future, which may consequently increase N losses unless significant improvements are made in the whole food production-consumption chain, and more appropriate N management strategies are developed (Chen et al., 2020a).

Nitrogen uptake, translocation, assimilation, and remobilization are complex processes referred to as nitrogen use efficiency (NUE). It also shows the extent of cotton lint and seed yield in response to N application (Shafreen et al., 2021). Cotton NUE results from N uptake efficiency (UpE) and utilization efficiency (UtE). Cotton NUE was represented by lint yield recorded after N application. UpE is defined as the total N uptake by plants recorded after N application, and UtE is the cotton yield ratio divided by total plant N. Under N deficiency, plant N UpE is more important than UtE (Witcombe et al., 2008). In addition, N is a mobile nutrient in the soil and is more prone to leaching than other soil nutrients (Shimono et al., 2009; Tariq et al., 2019). Leaching, runoff, and volatilization result in more N loss, and crop plants take up less N (Cavigelli et al., 2012). Therefore, sustainable crop production requires an improvement in NUE by reducing N loss (Khan et al., 2017a).

Improvement in NUE is associated with several agronomic practices, such as improved irrigation methods, improved fertilizer application considering the 4Rs, and using hybrids with greater potential yields and lower N inputs (Venterea et al., 2012). Efficient management, that is, N source, rate, time, and placement, increases NUE in cropping systems (Snyder et al., 2014). N inhibitors, split application of N, irrigation time, and correct placement method of fertilizer that considers soil and crop type improve overall NUE (Afridi et al., 2014; Halvorson et al., 2014). Recently, Tang et al. (2012a) reported an increase in N accumulation during the boll-setting stage with late N application (Tang et al., 2012a). Moreover, NUE is considered an important factor for fertilizer inputs to any agricultural system, as it maintains the N balance between inputs and outputs without any economic or environmental loss (McAllister et al., 2012). Application of N fertilizer at the first bloom stage is another way to improve NUE because cotton plants utilize N more efficiently for reproduction (Ali, 2015).




Factors contributing to low nitrogen use efficiency


Nitrogen losses

Half of the applied N is usually lost through NO3– leaching, denitrification, or ammonia volatilization (Anthony and Armytage, 2008). Being negatively charged and highly soluble, NO3– is prone to leaching when the soil becomes saturated after heavy rains or flood irrigation. Anoxic conditions develop and denitrifying microorganisms start using nitrate as an alternate e–acceptor, reducing NO3– N to N2 (Shabbir et al., 2022). Weather conditions, irrigation patterns, and fertilizers also influence leaching (Follett, 2001; Riley et al., 2001). Bock and Kissel (1988) stated that alkaline soils resulting from NH3 volatilization lead to greater N loss because they have higher NH4+ concentrations on the soil surface. Various environmental factors, primarily higher temperature and wind speed, increase the risk of NH3 volatilization, which is a chemical process (Bock and Kissel, 1988). Soil characteristics, pH, cation exchange capacity (CEC), and moisture content also affect the volatilization rate (Jones, 2006).



Temperature and soil characteristics

The nitrification process increases with an increase in soil temperature, resulting in N loss and consequently influencing NUE (Engel et al., 2011). The availability and loss of N in the soil depend on the soil type (Chen et al., 2010). The higher the CEC, the higher the soil buffering capacity and the rate of NH4+ absorption will be greater than the loss rate. Soils with lower anion capacity lose negatively charged molecules, such as NO3– (Ferguson et al., 1984). Soil pH affects the activity of nitrifying and denitrifying bacteria (Ali et al., 2022a,c). The optimum pH for efficient N cycling is approximately 7 (Cameron et al., 2013). NUE is affected by the soil moisture content, which affects NO3– leaching and the nitrification or denitrification rates (Darwish et al., 2006). NUE is positively correlated with the efficiency of irrigation systems (Bronson, 2008).



Cropping systems, and C-N balance

The selection of cropping systems is crucial for balancing N input and output by improving N uptake and lowering the risk of N loss from the soil (Herridge et al., 2008). Several cropping systems tend to have a steady state of organic and inorganic soil N pools, with a slight change. Fast alteration in N pools in new soil management systems can influence the C-N balance as the soil organic matter remains constant. Overall, NUE in these cropping systems should incorporate changes in organic and inorganic soil N pools and N recovery efficiency (Lawlor, 2002). The C-N balance is an important factor unless adequate C is present, which improves the ability of plants to take up and utilize more N. Nitrogen levels can significantly affect C fixation and can be compromised (Castro et al., 1994). Photosynthetic rate and C level regulate N mineralization, uptake, assimilation, and immobilization. Hence, higher NUE can be attained through a higher photosynthetic rate (Lawlor, 2002).



Nitrogen fertilizer type

Several N fertilizers are used without considering the soil type, crop genetics, and fertilizer chemistry, whereas an appropriate type of fertilizer reduces the percentage losses of N (Spicer, 2002). NH3 (82% N) is gradually converted to NO3–, with a minimal risk of N loss due to leaching or denitrification, while urea (46% N) rapidly transformed to NO3–. Wet or compact soils have serious denitrification issues, while coarse or no-till soils have higher leaching or volatilization. (NH4)2SO4 (21% N) applications have less or no volatilization losses. NH4NO3 (34% N) contains 50% NH4+ and 50% NO3– when applied to the soil, and NH4+ N rapidly transforms into NO3– N. NH4NO3 should not be used in soils subjected to leaching and denitrification; however, it is more suitable for surface applications (Nielsen, 2006).



Nitrogen rates

The cotton crop requires almost 250–300 kg N ha–1 but utilizes only half to attain the maximum yield. Several studies have suggested that cotton uses N already available in the soil compared to applied N. On average, the cotton crop recuperates 33% of the applied N (Xu et al., 2012). In contrast, 25% of N remains in the soil until the maturity stage, with approximately 42% loss from the system (Tang et al., 2012b). Excessive N and N deficiency negatively affect plant growth and productivity (Liu et al., 2010; Yasmin et al., 2020). Moreover, extra N gradually leaches through underground water runoff, contaminating the groundwater with NO3–. Optimization of the N application rate depends on the soil type, climatic conditions, and several other soil and crop factors for better cotton production (Manghwar et al., 2021). However, the N rate for maximum economic yield depends on the N fertilizer cost and the commodity’s market price (Wajid et al., 2007). Owing to the complex chemical changes in N cycling that influence N loss, it is difficult to accurately predict the amount of N required. However, soil N availability, crop needs, and management practices should be considered to achieve greater NUE.



Nitrogen timing

The application of N had a significant effect on the overall NUE. Generally, N is applied during three growth stages: pre-plant, first bloom, and peak bloom. The pre-planting application provides sufficient time for N conversion into plant-available forms. However, it is subject to higher risks of N losses, especially due to young seedlings’ lower requirement of N. N remains exposed to heavy rains for more than 60 days and is more prone to leaching losses (Halkier and Gershenzon, 2006; Ayaz et al., 2021). Moreover, nitrification and urease inhibitors are recommended for delaying nitrification and urea hydrolysis for fall-applied anhydrous ammonia and early applied urea, respectively (Lasisi et al., 2020).




Approaches for improving nitrogen use efficiency

Improving NUE and guarding environmental quality are the two challenges cotton plant nutritionists face. NUE is described by several complicated interconnected factors that require close observation for improvement. Several field studies have revealed that site-specific N management tends to be more profitable and is considered sustainable. Several agronomic practices are also considered major factors influencing NUE.


Spatial variation

Different pedological processes and management practices lead to spatial variability within the field (Bouma and Finke, 1993). These spatial variations can be horizontal along the horizons or vertically across depth. Variations in horizons have made it difficult to determine the boundaries of the soil types, while vertical variation is an indicator of the layers in soil classification (Mulla and McBratney, 2002; Kong et al., 2021b). Several studies have revealed that soil spatial variability is usually the main factor causing variation in soil properties and crop yield (Ping et al., 2005) and spatial and temporal variability in cotton yield (Ward and Cox, 2000). Cotton yield was found to be spatially correlated with a range of 23–40 m, fiber quality measurement was found to be spatially correlated with a range of 15–106 m, and cotton quality measurements were found to be spatially correlated (Johnson and Bradow, 2000; Bronson et al., 2003).

Ping et al. (2007) reported that soil NO3– N highly depends on spatial variation. The spatial variability of soil properties suggests that site-specific cotton management is an appropriate option for improving cotton production with increased NUE (Ping et al., 2007). Site-specific management originated in efforts to adjust fertilizers to account for within-field variations in soil physical properties. Quantifying the spatial variability of soil properties and crop yield is important for decision-making in site-specific crop management because the spatial variability of soil and crop growth is the critical factor for determining variable-rate inputs of fertilizers and other chemicals. Improving the synchrony between demand and supply of N in the crop from all sources, that is, fertilizer application throughout the growing season, improves crop NUE (Cassman et al., 2003; Shankar et al., 2020; Ali et al., 2022b). However, site-specific N management is only possible following spatial variations. Recently, precision agriculture has provided an opportunity to address and measure spatial variability to promote sustainable agriculture and environmental stewardship (Ping et al., 2007; Ali Q. et al., 2021).



4R nutrient stewardship

An appropriate amount of N is required by crop plants for biomass production, and it helps restore soil organic carbon (C) levels (Lal, 2010). The best nutrient management practices (BNMPs) for N fertilizers play a key role in reducing nitrate leaching, lowering the risk of N2O emissions (a potent greenhouse gas), and improving overall NUE (Good and Beatty, 2011). Considering the weather and site-specific conditions when selection a suitable N fertilizer source can help improve NUE (Bruulsema et al., 2009; Ali M. et al., 2021). Intensive cropping systems meet the world’s need for food, fiber, and biofuel, which depend on better and sustainable crop production with improved NUE (Snyder et al., 2007; Solangi et al., 2021). Significant improvements in nutrient management practices may take several years to implement, as 4R practices are based on incremental progress and have an interim improvement/site-specific nature. However, implementing each management practice improves overall NUE and N2O emission mitigation (Wang et al., 2001).

Nitrogen loss pathways include NH3 volatilization, denitrification, leaching, and runoff, leading to the formation of secondary aerosols, contamination of groundwater, and eutrophication, while N2O is emitted mainly from nitrification or denitrification processes (Ding et al., 2020; Manghwar et al., 2022). Thus, quantifying the different N loss pathways is important for developing proper N management strategies to improve overall NUE. One of the greatest factors leading to low N use efficiency and excess N losses in annual cropping systems is the mismatched timing of N availability with crop needs (Ranjan and Yadav, 2019). Recently, a 4R Nutrient Stewardship (4RNS) initiative has been developed and is being supported by the global fertilizer industry to achieve the basic economic (generation of more revenue per unit cropped area/input), social (production of better-quality food to meet global needs), and environmental elements (sustenance/improvement in soil quality and soil fertility, preservation of wildlife habitat, and biological diversity) of sustainability (Fixen, 2020). 4RNS is the adaptive management of mineral nutrients that has evolved through the refinement of interconnected practices and is site-specific (Bruulsema, 2018). The 4R practices that most clearly resulted in an improved NUE are presented in Figure 2.
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FIGURE 2
4Rs nutrient stewardship provides a framework to achieve cropping system goals, such as increased production, increased farmer profitability, enhanced environmental protection and improved sustainability. The figure created with Biorender (https://biorender.com/).




Right source, rate, time, and place

The key principle for selecting the right source is to ensure a balanced supply of nutrients, considering soil and crop plant characteristics, in addition to the rate, time, and placement method. Furthermore, we consider the synergism among nutrients and ensure the supply of nutrients in available forms to plants while selecting the right form. The use of enhanced N fertilizer sources with nitrification, urease, and dual inhibitors is a reliable means of reducing N losses and increasing NUE (Zhang et al., 2021). The greatest opportunities for increasing NUE were associated with lower rates of N fertilizer application. The key concept in selecting the correct rate is to assess the soil and crop needs in the source, time, and placement method. Rate-specific economics and fertilizer use efficiency (FUE) also play a key role in determining the correct rate. Better accounting for soil and residue N sources and targeting N rates for maximal N-use efficiency resulted in reduced overall N losses. To choose the appropriate fertilizer application time, split application of N fertilizers, especially for long-duration crops during the growing season, effectively reduces N losses with increased NUE. For example, the best time to apply N to late-sown cotton is at the appearance of the first flower. Afterward, cotton plants can utilize N much more efficiently in later stages (Zhang et al., 2021). Fertilizer placement can increase the efficiency of N fertilizer use by reducing NH3 emissions. The crop plant rooting pattern is the main deciding factor for the placement method, considering the source, rate, and time. It has also been shown that placement interacts with the tillage system, moisture, and temperature content to influence NUE. 4RNS is specifically built to achieve sustainability goals, including GHGs emission mitigation, particularly N2O, to reduce nutrient losses and produce more food per acre (Snyder et al., 2014). There are also opportunities to improve NUE associated with non-4R practices. Considering the effects of crop rotation on N availability, the impact of the tillage system, the use of tile drainage, and the inclusion of legumes in rotation are all important for improving NUE and developing 4R practices (Burton, 2018). Snyder et al. (2014) suggested that growers, crop advisors, researchers, policymakers, consumers, and the public could play a role in best management practices.




Metabolic and molecular pathways of nitrogen use in plants and specifically in cotton

The study of plant metabolism is a key aim in plant research. An improved understanding of the metabolic activities will improve production and our understanding of the influence on the environment (Weißenborn and Walther, 2017; Yu et al., 2021). Several basic metabolic pathways, including the shikimic acid, mevalonate, amino acid, glutamine, proline, aspartate, carbohydrate, nitrogen (N), and lipid pathways (Rojas et al., 2014), have been studied in plants. All enzymatic steps are specific to the metabolic process and act on several families of associated molecules. As a result of metabolism, metabolic pathways produce several products accumulated in the same cell or different compartments or exported where needed. These molecules are channeled through metabolic pathways called metabolic flux. Other metabolites that regulate the primary and secondary metabolic pathways are also produced. Thus, it is difficult to understand the metabolic pathways (Farré et al., 2014).

Nitrogen metabolism is a basic and vital process for optimum plant growth, stress tolerance, and normal physiological processes (Zhong et al., 2017; Johnson et al., 2022). It is also an essential component of nucleic acids, chlorophyll, photosynthesis, RuBisCO, and some hormones (Liao et al., 2019). In the second half of the 20th century, nitrogenous fertilizers significantly augmented crops worldwide. However, excessive and limited application of nitrogenous fertilizers causes stagnation of cotton yields and reduces NUE. Moreover, external cues, such as biotic and abiotic stresses, also reduce crop yield by decreasing gas exchange and chlorophyll fluorescence triggered by increased resistance to CO2 diffusion and metabolic constraints (Zhong et al., 2017; Ihtisham et al., 2020). Exposure to drought alters plant metabolic activities and biological functions, which are responsible for restricted growth (Mahmood et al., 2019).

In cotton, the excessive use of nitrogenous fertilizers, very high costs, and external cues, such as biotic and abiotic stresses (Khan et al., 2017a; Sarraf et al., 2022) have become challenging tasks to improve NUE (Zhang et al., 2018). Furthermore, half of the applied nitrogenous fertilizers are not absorbed by plants and are leached, polluting groundwater reservoirs, which ultimately threatens ecosystems (Cameron et al., 2013). Iqbal et al. (2020b) studied four cotton genotypes and found that N concentration and different N-metabolic enzymes are important regulators of NUE. Additionally, 48 candidate genes involved in nitrogen metabolism were identified in wheat (Liu et al., 2020). A recent review by Ueda et al. (2017) emphasized the importance of N-responsive genes involved in the efficient uptake of N (Ueda et al., 2017). A recent study identified that the TaPAP, TaUPS, and TaNMR genes were differentially expressed in wheat with varying N levels. Expression studies revealed their roles as conserved N-metabolism genes. TaNMR has been identified as a novel gene in N metabolism (Li et al., 2019).



Technical/metabolic pathway at the cellular, organ, and structural levels

Various studies on N metabolism have been conducted in wheat, rice, Arabidopsis, and cotton (Zhong et al., 2017; Vidal et al., 2020; The et al., 2021). N metabolism is a complex process that includes many physicochemical and biochemical processes, including N transportation, distribution, use, and reuse (Xing et al., 2018). Few studies have focused on N metabolism in cotton. However, even fewer studies describe the importance of N metabolism related to drought stress (Iqbal et al., 2020a), variation in N metabolism in response to NUE (Iqbal et al., 2020b), the effects of salt stress on N metabolism in roots and stems (Taliercio et al., 2010), the varying ratio of NH4+/NO3– and its impact on N metabolism, higher N application, and increased N metabolism (Iqbal et al., 2020a) and recent advancements in N metabolism in cotton (Baslam et al., 2020).

Nitrogen metabolism (Figure 3) is one of the critical processes in plants that reduces nitrate and convert it into amino acids. It has proven to be influential in determining the NUE in cotton (Iqbal et al., 2020b). During this process, key enzymes including nitrate reductase (NR), nitrite reductase (NiR), glutamine synthetase (GS), glutamate dehydrogenase (GDH), glutamine synthase (GOGAT), asparagine synthetase (AS), and aspartate aminotransferase (AspAT), are used to make the N available to the plants in the form of amino acids (Xu and Zhou, 2004). These enzymes were assessed in citrus to determine biochemical markers of N status (Singh et al., 2018). The conversion of input N as a raw material to final product amino acids is mediated by a series of enzymes. NO3– is converted to NH4+ by NR and NiR in the cytoplasm using one mole of NADPH or NADH, and NH4+ to glutamine in plastids using six moles of the reduced form of ferredoxin (Marcondes and Lemos, 2012; Ohyama et al., 2017). Initially, the enzyme GS, which consumes only one mole of ATP, assimilates the ammonium ion (NH4+) into Gln coupled with Glu. Furthermore, in plastids, 2 moles of ferredoxin are used by GOGAT to convert Gln into an organic acid, 2 oxoglutarate (2-OG) (Crawford, 2000). As a result of the transfer of Glu into organic acids, several amino acids (AA) are produced via transaminases. Previously, NH4+ was viewed as a factor responsible for the assimilation of Glu by GDH. However, recent research has validated the GS/GOGAT cycle as the principal route of ammonium assimilation in plants (Crawford, 2000; Crawford and Forde, 2002).
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FIGURE 3
Nitrogen transporters and key enzymes involved in N metabolism and acquisition in plants. Panel (A) represents the activity in leaves. Panel (B) represents the activity in plant. Panel (C) represents the activity within the roots. The figure created with Biorender (https://biorender.com/).


Previously, cotton was an orphan crop; many studies have been conducted to increase the NUE by focusing on the N concentrations and morphological and biochemical traits, but not much has been done on N metabolism and related enzymes, such as NR, NiR, GS, GOGAT, and GDH, which carry out the whole process from N uptake to use (Abenavoli et al., 2016; Luo and Zhou, 2019). Furthermore, N-containing compounds, such as amino acids and proteins, are key partners of N metabolism processes, including assimilation and metabolism, which determine genotypic responses to N supply (Quan et al., 2017). Therefore, these enzymes and N metabolism are considered the most vital biochemical factors for improving NUE in cotton (Xu et al., 2012). Another study was conducted to determine the contrasting NUE of six cotton genotypes. Biochemical and morpho-physiological traits such as N metabolic enzymes, shoot dry weight, and root traits were mostly affected in response to varying nitrate concentrations. NUE positively correlated with improved N uptake efficiency (Iqbal et al., 2020d).

In another study on cotton (Iqbal et al., 2020b), a close association between N uptake and utilization efficiency was demonstrated by applying various N doses. Because it is challenging to improve NUE by lowering N supply and selecting N efficient cotton genotypes, uptake, utilization, and remobilization of available N. Based on a contrasting N metabolic study, N uptake efficiency (NUpE), and N utilization efficiency (NUtE), CCRI-69 and XLZ-30 showed efficient NUE (Iqbal et al., 2020b). The N concentration and N-metabolizing enzymes were attributed as important traits that confer high NUpE. After applying higher N concentrations, shoot and root NR, GOGAT, and GDH enzyme activities increased. However, different genotypes exhibited contrasting behaviors (Iqbal et al., 2020b).



Nitrogen transporters and role in nitrogen use efficiency

Plants absorb N in the form of nitrate at the root level by four nitrate transporter families: the nitrate peptide family NPF (previously known as NRT1/PTR), nitrate transporter 2 family NRT2/NNP (Nitrate-Nitrite Porter), chloride channel/transporter family (CLC-1), and slow anion associated channel homolog (SLAC1/SLAH) family (Iqbal et al., 2020d) (Figure 4). However, according to recent literature (Fan et al., 2017), the NRT1 (NPF) and NRT2 families are considered the main nitrate transporters for the uptake and transfer of nitrate in plant roots (Fan et al., 2017). NPF and NRT2 families are mainly responsible for low-affinity transport systems (LATS) and high-affinity transport systems (HATS), respectively (Williams and Miller, 2001; Tsay et al., 2007), whereas NRT1⋅1 (NPF6.3) and NRT1.3 (NPF6.4) (Morère-Le Paven et al., 2011) are responsible for both LATS and HATS (Liu et al., 1999). However, at high nitrate concentrations (>1 mM), it responds toward LATS (Raddatz et al., 2020). The NRT1 (NPF) nitrate transporters in other crops and transporters that behave differentially based on the varying nitrate concentration has been discussed in detail (Segonzac et al., 2007; Morère-Le Paven et al., 2011; Hawkesford, 2012; Hu et al., 2015; Chen et al., 2016).


[image: image]

FIGURE 4
Roles of different nitrogen transporters in nitrate uptake and efflux from the soil, transportation from roots to shoots, allocation and assimilation in plant leaves, and seed development. As mentioned in the above section, these nitrogen transporters are linked to different families. The figure created with Biorender (https://biorender.com/).


In plants, multiple nitrate transporters (Table 1) perform NO3– uptake. Both NRT1 (NPF) and NRT2 transporter families affect plant growth and seed development because of the differences in NO3– uptake efficiency (Wang et al., 2020). NRT1 (NPF) was identified in Arabidopsis (Tsay et al., 1993) and is part of the NPF family (Léran et al., 2014). The NPF family includes 53 genes in Arabidopsis, 139 were identified in higher plants, and 93 genes in rice. These are further subdivided into 8–10 families as reviewed by Iqbal et al. (2020d); NPF6.3 (NRT1.1) and NPF4.6 (NRT1.2) are responsible for NO3– uptake in roots (Iqbal et al., 2020d). NRT1.1 (NPF6.3) is the first and most studied NO3– transporter in plants (Tsay et al., 1993). In the NRT1 (NPF) family, Arabidopsis includes 53 genes, of which 51 show differential expression patterns in the whole plant (Tsay et al., 2007). The NRT1 (NPF) family functions as NO3– transporters and a diverse range of substrates, including abscisic acid, nitrite, amino acids, peptides, chloride, glucosinolates, gibberellins, auxin, and jasmonoyl-isoleucine (Krouk et al., 2010; Kiba et al., 2012; Nour-Eldin et al., 2012; Saito et al., 2015; David et al., 2016; Tal et al., 2016).


TABLE 1    Various nitrogen transporters involved in different functions of nitrate uptake, utilization, and remobilization.
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Eight NRT2 transporters that respond to HATS have been identified in different plants (Von Wittgenstein et al., 2014). Although not many nitrate transporters have been identified in, we present the transporters from other plants such as Arabidopsis and rice. In Arabidopsis, several NRT2 transporters have been identified; four of them, including NRT2.1, NRT2.2, NRT2.4, and NRT2.5, function in nitrate influx and play a role in 95% nitrate uptake under low NO3– concentrations. However, NRT2.1 and NRT2.2 are the principal members of the NRT2 family for nitrate uptake (Lezhneva et al., 2014). Although NRT2.1 is a member of HATS but works efficiently under low nitrate availability (Li et al., 2007), its HATS activity is reduced, and plant growth is affected by low NO3– (Skopelitis et al., 2006) as demonstrated using mutants (Carvalho et al., 2003). However, compared to NRT2.1, NRT2.2 showed less expression for the uptake of NO3– (Suzuki and Knaff, 2005). Moreover, NRT2.4 and NRT2.5 are also responsible for NO3– uptake, but NRT2.4 was identified as a high-affinity transporter, as its mutant showed a reduction in NO3– uptake upon 0.025 mM nitrate (Kiba et al., 2012). Overall, NO3– acquisition depends on the specificity of NO3– transporters because NRT2.4 and NRT2.5 absorb NO3– from soil root hairs while NRT2.1 and NRT2.2 transport it from the apoplast to the apoplast cortex and endodermis (Suzuki and Knaff, 2005). In response to long-term starvation, NRT2.5 absorb NO3– efficiently from shoots and roots of adult plants, as its expression is increased along with several other NRT2 transporters (Lezhneva et al., 2014). In addition, NAR2(NRT3) from the NRT3 family is another transporter that develops a coupling relationship with NRT2 to transporters to NO3– in plants (Li et al., 2007). Many NRT2 transporters have been identified and studied in other plants, including Chlamydomonas reinhardtii (Zhou et al., 2000), barley (Marschner, 2011), and rice (Chen et al., 2016). These NRT transporters can be manipulated to improve NUE.

NH4+ uptake is carried out by ammonium transporters (AMTS) and other regulators such as cation channels or aquaporins (Glass et al., 2002). However, the overexpression of genes responsible for ammonium transporters has not yet been successful (Meister et al., 2014). Because of the excess availability of NH4+ in cells, it becomes toxic, a possible hindrance to targeting NH4+ transporters to improve N uptake (Bittsánszky et al., 2015). In addition to inorganic N acquisition, plants absorb organic nitrate in amino acids (AA) (Näsholm et al., 2009). Various root transporters, including AAP1 and AAP5, proline transporter ProT2, and lysine-histidine-type transporters LHT1 and LHT6, are responsible for the uptake of amino acids (The et al., 2021). However, this is only possible in fields that rely on manure or compost (Enggrob et al., 2019).

After NO3– uptake, it is assimilated in different parts of the shoot and loaded into the xylem vessels of roots using several transporters such as NRT1(NPF)/PTR and NRT (O’Brien et al., 2016). Upon assimilation, it is converted into AA (Meyer and Stitt, 2001). More assimilation takes place in shoots that in roots (O’Brien et al., 2016), using the same process discussed earlier. Different NO3– transporters have been shown to increase N assimilation in plants. According to a recent review (O’Brien et al., 2016), NRT1(NPF)/PTR and NRT2 members are expressed in the xylem and phloem. In Arabidopsis, NPF7.3 (NRT1.5) (Meng et al., 2016), NPF7.2 (NRT1.8) (Tong et al., 2005), and NPF2.9 (NRT1.9) (Wang and Tsay, 2011) play roles in influx/efflux, removal of NO3– from the xylem, and loading of NO3– into the root phloem, respectively. Besides these, many other genes are also responsible for the better uptake, assimilation, and remobilization of NO3– from roots to shoots (Fan et al., 2017).

According to the cited literature (Fang et al., 2013; Fan et al., 2016a; Feng et al., 2017; Wang Y. Y. et al., 2018), only NRT(NPF) transporters have been overexpressed in both leaves and roots to improve the NUE (The et al., 2021). However, it is yet to be determined whether overexpression of these NRT2 transporters in roots is sufficient to improve NUE. In the latest research on Arabidopsis, rice, and tobacco, overexpression of the hyperactive chimeric NO3– transporter AtNC4N in the phloem of old leaves increased N uptake and improved NUE under low N levels. Another study showed that the OsNRT1.1A (OsNPF6.3) NO3– transporter gene is involved in improving NUE, flowering, high yield, and early maturation in rice. Many other N transporters, such as NRT1.1B (NPF6.3B), NRT2.1, NRT2.3a, NRT2.3, NRT2.3b, PTR9, AMT1.1, and qNGR9, have been shown to increase NUE under high and low N concentrations (Fang et al., 2013; Ranathunge et al., 2014; Sun et al., 2014; Fu et al., 2015; Hu et al., 2015; Chen et al., 2016, 2017, 2020b; Fan et al., 2016a,b). Furthermore, several other genes in different plants have been shown to improve plant growth and NUE, including the nitrate transporter OsNPF4.5 (Sun et al., 2014), NAC42-activated nitrate transporter (Tang et al., 2019), and nitrate reductase gene OsNR2 (Gao et al., 2019).



Molecular and signaling pathways involved in nitrogen use efficiency

How the nitrate signaling and gene expression networks can be used to improve NUE in plants are not yet completely understood. Additionally, researchers have attempted to increase NUE by modulating the expression of key genes involved in NO3– uptake, assimilation, and remobilization in various plants. However, no significant success has been recorded (McAllister et al., 2012). Thus, success cannot be achieved until all other processes, including uptake, transport, assimilation, and remobilization, are understood. To improve NUE, it is also necessary to understand these processes and how they coordinate the expression of genes involved in the NO3– response. Apart from the N source, NO3– also modulates gene expression and plays a role in various developmental processes, including seed germination, shoot development, flowering, and root architecture (O’Brien et al., 2016; Lin and Tsay, 2017; Liu et al., 2017; Kant, 2018; Wang Y. Y. et al., 2018).

NO3– induces a primary NO3– response that regulates the transcriptional response without requiring de novo protein synthesis (Gowri et al., 1992). As a result of this rapid response, gene expression can be induced within minutes, reaching a peak at approximately 30 min. However, NO3– concentration determines the induction levels of PNR genes (Hu et al., 2009). Transcriptome analysis revealed the importance of NO3– in gene expression, as it controls 10% of the genome (Bouguyon et al., 2012). Various PNR gene families have been studied in plants, such as NRT1(NPF), NRT2, NIR, NIA1, NIA2, and other genes responsible for different metabolic processes, including the trehalose-6-P metabolism pentose phosphate pathway and glycolysis (Scheible et al., 1997). Several main NO3– signaling pathways, including transcription factors, peptides and proteins, kinases, NO3– transporters, and calcium signaling. Because cotton has not been well studied regarding NO3– molecular signaling pathways, we focused on these pathways in other crops to understand the potential mechanism in cotton.

NRT1.1 (NPF6.3) is involved in the uptake of NO3–. Two NO3– transporters, NRT1.1 (NPF6.3) and NRT2.1, are responsible for NO3– signaling and sensing. NRT1.1 (NPF6.3) also regulates the expression of NRT2.1 (Munþos et al., 2004). In the case of short-term and long-term NO3– supply, NRT1.1 (NPF6.3) upregulates NRT2.1, which involves the feedback repression of NRT2.1 (Bouguyon et al., 2015). Based on its dual-affinity property, it can switch between high- and low-level NO3– responses (Hu et al., 2009), which is caused by the phosphorylation status of the T101 residue (Hu et al., 2009). Furthermore, NO3– signaling is differentially regulated by the interaction of two CALCINEURIN B-LIKE (CBL)-INTERACTION PROTEIN KINASES (CIPKs) with NRT1.1 (NPF6.3), and CIPK8 and CIPK23 engage in low- and high-affinity responses, respectively (Ho et al., 2009). Except for PNR regulation, NRT1.1 (NPF6.3) is also involved in the root during the aging process. NRT1.1 (NPF6.3), which plays a role in sensing NO3– concentration as root growth depends on NO3– sensing; at high and low NO3– concentrations, lateral root growth is promoted and inhibited, respectively. At high NO3– concentrations, NRT1.1 (NPF6.3) upregulates Arabidopsis NO3– regulated 1 (ANR1) for root proliferation and lateral root growth development (Remans et al., 2006). While At low NO3– concentrations, NRT1.1 (NPF6.3) controls auxin levels and meristem activation for the repression of lateral root development (Mounier et al., 2014). An additional NO3– sensing system is also present, as the abolishment of NRT1.1 (NPF6.3) does not disrupt the PNR system, but its exact function in NO3– signaling is not understood (Sun et al., 2017).

After NO3– sensing by NRT1.1 (NPF6.3), the next step is to transmit the NO3– signals to the nucleus, which magnifies the cytosolic regulators. Calcium and various transcription factors are the main role players in signal transduction. Three CIPKs (CPK10, CPK30, and CPK32) and their partner CBL indicated that calcium also functions in NO3– signaling (Krouk, 2017). Calcium acts as a secondary messenger in the NO3– signaling pathway (Liu et al., 2017), responsible for changes in gene expression (Medici and Krouk, 2014). The first time, this study was conducted 30 years ago on barley and maize, where it showed that NO3– responsive genes show varying expression as a result of EGTA or LaCl3 pretreatment (Sakakibara et al., 1997). Furthermore, its function as a NO3– signaling pathway has been investigated in various studies (Riveras et al., 2015). Moreover, many other transcription factors (TFs), like NLP7, TCP20, LBD37, LBD38, LBD39, CIPK8, SLP9, TGA1, TGA4, CIPK23, bZIP1, BT1, and BT2 have been identified that interact with nitrate responsive genes, carry out the function of NO3– response, and improve NUE (Wang Y. Y. et al., 2018).

Based on recent bioinformatics analyses, BT1 and BT2 have proven to be great assets for improving NUE. BT1 was identified as the closest homolog of BT2. BT1 and BT2 improve NUE by repressing the expression of the nitrate transporters NRT2.1 and NRT2.4, which reduces NO3– uptake (Araus et al., 2016). Both TFs are involved in plant growth. However, it is yet to be determined whether BT1 and BT2 target multiple genes under N-sufficient and N-deficient conditions. The RWP-PK TFs family includes NLP7 TF. In a genome-wide analysis, NLP7 was identified as a player in modulating the expression of various genes involved in NO3– signaling, uptake, and assimilation (Marchive et al., 2013). Similarly, SPLN also regulates the expression of different NO3– transporter genes, including NPF6.3 (NRT1.1), NRT 2.1, NRT 2.2, NIA1, NIA2, and NIR (Krouk et al., 2010).



Cross talk on source/sink relationship and nitrogen use efficiency

Generally, N is recycled and remobilized in source leaves after uptake by the roots. It is delivered to the sinks via the phloem as amino acids, NO3–, and ureides (Figure 5) (Tegeder and Masclaux-Daubresse, 2018). However, different agronomic characteristics, such as NUE, grain filling, and yield, depend on better N remobilization in the source and its allocation to sink organs. The removal of N is initiated mainly during leaf senescence (The et al., 2021). In plants, senescence is a developmental process that regulates the nutrient requirements. Therefore, leaf senescence is also linked to the source/sink relationship (Guiboileau et al., 2010). In addition to the natural aging process, many other factors, such as nutritional starvation, pathogen infections, C-N ratio, photosynthetic activity, photoperiod, C accumulation, and various other cues, can initiate senescence. The limited availability of N also increases leaf senescence earlier than the sufficient availability in sunflowers (Bieker and Zentgraf, 2013).
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FIGURE 5
Illustrates the mechanism of nitrogen remobilization from source (leaf) to sink (seed). Various known and unknown transporters are involved in portioning, as mentioned in Tegeder and Masclaux-Daubresse (2018). AA, amino acids. The figure created with Biorender (https://biorender.com/).


In addition to N, some environmental factors, such as light quality and quantity and reactive oxygen species (ROS) (Zimmermann et al., 2006; Kong et al., 2021a), induce leaf senescence, which ultimately regulates nutrient mobility from source to sink organs where needed. Different sink organs and developmental processes require N. During anthesis, it varies according to the genotype. Varying concentrations of N are responsible for the differential uptake of N among different Arabidopsis accessions. Upon application of High N concentrations, most of the N is remobilized to the seeds, whereas at low N concentrations, it is allocated to rosette leaves (Masclaux-Daubresse and Chardon, 2011). During seed filling and flowering, the uptake of N is arrested in response to a reduction in HATS and HATS + LATS activities (Masclaux-Daubresse et al., 2010). Here, we will focus on natural-induced senescence accompanied by the movement of nitrogenous nutrients from source leaves to sink organs and various efforts to increase NUE in response to the source and sink relationship.

Generally, due to autophagy, proteins, organelles, and cytosolic macromolecules are degraded during leaf senescence, and N is translocated toward sink organs (Chen et al., 2019). Associated cytoplasmic components are dismantled and degraded during autophagy, which plays an important role in regulating and remobilizing nutrients from source to sink organs (Tegeder and Masclaux-Daubresse, 2018). ATGs genes are responsible for this autophagy process during leaf senescence, and are upregulated during autophagy (Chung et al., 2010; Breeze et al., 2011). Autophagy-related procedures can degrade the chloroplast and the most abundant protein, Rubisco, accounting for 80% of cellular N (Wada et al., 2009). This is further reinforced by the fact that leaf senescence is initially observed because of chloroplast dismantling and degradation. According to the cited literature (Martínez et al., 2008), enlisted protease enzymes, including chloroplastic DegP, FstH, and CND41 are responsible for the degradation of proteins D1 and Rubisco, respectively. Details regarding protein degradation mechanisms are provided by various studies (Tegeder and Masclaux-Daubresse, 2018; Gill et al., 2021). One of the efficient methods, the “apparent remobilization” method, which works based on N15 labeling, is used to orchestrate the amount of N present in different developmental stages of plants (Gallais et al., 2006).

Seeds are the major sink organs during N remobilization, which depends on different factors: strength of the seed sink, translocation processes in leaves, stems, and reproductive organs, and efficiency of phloem pathways (Manghwar et al., 2022). Based on acquired knowledge in different plants, it is well known that asparagine and glutamine are the major translocated amino acids from source to sink organs. Their concentrations also increased during leaf senescence. The amino acid permease (AAP) family is a candidate gene for improving the phloem loading efficiency. Different genes, including AAP4, AAP5, BnAAP1, and BnAAP2, have been implicated in phloem loading (Fischer et al., 2002; Koch et al., 2003; Chaffei et al., 2004; Tilsner et al., 2005). During leaf senescence, N remobilization and assimilation can improve the NUE of plants. Both GS1 and GS2 proved influential in improving NUE. Further improvement of N remobilization depends on the severity and severity of leaf senescence activity (Diaz et al., 2008).

There is a long list of protease genes responsible for protein degradation and N remobilization. Among these genes, SAG12 is a widely studied enzyme that catalyzes the cysteine protein in leaves. In addition, its homologs are also present in other crops and are responsible for N remobilization and improvement of NUE in oilseed and tobacco (Chung et al., 2010). Furthermore, glutamate dehydrogenase (GDH) is also important for improving NUE, as it functions to remobilize N (Lea and Miflin, 2011). However, overexpression of GDH did not result in N remobilization as in the case of tomato Slgdh-NAD: B1 in tobacco, GDH from Sclerotinia sclerotiorum and Magnaporthe grisea in rice (Purnell et al., 2005), and Nicotiana plumbaginifolia GDHA and GDHB in Nicotiana tabacum (Tercé-Laforgue et al., 2013). In contrast it improved NUE in other plants, such as overexpression of EcgdhA from Escherichia coli in tobacco and maize (Ameziane et al., 2000). In addition, overexpression of AngdhA from Aspergillus nidulans in potato (Egami et al., 2012) and fungal GDH from Cylindrocarpon ehrenbergii (CeGDH) in rice (Zhou et al., 2015) augmented NUE. Autophagy respondent genes such as AtATG8 in Arabidopsis, OsATG8b, OsATG8a, and OsATG8c in rice also proved valuable in improving NUE under sufficient conditions of N supply (Gallais et al., 2006; Zimmermann et al., 2006).

Other factors, such as N remobilization in the form of inorganic or ionic N, or combined with organic molecules, also play a differential role in improving NUE. Different studies have reinforced the significant role of inorganic N in N remobilization toward sink organs, but it also depends on the availability of sufficient N inputs (Masclaux-Daubresse et al., 2010). Various studies on NO3– transporters, including NRT2.5, NRT1.6 (NPF2.12), NRT1.5 (NPF7.3), and AMT1.5, could improve NO3– remobilization from source to sink organs, which ultimately also increases NUE (Wu et al., 2014; Havé et al., 2017). Another study was conducted on the NO3– transporter NRT1.7 (NPF2.13). They manipulated its remobilization, which improved NUE and increased plant growth, as it was involved in the meditation of stored NO3– from the source to sink organs (Chen et al., 2020c).

In addition to molecular-level studies, some common agronomic practices are also essential for better source-to-sink relationships in plants. Research on efficient and inefficient cotton genotypes, CCRI-69 and XLZ-30, showed that moderate to high N applications improve the remobilization of the source-to-sink relationship, which ultimately increases the NUE and yield (Iqbal et al., 2020c). Furthermore, different foliar applications also proved beneficial. Under treatment with different N foliar applications, such as NO3– and urea, winter wheat plants showed increased grain filling and source-to-sink relationships of N remobilization, as (Lyu et al., 2020; Liang et al., 2022). However, many N studies have been conducted on plants other than cotton plants. Currently, there is a dire need to study cotton plants to improve the NUE and source-to-sink relationship for better remobilization of N by employing molecular and agronomic studies.

Crop plants largely absorb N in the form of nitrate (NO3–) (Robinson et al., 2011; Manghwar et al., 2022), or ammonium (NH4+) when growing in acidic soils (Robinson et al., 2011; Wang L. et al., 2018). After uptake from the soil, plant roots assimilate NH4+ to avoid the toxicity of free ammonium, which would eliminate the transmembrane proton gradients pivotal for respiratory electron transport. Unlike ammonium, a large concentration of nitrate ions are assimilated in plant tissues and then translocated to plant shoots for assimilation. It is well established that N rates and sources significantly affect plant growth and developmental process (Irshad et al., 2008; Lu et al., 2009). Therefore, selecting the appropriate rate and method based on plant species, growth stage, soil, and environmental conditions is necessary to maximize plant growth and NUE (Marschner, 2011; Niu et al., 2011; Mendoza-Villarreal et al., 2015). Other farm management practices, including genotype selection, also significantly improved NUE. Genotype development and screening have been reported to be imperative for improving the uptake and utilization of N (Iqbal et al., 2020b).

In a recent study, Iqbal et al. (2020a) evaluated the performance of N-efficient and N-inefficient cotton genotypes supplied with nitrate and ammonium-N. They reported increased N uptake and utilization efficiency, better plant growth, chlorophyll content, and gas exchange in the N-efficient genotype when supplied with nitrate-N (Iqbal et al., 2020a). Improved root traits in nitrate-fed plants, including length, dry weight, and surface area, have been reported previously (Schortemeyer and Feil, 1996). Another study also reported better seedling growth in cotton when fed nitrate N than ammonium-fed seedlings, mainly due to better photosynthesis under increased translocation of nitrate to the photosynthesis system (Irshad et al., 2008). Ammonium application is also not recommended, as it reduces the uptake of potassium and cations to retard stomatal function and inhibit osmotic regulation, respectively (Lopes and Araus, 2006). Similarly, low NUE in cotton under ammonium application has also been attributed to inhibited ammonium metabolism and reduced protein synthesis (Pessarakli and Tucker, 1985). Chen et al. (2020a) studied different N application rates under field conditions. They reported that a moderate N application rate (240 kg ha–1) significantly increased seedling growth and cotton yield, thereby promoting NUE (Chen et al., 2020a). Similarly, in a recent study, Wang et al. (2021) reported that N application at 250 kg ha–1 considerably increased the N uptake and NUE in cotton (Wang et al., 2021).



Increasing plant nitrogen utilization and remobilization efficiency in plants

Nitrogen application rate, time of application, the N source, and other agronomic practices affect crop yield, N uptake, and its movement and metabolism within the plant, depending on the plant species (Ali, 2015; Ali et al., 2022a). Xu et al. (2012) studied the effects of different planting densities and reported that increasing planting densities in cotton enhanced N accumulation in plant parts (Xu et al., 2012). Similarly, Yao et al. (2015) reported that plant density alters N allocation. In partitioning, medium planting density results in high leaf N allocation to the P/S apparatus and its different partitioning components (Yao et al., 2015). Recently, Liu et al. (2022) demonstrated that N application significantly affects the N utilization efficiency. N at 180 kg ha–1 was applied at the flowering stage, promoting N utilization and efficiency in cotton grown under a wheat-cotton double cropping system (Liu et al., 2022).

In another study, Du et al. (2016) evaluated different cropping systems and reported reduced N accumulation rates and NUE in cotton in wheat-cotton rotations compared with monoculture (Du et al., 2016). Wei et al. (2012) studied the effects of different irrigation methods and N application rates. They reported that a moderate N application rate with drip irrigation promoted N uptake, translocation, and efficiency in cotton grown in arid regions (Wei et al., 2012). N application at 150 kg ha–1 and straw incorporation significantly improved N uptake and NUE, as reported by Wang et al. (2020). Niu et al. (2020) examined the responses of various cultivars and N application rates to NUE. They reported that CRI 69 and ZZM 1017, as N-inefficient cultivars, had increased N uptake and translocation into different parts and ultimately NUE in cotton (Niu et al., 2020). Plants inoculated with Azospirillum brasilense also show better N uptake, translocation into different tissues, and NUE (Saubidet et al., 2002).


Nitrogen use efficiency regulating enzymes and genes

Plants have evolved various mechanisms involving enzymes and activating genes to increase NUE (Table 2). However, only a few studies have discussed the key enzymes and genes directly or indirectly involved in enhancing NUE in cotton (Iqbal et al., 2020d). NUE highly depends on N uptake, utilization efficiency, and N assimilation rate (Garnett et al., 2015; Hawkesford, 2017). The involvement of the N-assimilation enzyme glutamine synthetase in promoting NUE through increased N harvest index (Brauer et al., 2011), increased number of grains (Martin et al., 2006), biomass production (Oliveira et al., 2002), and photorespiration (Hoshida et al., 2000) has been well documented in previous reports. Cai et al. (2009) documented that glutamine synthetase significantly promoted N uptake by crop plants (Cai et al., 2009). GS has been reported to enhance biomass production (Chichkova et al., 2001) and seed weight (Yamaya et al., 2002). NR and NiR are important enzymes for N assimilation; their role in enhancing NUE has been well reported in terms of enhancing dry weights (Abiko et al., 2010), nitrate content (Lillo et al., 2003), NiR activity (Crété et al., 1997), and NO2– assimilation (Takahashi et al., 2001). The GDH (NADH-GDH) has been reported to play a role in assimilating inorganic N to form glutamate by combining ammonium with 2-oxoglutarate (Fontaine et al., 2012).


TABLE 2    Nitrogen use efficiency regulating enzymes and their specific roles in plants.
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It is also well documented that NADH-GDH facilitates ammonium assimilation, which has an advantage over glutamine synthetase. The plastidic isoenzyme (GS2) is also involved in primary N assimilation, and the cytosolic GS isoenzyme (GS1) is involved in the recycling of organic N (Masclaux et al., 2000; Hirel et al., 2001). According to Martin et al. (2006), the GS1.3 isoenzyme plays a putative role in controlling yield under variable N conditions. NADH-GOGAT, a pyridine nucleotide-dependent GOGAT isoenzyme, is present in bundle-sheath cells and is involved in glutamate synthesis to promote plant growth (Tabuchi et al., 2007; Plett et al., 2016). The essential roles of another N-assimilation enzyme, alanine aminotransferase, in increasing biomass and seed yield have been well documented in previous reports (Good et al., 2007; Shrawat et al., 2008). According to Lam et al. (2003) and Ranjan and Yadav (2019), increased ammonium assimilation is also a result of the involvement of carbamoyl phosphate synthase and cytosolic asparagine synthetase enzymes (encoded by ASN1, ASN2, and ASN3).



Nitrogen use efficiency responsive genes manipulation

Different breeding approaches have been used in recent years to select the most appropriate traits for improving NUE. In plants, NUE is a complex trait that depends on the availability of soil N and various internal and external factors, including photosynthetic carbon fixation. NUE, the ratio of grain yield and N uptake, also varies with N application rates, where different genes are expressed in plants according to N rates (Hirel et al., 2001; Good and Beatty, 2011). According to Hirel et al. (2001), cytosolic GS genes, namely, gln1, gln2, and gln4, regulate leaf cytosolic enzyme activity. The GS gene gln4 has been reported as a housekeeping gene that controls NUE and influences yield by promoting ammonia assimilation (Hirel et al., 2001). A previous study reported enhanced NUE and yield upon overexpression of Gln1-3 and Gln1-4 (He et al., 2014). In an investigation by Castaings et al. (2009), it was concluded that the regulatory gene NLP7 was identified in Arabidopsis to regulate the nitrate content (Castaings et al., 2009). In a recent study, Cao et al. (2017) reported that regulating genes ZmNLP6 and ZmNLP8 help in nitrate signaling to increase the productivity of model plants (Cao et al., 2017). Table 3 lists the genes involved in NUE.


TABLE 3    Genes directly or indirectly involved in nitrogen use efficiency.

[image: Table 3]

The glutamine synthetase gene GS1 and nitrate transporter genes OsNRT2.3b and NRT1.1B (NPF6.3B) have been reported to promote biomass production and seed yield, thereby enhancing NUE (Hu et al., 2015; Fan et al., 2016a). Similarly, according to Zhao et al. (2013), the expression of the nitrate reductase gene NIA promotes seed weight and protein content (Zhao et al., 2013). In another study, Shrawat et al. (2008) demonstrated that the alanine aminotransferase gene HvAlaAT significantly increases biomass production and seed yield (Shrawat et al., 2008). In addition, the ammonium transporter gene OsAMT1;1GS1 has been reported to have a higher seed yield, nitrogen use efficiency, and number of seeds (Ranathunge et al., 2014). In plants, the GLN2 nuclear gene is involved in the assimilation and re-assimilation of ammonium produced by nitrate reduction and photorespiration (Ranjan and Yadav, 2019). Similarly, according to Bernard and Habash (2009), the GLN1 gene facilitates the recycling of ammonium during leaf senescence (Bernard and Habash, 2009). The dual affinity transporter protein AtNRT1.1 (AtNPF6.3), which is expressed in root tips, can act as a nitrate sensor and improve nitrate uptake (Tsay et al., 2007; Ho et al., 2009), even under low N conditions (Liu and Tsay, 2003). Similarly, Li et al. (2006) demonstrated that AtNRT2.1 and AtNRT2.2 are involved in high-affinity nitrate uptake. Improved NUE via increased biomass has been well reported as a result of gene expression, including GS1 (Fuentes et al., 2001), GOGAt (Chichkova et al., 2001), AlaAT (Good et al., 2007), and ENOD93–1 (Bi et al., 2009) (Table 3).




Integrated approaches to enhance nitrogen use efficiency in cotton

Nitrogen use efficiency is defined as a plant’s ability to absorb nutrients from the soil, assimilate them, and utilize them to maximize crop yield (Hawkesford, 2017; Erisman et al., 2018). Increasing crop production is largely associated with fertilizer use and application rates. The optimum supply of nutrients plays a significant role in increasing crop production and NUE (Erisman et al., 2018; Fernie et al., 2020). In agricultural farming systems, N management should achieve higher crop productivity without polluting the environment (Klerkx et al., 2010). In the form of nitrate, N is a mobile nutrient that severely impacts the environment through GHGs emissions (Hristov et al., 2013). Plants obtain N from different sources, including residual N, organic matter decomposition, and biological N fixation, and it is imperative to understand the contribution of these sources to enhance NUE (Plett et al., 2020). Various approaches have been used in recent years to manage N and enhance the NUE. Soil and plant-based analysis, based on SOM, yield goal, N credit from the previous crop, manure, and irrigation water, is among the most commonly used techniques for N management in different crops (Dobermann and Cassman, 2002). According to a recent study by Guo et al. (2019), soil-based approaches are more suitable for areas with a homogeneous landscape and environmental and soil conditions with similar EC, crop productivity, and resource use efficiency (Benedetti et al., 2019; Guo et al., 2019). Variables such as slopes, soil depth, and drainage within a landscape significantly affected seed yield. Higher N fertility status has been reported in foot slopes due to higher SOM content and flow of water, while it is also well established that soils with upper landscape positions are poor with SOM (Sharma et al., 2017).


Fertilizer placement and timing

Compared to other nutrients, N is more prone to many soil transformations that occur within the soil, particularly above the soil layer, and can influence NUE (Yadav et al., 2017). Significant N losses have been reported owing to leaching, soil runoff, and volatilization. Therefore, it is necessary to choose appropriate methods of N application to maximize N availability to crop plants and NUE (Sharma et al., 2017). The broadcasting method of N application is not recommended because it causes severe losses in crop yield, and N is applied through volatilization and immobilization (Lasisi et al., 2020; Nasielski et al., 2020).



Use of tissue analysis for nitrogen management

Sensitive plants have been used for a long time as a marker of soil nutrient status. Some crop species are good markers for overall growing conditions, as they are immediately correlated with climatic conditions and soil management techniques, as discussed recently by Sharma and Bali (2017). In a recent study, Iqbal et al. (2020b) demonstrated that increased availability of N to crop plants results in N accumulation in different tissues, thereby increasing the chlorophyll content and net photosynthetic rates (Iqbal et al., 2020b). A positive correlation between chlorophyll content, corn yield, and N accumulation has been reported previously (Han et al., 2016; Ali et al., 2020).



Breeding program

Breeding for improved NUE can be attained through an assortment of different components (Cormier et al., 2013); where compensation and regulation are abundant and dependent on N application rates, plant species, and growth stage, directing obstacles to create effective NUE phenotypes (Cormier et al., 2016). However, omics-based studies offer results that enable us to focus on routes for improvement (Cormier et al., 2016). In addition, high-throughput phenotyping using high-throughput genotyping techniques will promote research on variable environments and species, which could significantly enhance their nutrients (Banerjee et al., 2020).




Conclusion

This review critically assessed various agronomic and molecular approaches for quick and efficient NUE in cotton production. Here, we describe opportunities to increase NUE through new agronomic practices such as 4R’S nutrient stewardship and recently developed molecular strategies, including manipulating metabolic pathways and transport in cotton plants. However, several concerns remain to be addressed. These could improve metabolic activities, the role of nitrogen transporters, signaling and sensing of metabolic pathways, and the relationship between sources and sinks. Ultimately, we recognize that improving NUE in cotton will be equally beneficial for the environment and growers to maximize their profits. This also involves expanding the growers’ objectives from the primary emphasis on cotton production for profit, which is crucial for livelihoods, to adding to the stewardship of the land and surrounding environment, which is essential for sustainability in cotton production. Understanding and following these motives will assist in building better education and other activities to eliminate barriers to nitrogen use efficiency in cotton farming.
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Salinity stress (SS) is a challenging abiotic stress that limits crop growth and productivity. Sustainable and cost effective methods are needed to improve crop production and decrease the deleterious impacts of SS. Zinc (Zn) nano-particles (NPs) have emerged as an important approach to regulating plant tolerance against SS. However, the mechanisms of SS tolerance mediated by Zn-NPs are not fully explained. Thus, this study was performed to explore the role of Zn-NPs (seed priming and foliar spray) in reducing the deleterious impacts of SS on wheat plants. The study comprised different SS levels: control, 6 and 12 dS m−1, and different Zn-NPs treatments: control, seed priming (40 ppm), foliar spray (20 ppm), and their combination. Salinity stress markedly reduced plant growth, biomass, and grain yield. This was associated with enhanced electrolyte leakage (EL), malondialdehyde (MDA), hydrogen peroxide (H2O2), sodium (Na), chloride (Cl) accumulation, reduced photosynthetic pigments, relative water contents (RWC), photosynthetic rate (Pn), transpiration rate (Tr), stomata conductance (Gs), water use efficiency (WUE), free amino acids (FAA), total soluble protein (TSP), indole acetic acid (IAA), gibberellic acid (GA), and nutrients (Ca, Mg, K, N, and P). However, the application of Zn-NPs significantly improved the yield of the wheat crop, which was associated with reduced abscisic acid (ABA), MDA, H2O2 concentration, and EL, owing to improved antioxidant activities, and an increase in RWC, Pn, Tr, WUE, and the accumulation of osmoregulating compounds (proline, soluble sugars, TSP, and FAA) and hormones (GA and IAA). Furthermore, Zn-NPs contrasted the salinity-induced uptake of toxic ions (Na and Cl) and increased the uptake of Ca, K, Mg, N, and P. Additionally, Zn-NPs application substantially increased the wheat grain Zn bio-fortification. Our results support previous findings on the role of Zn-NPs in wheat growth, yield, and grain Zn bio-fortification, demonstrating that beneficial effects are obtained under normal as well as adverse conditions, thanks to improved physiological activity and the accumulation of useful compounds. This sets the premise for general use of Zn-NPs in wheat, to which aim more experimental evidence is intensively being sought. Further studies are needed at the genomic, transcriptomic, proteomic, and metabolomic level to better acknowledge the mechanisms of general physiological enhancement observed with Zn-NPs application.
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 bio-fortification, hormones, osmolytes, nutrients, salinity stress, wheat, zinc


Introduction

Abiotic stresses undermine crop production and threaten global food security. Salinity stress (SS) is an emerging stress factor as it hampers crop growth and productivity, and global food security (Zafar et al., 2020). Globally, more than 33% of soils are salt-affected, and this figure is expected to increase up to 50% by the end of 2050 (Gopalakrishnan and Kumar, 2020). Salinity stress has a harmful impact on plant metabolic processes and imposes osmotic injuries due to salt-induced ionic toxicity (Egamberdieva et al., 2019; Kamran et al., 2019). SS also disturbs nutrient homeostasis, water uptake, stomata opening, and chlorophyll synthesis. It causes a significant reduction in photosynthetic performance (Zafar et al., 2021). A higher salt concentration in the plant root zone reduces the water uptake, which in turn causes salinity induced osmotic stress, altering normal plant functions (Sonam et al., 2014).

Salinity stress also reduces the uptake of the major cationic nutrients (Ca2+, K+, and Mg2+), and increases the uptake of undesirable ions (Na and Cl; Sharaf et al., 2016). The increase in such ions reduces membrane stability and increases ion toxicity, and decreases photosynthetic efficiency (Zafar et al., 2021) due to stomata closing, reduced chlorophyll synthesis, and carbon dioxide (CO2) assimilation, resulting in stunted plant growth (Shahid et al., 2011). Salinity stress also increases the production of reactive oxygen species (ROS), which damage protein, deoxyribonucleic acid (DNA), lipids, meristematic and photosynthetic activities, destruct chlorophyll, and disturb nutritional homeostasis (Sarker et al., 2018; Hassan et al., 2019a; Aslam et al., 2021; Qari et al., 2022; Rehman et al., 2022; Batool et al., 2022a,b). Moreover, SS also damages chloroplast ultra-structure and photo-system efficiency, electron transport and negatively affects gas exchange (Hurtado et al., 2019). Additionally, SS reduces the number of leaves per plant, root and shoot growth, and biomass production. As these changes can cause huge yield losses (Ramadan et al., 2019; Khan et al., 2022), appropriate measures to mitigate the adverse effects of SS on plants are urgently needed.

More than 40 million tons of agrochemicals are used annually globally for crop production, and this quantity will double by the end of 2050 to feed the 9.5 billion people (Kah et al., 2019). Thus, it is mandatory to introduce new techniques that can effectively achieve sustainable crop productivity. Nanotechnology has emerged as an important field and its use has substantially increased in many areas of life including agriculture. Plants can benefit from nano-particles (NPs) as nutrient sources that can also increase their tolerance against different stresses (Raliya et al., 2017). Various kinds of NPs are used in diverse fields of life; however, zinc (Zn) NPs are widely used in agriculture and different other sectors (Adrees et al., 2021).

Zinc is an important micro-nutrient for plants and has beneficial effects on plant growth; however, it also has some toxic effects at a higher concentration. Zn is involved in protein and chlorophyll synthesis and is also needed for metabolic turnover and enzymatic activities (Saravanakkumar et al., 2016). Not surprisingly, deficiency of Zn has a negative effect on plants, thus, the use of ZnO-NPs is an interesting approach to fulfilling the Zn needs of plants (Du et al., 2019). Approximately, 550 tons Zn-NPs are produced annually across the globe for different uses (Alabdallah and Alzahrani, 2020). The NPs of Zn are considered to be safe as compared to other metals (Kim et al., 2020). Zn nano-particles exert benefits on soil fertility, and crop productivity and they are an important source of Zn, which is an important nutrient for plant growth and protection from different stresses (Rossi et al., 2019; Esper Neto et al., 2020; Salim and Raza, 2020). The use of NPs could minimize the use of toxic and harsh chemicals for plant growth, helping to avoid damage to our environment and soil health (Maroufpour et al., 2020).

The application of NPs is reported to positively influence plant response to SS (Elsheery et al., 2020; Zulfiqar and Ashraf, 2021). NPs induce profound impacts on physiological and biochemical processes (Etesami et al., 2021). Zn-NPs regulate the SS tolerance in plants by improving membrane stability, anti-oxidant activities, ionic homeostasis, and gene expression (Noohpisheh et al., 2021). However, these effects can vary depending on plant species, environmental conditions, size and shape of NPs, and their rate of application (Etesami et al., 2021). Wheat is the staple food of more than 50% of people across the globe; however, it is considered only a moderately salt tolerant species (Spano and Bottega, 2016). Wheat is an important source of both macro and micro nutrients for humans. Among micro nutrients, Zn is an important nutrient needed for humans and plants; however, in both cases, Zn deficiency is an issue of major concern. Bio-fortification is an important strategy globally, to improve the grain Zn concentration and fulfill human needs (Hassan et al., 2019b). This approach involves the use of both agronomic and breeding practices to improve grain Zn (Hassan et al., 2021). Breeding approaches are costly and time demanding (Hassan et al., 2021), and agronomic approaches may be a quick solution to solve this problem (Hassan et al., 2021). The agronomic approach involves the use of micronutrients by different methods to enhance grain Zn concentration (Chattha et al., 2017; Hassan et al., 2019b).

Salt stress significantly reduces the growth and productivity of the wheat crop. Various practices are used globally to overcome the effects of SS on wheat crops. Nonetheless, the effect of Zn-NPs has not been sufficiently studied. Although a few studies are available about the effect of Zn-NPs on the performance of the wheat crops grown under SS, they have not fully explored the mechanism linked to Zn-NP induced SS tolerance. There is no information available related to the effect of Zn-NPs produced through a green approach to wheat growth, yield, and grain Zn concentration under SS.

We hypothesize that the application of Zn-NPs could alleviate the toxic effects of SS by improving antioxidant activities, physiological functioning, and accumulation of stress protecting hormones and osmolytes. The present study aimed to determine the impact of Zn-NPs on physiological attributes, antioxidant enzymes, ionic homeostasis, osmo-regulating compounds, yield, and grain Zn bio-fortification of wheat crops grown under SS.



Materials and methods


Experimental setup

The experiment was performed at the wire house of the Department of Agronomy, University of Agriculture Faisalabad, Pakistan, to determine the effects of zinc (Zn) nano-particles (NPs) applied by seed priming and foliar spray on the wheat crop under SS. During this period (November 2019 to April 2020), the average temperature of 17.6°C was recorded, whereas average humidity and total rainfall were observed at 71.1% and 28.4 mm. Salt sensitive variety of wheat, Punjab 2011 was used as a test crop. The study comprised three SS levels: control, 6 and 12 dS m−1, and three patterns of Zn-NPs treatment: control, seed priming (40 ppm Zn), foliar spray (20 ppm Zn), and the combination of seed priming (40 ppm) + foliar spray (20 ppm). The soil used in the experiment was taken from an experimental field using a spade. Afterward, debris and weeds were removed, and the soil was sieved and properly stored. The soil was recognized as sandy loam with pH 7.82, organic matter (OM) 0.83%, total nitrogen (N) 0.041%, available phosphorus (P) 6.7 mg kg−1, and exchangeable potassium (K) 158 mg kg−1.

Pots with a capacity of 8 kg and a diameter of 28 cm were then filled with a mixture of soil and sand (9:1). The desirable levels of soil salinity were achieved by adding Na2CO3 and NaCl. The concentration of salts was calculated with the formula below:

[image: image]

In this equation, TSS is total soluble salts that were measured with following formula:

[image: image]

EC1 was the original electrical conductivity (EC) of soil, whereas EC2 was the EC as per our treatments. The soil paste was prepared by adding the distilled water and allowed for 2 h to reach equilibrium. This mixture was then filtered with filter paper to obtain the extract. The soil mixture was then oven dried at 105°C and soil saturation was measured with the following formula:

[image: image]

To attain SS levels 6 and 12 dS m−1, NaCl was added at the rate of 1.179 and 2.58 g/kg, whereas Na2CO3 was added as; 0.023 and 0.50 g/kg, respectively.



Crop husbandry and preparation of Zn-NPs

Eight seeds were sown in each pot. For seed priming, 40 mg Zn-NPs were dissolved in 1,000 of distilled water, and seeds were soaked in this solution for 6 h before they were dried and sown in pots. For foliar application, 20 mg Zn-NPs were dissolved in 1,000 ml of water to prepare the solution for foliar spray. N and P fertilizers such as urea and di-ammonium phosphate (DAP) were applied at the rate of 1.46 and 1.56 g pot−1, respectively. The pots were regularly visited and irrigated as per crop needs. The irrigation was applied to each based on visual observations with the help of a hand sprayer. The weeds occurring in pots were manually pulled and no insect pest attack was observed; therefore, no pesticide was applied. The leaves of mulberry plants were washed with distilled water; after that, they were oven dried and milled to make powder. The powder samples (20 g) were mixed in distilled water (100 ml) and boiled at 75°C for 45 min (Saravanakkumar et al., 2016). After that, the extract was obtained and stored at 4°C. Later on, Zn-NPs were prepared by adding 20 ml extract to 80 ml of ZnSO4.7H2O. The solution was then sonicated for 1 h at 60°C, and the change in color to yellow showed the formation of Zn-NPs (Eya’ane Meva et al., 2016).



Data collection


Growth parameters and gas exchange characteristics

Three plants were chosen at random from each pot to determine growth traits. After that, the roots and shoots of the selected plants were oven dried to determine dry weights. Photosynthetic rate, (Pn), transpiration rate (Tr), stomata conductance (gs), and water use efficiency (WUE) were measured by using a portable infra-red gas analyzer (IRGA) from randomly selected plants from each pot. All these characteristics were recorded at 10–12 am at maximum sunlight.



Photosynthetic pigments

For determination of chlorophyll contents, 0.5 g of fresh leaves were taken and ground in 80% solution of 5 ml acetone. The ground sample was centrifuged for 3 min. A clear supernatant was collected after centrifugation and absorbance were measured using a spectrophotometer at three wavelengths, i.e., 645 nm (Chl a), 663 nm (Chl. b), and 470 nm (carotenoids) as per methods of Arnon (1949). Subsequently, we took 5 ml of 50 mM potassium phosphate buffer, and an additional 0.5 g of fresh leaves were ground. The material was then centrifuged, the supernatant was placed in a cuvette, and the sample absorbance was measured using a spectrophotometer at 600 nm to determine anthocyanin contents (Kubo et al., 1999).



Relative water contents and electrolyte leakage

One gram of fresh leaves was taken and weighed on an electrical scale to determine fresh weight. After that, they were dipped in distilled water (H2O) for 24 h. Then leaves were removed from the water, excess water was wiped out and leaves were weighed again to determine turgid weight. Afterward, the leaves were sun-dried and packed in small paper bags and oven dried at 70°C for 24 h to determine the dry weight. Relative water content (RWC) was determined with this formula: RWC = (FW-DW)/(TW-DW) × 100.

Half a gram of fresh leaf sample (chopped into small pieces) was dipped in distilled water for half an hour, and EC1 was measured by using an EC meter. EC2 was recorded by heating the samples in a water bath at 90°C for 50 min. The final value of electrolyte leakage (EL; %) was determined with this formula:

[image: image]



Anti-oxidant activities

Test tubes containing 100 μl of plant extract, H2O2 (5.9 mM), and 1,000 μl buffer solution were prepared, and we noted absorbance at 240 nm (Aebi, 1984). The technique of Zhang (1992) was used for the determination of peroxidase (POD) activity. We took 0.1 ml H2O2 added 2.7 ml phosphate buffer and shook it well. Then, 0.1 ml of guicol and 0.1 ml of enzyme extract were added and shaken again, and absorbance was recorded with a spectrophotometer at 470 nm. The mixture containing 100 μl enzyme extract, 100 μl ascorbate (7.5 mM), 100 μl H2O2 (300 mM), and 2.7 ml potassium buffer (25 mM) was prepared, and absorbance was taken at 290 nm for determining ascorbate peroxidase (APX) activity (Nakano and Asada, 1981). Lastly, for determination of POD; 400 μl H2O2, 25 ml buffer, 100 μl Tritoen, 50 μl nitroblue tetrazolium chloride (NBT), 50 μl sample, and 50 μl riboflavin were taken, and absorbance was recorded at 560 nm (Zhang, 1992).



H2O2 and MDA determination

The technique of Velikova et al. (2000) was used to determine the quantity of H2O2 in the sample. We ground 0.25 g of plant leaves in 5 ml of 5% TCA and centrifuged them for 5 min, and the extract was then collected. Then, 1 ml crude sample, 1 ml potassium iodide (1 M), and 100 ml phosphate buffer were added, and absorbance was recorded at 600 nm. For malondialdehyde (MDA) determination, a 0.5 g plant sample was ground in 5 ml of TCA and centrifuged for 15 min. Afterward, the mixture was heated for 30 min at 100°C and cooled rapidly and absorbance was recorded at 532 nm (Rao and Sresty, 2000).



Osmo-regulating compounds and hormones

A quantity of 0.5 g plant material was ground in 5 ml potassium buffer, centrifuged for 5 min at 10,000 rpm, and the supernatant was collected. Then, 1 ml 2% ninhydrin solution and 1 ml 10% pyridine solution were added to test tubes containing the extract and warmed for 30 min in a water bath at 90°C. Distilled water was added to maintain volume at 15 ml, and absorbance was recorded with a spectrophotometer at 570 nm (Hamilton and Van Slyke, 1943). In the case of TSP, 0.5 g of plant sample was ground in potassium phosphate buffer (50 mM) and centrifuged for 15 min and 1 ml of supernatant was added with 2 ml of Bradford reagent. This solution was left for 15 min at room temperature, and absorbance was read at 590 nm (Bradford, 1976). In the case of soluble sugars1–2 ml of supernatant was placed on the prism of the refractometer and brix percentage was noted. For proline content, a 0.5 g plant sample was extracted with 10 ml of 3% sulpho-salicylic acid and centrifuged at 10,000 rpm for 10 min. Acid-ninhydrin was then added to the supernatant and placed in a water bath (30 min), and absorbance was recorded at 520 nm (Bates et al., 1973).

For the determination of plant hormones, a 0.5 g plant sample was ground in 80% methanol (2 ml) with 40 mg of butylated hydroxytoluene. Lastly, the obtained extract was dissolved in 0.1% gelatin (pH 7.5), and 0.1% Tween-20 consisting of 2 ml of phosphate-buffered and the concentration of indole-3-acetic acid (IAA) and abscisic acid (ABA) was determined with the method of Weiler et al. (1981). For determination of gibberellic acid (GA) content, 0.1 g plant was taken and extracted by using 3 ml of 96%, ethanol, and absorbance was taken at 254 nm (Berríos et al., 2004).



Ion concentrations

The plant samples were collected, washed, oven dried (65°C), and ground to make powder. After that, 0.5 g samples were digested in the acid mixture (HCl:HNO3, 1:2) at 180°C for 10 min. The concentration of Na and K was determined by a flame photometer (Sultan et al., 2021). Moreover, for the determination of Cl content, a chloride analyzer was used on the prepared extract. Lastly, the ground wheat grains were taken and digested in the acid mixture (HCl:HNO3, 1:2), then absorbance was recorded using atomic absorption spectrophotometer to determine grain Zn concentration (Sultan et al., 2021).



Determination of yield traits

Randomly selected three plants from each pot were taken to determine the number of tillers, spike length, grains/spike, and spikelets/spike. Then, plant samples were manually harvested, threshed, and grains were separated from the spikes. 1,000-grain weight was recorded by randomly taking 1,000 seeds.



Experimental design and data analysis

The experiment was conducted in a completely randomized design. The 3 × 3 factorial combinations of SS and Zn-NPs per three replicates made a total of 27 pots. The data on different traits were submitted to the ANOVA for the main factors and their interaction. The LSD test at p ≤ 0.05 was used for determining significant differences among means (Steel et al., 1997). Moreover, figures were created by using the SigmaPlot-8 software.





Results


Growth traits

Salinity stress caused a marked reduction in growth traits of wheat (Table 1). The root and shoot length and biomass were significantly decreased under strong SS (12 dSm−1) as compared to moderate SS (6 dS m−1). In response to this, the application of Zn-NPs significantly mitigated the salinity induced toxic effects and appreciably improved the growth traits and biomass production. However, the application of Zn-NPs by seed priming and foliar spray markedly improved the growth traits as compared to the other methods of single Zn-NPs application. Seed priming (40 ppm) + foliar spray (20 ppm) of Zn-NPS appreciably improved the shoot length (SL: 30.9%), shoot fresh weight (SFW: 54.4%), shoot dry weight (SDW: 48.3%), root fresh weight (RFW: 14.9%), root dry weight (RDW: 19.5%), and leaves per plant (LPP: 12%) as compared to control under strong SS (12 dS m−1; Table 1).



TABLE 1 Effect of Zn-NPs application on growth attributes of wheat plants grown under salinity stress.
[image: Table1]



Photosynthetic pigments and leaf gas exchange characteristics

Salinity stress induced a deleterious impact on the photosynthetic pigments (Table 2). The increasing concentration of salts in the growing medium up to 12 dS m−1 significantly reduced the chlorophyll, carotenoid, and anthocyanin contents (Table 2). Nonetheless, the application of Zn-NPs markedly improved the synthesis of all the aforementioned photosynthetic pigments under control and the two SS levels. The combined application of Zn-NPs by seed priming and foliar spray was shown the top performer, and it significantly increased the chlorophyll-a, chlorophyll-b, carotenoid, and anthocyanin by a respective 66.7, 76.6, 54.2, and 93.8% under strong SS (12 dS m−1), as compared to control (Table 2). SS also induced a distinctive impact on all the gas exchange parameters (Figure 1). The increased salt concentration in the growing medium up to 12 dS m−1 decreased the Pn, Tr, Gs, and WUE by 60.6, 34.4, 44.4, and 49.2%, respectively, as compared to the control (Figure 1). The application of Zn-NPS appreciably improved all the gas exchange parameters under SS (Figure 1). However, the combined use of Zn-NPs by seed priming and foliar spray was proved the top performer in improving the Pn, Tr, Gs, and WUE, as compared to other methods of Zn-NPs application and control (Figure 1).



TABLE 2 Effect of Zn-NPs application on photosynthetic pigments and anthocyanin contents of wheat plants grown under salinity stress.
[image: Table2]
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FIGURE 1
 Effect of Zn-NPs on photosynthetic rate (A), transpiration rate (B), stomata conductance (C), and water use efficiency (D) of wheat plants grown under salinity stress. Data depicted indicate means ± SE (n = 4). Different letters indicate significant differences at p < 0.05.




Relative water contents and oxidative stress markers

The RWC of wheat plants grown under SS was significantly decreased, as compared to control plants (Figure 2). An RWC reduction of 14.8 and 25.1%, respectively, was recorded at moderate (6 dS m−1) and strong SS (12 dS m−1), as compared to the control. Zn-NPs markedly improved the RWC of wheat plants under both control and SS conditions. The application of Zn-NPs by seed priming + foliar spray appreciably improved the leaf RWC, as compared to control and other methods of single Zn-NPs application (Figure 2). SS significantly increased the EL, and the MDA and H2O2 accumulation in wheat plants (82, 66.9, and 54.7%, respectively) under a SS level of 12 dS m−1 (Figure 2). The application of Zn-NPs significantly reduced the concentration of all the oxidative stress markers. In this context, the combined application of Zn-NPs by seed priming and foliar spray was once more shown as the top performed, and it significantly reduced the EL (37.6 and 52.5%), and the MDA (21.1 and 28.0%) and H2O2 content (19.0 and 33.9%) under the respective moderate and strong SS (Figure 2).

[image: Figure 2]

FIGURE 2
 Effect of Zn-NPs on relative water content (A), electrolyte leakage (B), malondialdeide (C), and hydrogen peroxide (D) of wheat plants grown under salinity stress. Data depicted indicate means ± SE (n = 4). Different letters indicate significant differences at p < 0.05.




Anti-oxidant activities

The activities of APX, CAT, POD, and SOD were markedly increased under SS. The application of Zn-NPs by all the methods significantly increased the activities of all antioxidants (Figure 3). However, the combined use of Zn-NPs with seed priming and foliar spray was portrayed as the top performer, and it appreciably increased the activity of APX, CAT, POD, and SOD by 14.4, 32.4, 16.4, and 26.4%, respectively, under strong SS as compared to control (Figure 3).

[image: Figure 3]

FIGURE 3
 Effect of Zn-NPs on antioxidant activities: catalase (A), peroxidase (B), ascorbate peroxidase (C), and superoxide dismutase (D) of wheat plants grown under salinity stress. Data depicted indicate means ± SE (n = 4). Different letters indicate significant differences at p < 0.05.




Osmo-regulating compounds and hormones

A distinctive response of osmoregulating compounds and hormones was recorded under SS and with the application of Zn-NPs. SS significantly reduced the concentration of TSP and FAA, and maximum reduction was recorded under strong SS (Table 3). Moreover, the concentration of total soluble sugars (TSS) and proline showed a significant increase under SS (Table 3). The application of Zn-NPs significantly increased the accumulation of TSP, FAA, TSS, and proline, and the combined use of Zn-NPs by seed priming and foliar spray was shown to the top performed, and it significantly increased the accumulation of all these protective osmolytes (Table 3).



TABLE 3 Effect of Zn-NPs application on hormones and osmolytes contents of wheat plants grown under salinity stress.
[image: Table3]

Moreover, an increase in IAA, GA, and ABA accumulation was seen under SS. The application of Zn-NPs also increased the accumulation of IAA and GA, whereas it markedly reduced the accumulation of ABA. The combined application of Zn-NPs by seed priming and foliar spray increased the IAA and GA concentration by 22.6 and 17.7%, respectively, whereas it reduced the ABA concentration by 19.5% under strong SS (Table 3).



Nutrient concentration in plant parts

The concentration of all the ions was significantly affected by the SS and application of Zn-NPs. SS markedly increased the accumulation of Na and Cl in plant roots and shoots while it reduced the accumulation of K in plant parts (Table 4). Zn-NPs reduced Na and Cl concentration, while they increased the accumulation of K in plant parts grown under SS (Table 4). Likewise, SS also reduced the concentration of Ca, Mg, N, P, and Zn in wheat roots and shoots, and the maximum reduction was noted under strong SS (Tables 4, 5). Zn-NPs appreciably improved the concentration of Ca, Mg, N, P, and Zn in the two plant portions. However, the combined application of Zn-NPs as seed priming and foliar spray significantly increased the concentration of Ca, Mg, N, P, and Zn, as compared to the single seed priming or foliar spray application (Tables 4, 5).



TABLE 4 Effect of Zn-NPs application on nutrient contents in root and shoot of wheat plants grown under salinity stress.
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TABLE 5 Effect of Zn-NPs application on nutrient contents in root and shoot of wheat plants grown under salinity stress.
[image: Table5]



Yield traits and grain Zn bio-fortification

Salinity stress and application of Zn-NPs significantly influenced wheat yield traits (Table 6). SS determined sharp reductions of 23.2, 71.1, and 64.8%, respectively, in spike length, spikelets/spike, and grains/spike (Table 6). The application of Zn-NPs mitigated this reduction and significantly increased the aforementioned yield traits under control and SS conditions. Moreover, SS also significantly reduced the 1,000 grain weight and grain yield/pot. The maximum reduction in 1,000 grain weight and grain yield/pot was recorded in 12 dS m−1 SS as compared to 6 dS m−1 SS (Table 6). The combined use of Zn-NPs by seed priming and foliar spray markedly improved the 1,000 grain weight (32.6 and 12.2%, respectively) and grain yield/pot (23.2 and 71.1%, respectively) under moderate and strong SS (Table 6). The increase in salinity significantly decreased the grain Zn concentration (Figure 4), in response to which, the application of Zn-NPs significantly improved the grain Zn concentration. Nonetheless, the Zn-NPs application by combined seed priming and foliar spray significantly increased the grain Zn contents as compared to the other two methods of single Zn-NPs application, and control (Figure 4).



TABLE 6 Effect of Zn-NPs application on yield traits of wheat plants grown under salinity stress.
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FIGURE 4
 Effect of Zn-NPs on grain Zn concentration of wheat plants grown under salinity stress. Data depicted indicate means ± SE (n = 4). Different letters indicate significant differences at p < 0.05.





Discussion

Soil salinity is a serious abiotic stress that limits crop productivity across the globe. Wheat is considered a salt sensitive crop, and SS can cause huge growth and yield losses in wheat crops. Therefore, increasing crop production on salt affected soils is a serious challenge (Zhanwu et al., 2014). The present study was planned to avert the effects of SS on the wheat crop by exogenous application of Zn-NPs. SS significantly decreased plant growth (Table 1). Excessive concentration of salts in the growing medium causes ionic toxicity and osmotic imbalance, and disturbs nutrient and water uptake and plant photosynthetic efficiency. All this results in reduced growth and biomass productivity (Lv et al., 2013). The high Na concentration (Table 4) reduced K+ accumulation which in turn serves to reduce cell turgid pressure; therefore, cells become rigid and cannot reach their maximum size (Lv et al., 2013; Abdelgawad et al., 2016; Fatma et al., 2021). However, the application of Zn-NPs significantly improved wheat growth (Table 1). The application of Zn maintained membrane integrity, improved K+ uptake (Table 4), gas exchange parameters (Figure 1), antioxidants (Figure 3), and reduced the uptake of Na, resulting in overall improvement of plant growth. The application of Zn-NPs improved the auxin biosynthesis (Table 3), chlorophyll production, nutrient uptake (Table 4), and reduced the salinity induced stomata closure by decreasing ABA (Table 3), which also contributed to significant increases in growth and biomass productivity (Khaghani and Saffari, 2016; Rajput et al., 2018).

Chlorophyll plays a key role in photosynthesis, and a reduction in chlorophyll content reduces the photosynthetic rate and the accumulation of photosynthates in plant organs (Taiz and Zeiger, 2006). SS increases the activities of enzymes involved in chlorophyll degradation, therefore, contributes to decreasing chlorophyll content (Rao and Rao, 2013). SS also reduces the uptake of Mg2+ ions, which are considered to be building blocks of the chlorophyll molecule; therefore, a decrease in Mg2+ uptake causes a marked reduction in chlorophyll synthesis (Fatma et al., 2021). Moreover, salinity induced oxidative stress damages the chloroplast structure and causes chlorophyll degradation, owing to an increase in chlorophyllase enzyme activity (Latef and Chaoxing, 2011; Latef et al., 2014). However, Zn-NPs reduced the negative impacts of SS and enhanced chlorophyll content (Table 2). The application of Zn-NPs reduced the activities of chlorophyll degradation enzymes and resultantly increased the chlorophyll content and subsequent plant growth under SS (Mehrabani et al., 2018; Sturikova et al., 2018). Zn-NPs can penetrate the plant cells by leaf stomata and improve the plant metabolic activities and synthesis of photosynthetic pigments under stress conditions (Venkatachalam et al., 2017; Alabdallah and Alzahrani, 2020). Zn is crucial for the formation of protochlorophyllide, it positively affects chloroplasts and repairs PS-II, and therefore, causes an increase in photosynthetic pigments under SS (Hänsch and Mendel, 2009; Salama et al., 2019). In our experiment, the application of Zn also positively regulated the Mg2+ uptake, which is considered to be an important component of chlorophyll structure; hence, Zn application increased the chlorophyll content of wheat plants. SS also caused a significant decrease in anthocyanin content (Table 2); however, Zn-NPs increased the anthocyanin contents (Table 2). Anthocyanin regulates ROS accumulation and maintains photosynthetic efficiency (Xu and Rothstein, 2018). Therefore, Zn-NPs mediated increase in anthocyanin content might protect the photosynthetic apparatus and therefore improve the chlorophyll content and plant photosynthetic efficiency.

Salinity stress significantly reduced stomata conductance, transpiration rate, intercellular CO2, and WUE (Figure 1). The reduction in stomata conductance under SS generally occurs due to reductions in vapor pressure, leaf turgor potential, and root generated chemical signals (Chaves et al., 2009). Moreover, a reduction in stomata conductance (Figure 1) significantly reduced the transpiration owing to closing stomata. Additionally, salinity induced accumulation of undesirable ions (Na and Cl), decreases the rate of photosynthesis by damaging the photosynthetic apparatus (Xu and Zhou, 2008; Biswal et al., 2011; Xu and Rothstein, 2018). However, the application of Zn-NPs significantly improved the entire gas exchange parameters under SS, in accordance with the results obtained by Torabian et al. (2016), who found significant improvements in the aforementioned gas exchange parameters with the application of Zn-NPs. Zn application regulated the stomata movements by maintaining higher K+ (Table 4) in guard cells, which maintain higher stomata conductance under SS. Moreover, Zn-NPs also reduced the ABA accumulation (Table 3) that might favor stomata opening and, therefore, maintain higher Tr and WUE in wheat plants under SS. The membrane damage is measured by MDA content, and in the present study, SS caused a significant increase in MDA accumulation (Figure 2). Salinity induced ion toxicity that leads to a higher accumulation of MDA owing to membrane damage. The excessive Na participates in ROS production, which causes damage to cellular membranes and increases the MDA accumulation under SS (Sultan et al., 2021). Zn-NPs alleviated the membrane damage by increasing in anti-oxidant activities (Figure 3), therefore reducing the MDA accumulation under SS (Hussein et al., 2017). RWC was considerably decreased under SS Figure 2); however, the application of Zn contrasted this reduction in leaf RWC (Figure 2). SS induced osmotic stress which reduces water uptake, therefore, reduces the leaf RWC (Kim et al., 2020; Fatma et al., 2021). The present increase in RWC by Zn-NPs may be attributed to improved membrane integrity, stomata conductance, and Tr (Figure 1), as well as an increase in water uptake due to better root growth, which helps the plants to maintain higher leaf RWC. The present study indicates that SS caused a significant increase in Na accumulation in plant parts, while it reduced the K accumulation. The accumulation of Na in plant cells causes ionic imbalance because above a modest concentration Na is a toxic inorganic ion (Chen et al., 2012). The increase in SS increased the Na+ accumulation which inhibited the K uptake (Table 4), with a consequential effect on stomata guard cells (Munns and Tester, 2008; Saddiq et al., 2021). Because of the low concentration of external protons, SS reduces the ability of Na/K antiporters to exclude excessive Na which, therefore, increases the Na accumulation at the expense of K accumulation in plant cells (Munns and Tester, 2008). However, the application of Zn-NPs significantly reduced the Na accumulation while maintaining a higher K concentration in all plant parts (Table 4). Possibly, Zn application maintained the structural integrity and controlled the permeability of root cell membranes; therefore, reduced the excessive Na uptake and consequently reduced the Na accumulation while maintaining higher K accumulation in wheat plants.

The results indicated that SS significantly up-regulated activities of APX, CAT, POD, and SOD; application of Zn-NPs also improved antioxidant activities (Figure 3). SOD is considered to be an important enzyme that decomposes the O2−radical into H2O2, and SOD is also considered the first line of defense under SS. These findings are in agreement with the previous findings of El-Esawi et al. (2018) and who also found a significant increase in anti-oxidant activities (APX, CAT, POD, and SOD) under SS. In the present work, the application of Zn-NPs significantly improved antioxidant activities, which is consistent with the findings of Rizwan et al. (2019), who also found a significant increase in anti-oxidant activities with application of Zn-NPs under SS. The application of Zn in the form of NPs improves the expression of anti-oxidant genes (SOD and CAT), and therefore maintains the higher activity of SOD and CAT, and minimizes the salinity induced oxidative stress (Pavithra et al., 2017). Zn deficiency reduced Zn-SOD activity; however, Zn supply restores enzymatic activity because Zn is a structural component of Zn-SOD (Cakmak, 2000). Zn is also needed for the higher activity of CAT which also plays an important role in H2O2 detoxification (Wani et al., 2013). The application of Zn decomposes O2; therefore, it maintains higher CAT activity under SS (Sharaf et al., 2016). The application of Zn also increases the activity of APX, which is attributed to the ability of Zn to facilitate the synthesis of this antioxidant (Cakmak, 2000; Amini et al., 2016). Lastly, an increase in CAT activity following the application of Zn-NPs also indicates that the Zn-NPs improve CAT activity to mitigate the adverse effects of SS.

A higher concentration of proline under SS suggests that plants accumulate proline as a defensive osmolyte against SS (Hmidi et al., 2018). SS also reduced the IAA concentration, which could be due to over-accumulation of nitric oxide (NO) (Liu et al., 2015). It is well known that ABA increases under SS and handles stomata closure; nonetheless, this trade-off reduces plant growth and photosynthesis due to limitations in gas exchange (Fujita et al., 2005; Fatma et al., 2021). The increase in ABA under SS induced stomata closure and reduced the Tr (Figure 1), thereby reducing WUE and overall photosynthetic efficiency (Tanaka et al., 2013). Plants also accumulate soluble sugars. Which appreciably maintains the turgor pressure and enhances the membrane stability under SS by scavenging ROS (Hussein et al., 2017). Zn-NPs maintained a higher proline and soluble sugar accumulation (Table 3). This increase can be attributed to an increase in the activities of enzymes involved in proline biosynthesis. The application of Zn-NPs maintained a higher IAA level. Zn is known to be a co-enzyme needed for tryptophan synthesis that is a precursor to the formation of IAA (Waraich et al., 2011). Therefore, Zn induces an increase in IAA that can be attributed to an increase in tryptophan synthesis under SS. The increase in IAA improves root growth, which facilitates nutrient and water uptake; therefore, IAA improves plant growth under SS conditions (Waraich et al., 2011). The application of Zn-NPs also improved GA concentration, which also leads to a substantial increase in growth (Table 1) by regulating plant osmotic balance (Jamil et al., 2018). The application of Zn-NPs significantly reduced the ABA accumulation, which could be an important mechanism of Zn induced SS tolerance in plants. However, more studies at the metabolomic, proteomic, and transcriptomic level are needed to explore how Zn-NPs application reduces the accumulation of ABA under SS.

The results indicated that SS caused a significant reduction in yield and yield traits of wheat plants. SS induced ionic, osmotic, and oxidative stresses which damage the photosynthetic apparatus and alter plant physiological functioning as stomata closure, reduction in leaf expansion, and altered gas exchange parameters, which in turn reduce the final productivity (Zahra et al., 2018; Javaid et al., 2019). The higher concentration of Na causes water deficiency, which is a major reason for a substantial reduction in crop yield across the globe (Iqbal et al., 2019; Yadav et al., 2020). However, in this experiment, the Zn application significantly improved the yield and yield traits under SS, thanks to improved plant physiological functioning, gas exchange parameters (Figure 1), metabolic activities, chlorophyll synthesis, antioxidant activity, and accumulation of osmolytes (Hassan et al., 2020). SS significantly reduced the grain Zn content, which could be attributed to excessive Na concentration in the growing medium reducing the Zn uptake. However, Zn-NPs determined a noticeable bio-fortification of wheat grain. The application of Zn-NPs reduced Na uptake while maintaining a higher uptake of Zn, which contributed to a significant improvement in grain Zn content. Moreover, the results indicated that different methods of Zn-NPs application significantly affected the grain Zn content; nonetheless, the combined application of seed priming + foliar spray significantly improved the grain Zn concentration (Figure 4). The foliar applied Zn markedly increased the grain Zn content, although a little quantity of Zn is applied in this method as compared to soil application (Cakmak et al., 2010). The foliar applied Zn maintains higher Zn availability within plant tissues during reproductive stages; therefore, it substantially increased the grain Zn concentration (Chattha et al., 2017).



Conclusion

Salinity stress markedly affected the wheat plant by altering the photosynthetic performance, nutrient uptake, osmolyte, and hormone accumulation. However, the application of Zn-NPs offset the salinity induced toxic effects, and improved wheat growth and final yield. The application of Zn-NPs showed a reduction in EL, MDA, H2O2, and ABA accumulation, in exchange for an increase in photosynthetic pigments, leaf gas exchange parameters, hormone, and osmolyte accumulation, and antioxidant activities, resulting in a substantial improvement in plant growth functions. Further, the beneficial role of Zn-NPs was evidenced by the restricted entry of toxic ions (Na and Cl), and improved uptake of major nutrients as the sodium contrasting cations Ca, K, and Mg, plus N and P. Based on our results, the application of Zn-NPs can be seen an effective approach to improve wheat growth, final yield and obtain grain Zn bio-fortification under salinity stress as well as normal conditions. Therefore, it is evinced that Zn-NPs use, especially the double seed priming and foliar spray application, could be a winning strategy under many circumstances, although further evidence is needed in support of this. Additionally, further studies are needed at a genomic, transcriptomic, proteomic, and metabolomic level to explore the mechanisms of Zn-NPs in inducing the general enhancement in physiological functions that, especially under SS, appear a valuable means to face stress. Lastly, more investigations are needed to optimize the rate of Zn-NPs for the wheat crop under variable cropping systems and climate conditions.
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Maize-soybean intercropping is practiced worldwide because of some of the anticipated advantages such as high crop yield and better utilization of resources (i.e., water, light, nutrients and land). However, the shade of the maize crop has a detrimental effect on the growth and yield of soybean under the maize-soybean intercropping system. Hence, this experiment was conducted to improve the shade tolerance of such soybean crops with optimal nitrogen (N) fertilization combined with foliar application of iron (Fe) and molybdenum (Mo). The treatments comprised five (5) maize-soybean intercropping practices: without fertilizer application (F0), with N fertilizer application (F1), with N fertilizer combined with foliar application of Fe (F2), with N fertilizer coupled with foliar application of Mo (F3) and with N fertilizer combined with foliar application of Fe and Mo (F4). The findings of this study showed that maize-soybean intercropping under F4 treatment had significantly (p< 0.05) increased growth indices such as leaf area (cm2), plant height (cm), stem diameter (mm), stem strength (g pot-1), and internode length (cm) and yield indices (i.e., No of pods plant-1, grain yield (g plant-1), 100-grain weight (g), and biomass dry matter (g plant-1)) of the soybean crop. Moreover, intercropping under F4 treatment enhanced the chlorophyll SPAD values by 26% and photosynthetic activities such as Pn by 30%, gs by 28%, and Tr by 28% of the soybean crops, but reduced its CO2 by 11%. Furthermore, maize-soybean intercropping under F4 treatment showed improved efficiency of leaf chlorophyll florescence parameters of soybean crops such as Fv/Fm (26%), qp (17%), ϕPSII (20%), and ETR (17%), but reduced NPQ (12%). In addition, the rubisco activity and soluble protein content of the soybean crop increased by 18% in maize-soybean intercropping under F4 treatment. Thus, this suggested that intercropping under optimal N fertilization combined with foliar application of Fe and Mo can improve the shade tolerance of soybean crops by regulating their chlorophyll content, photosynthetic activities, and the associated enzymes, thereby enhancing their yield and yield traits.
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1 Introduction

Shade is the most common abiotic stress which adversely affects the plant’s growth and development when planted at higher densities such as in the greenhouse, agroforestry, and intercropping (Hussain et al., 2021; Raza et al., 2021b; Cheng et al., 2022; Nasar et al., 2022). The effect of shading leads to a change in not only enzymatic but also non-enzymatic antioxidants’ role in plants (Rajput et al., 2021). Moreover, reduced sun radiation, haze, and air pollution all contribute to a decrease in photosynthetically active radiation (Nyawade et al., 2019; Cong et al., 2020). The shaded plants adapt by lowering their photosynthetic activities and enhancing agronomic features to adjust to the diminished light quality and quantity (Hussain et al., 2021). Shade has numerous effects on plant life, resulting in diverse and novel environmental conditions. As a result, plant growth is negatively impacted, with decreased biomass, stem diameter, leaf area and thickness, stem breaking strength, and eventually yield (Hussain et al., 2019; Shafiq et al., 2020). Under intercropping, shade from one companion plant limits the photosynthesis in legumes and is considered a major threat to legume growth (Gitari et al., 2018; Nyawade et al., 2021; Blessing et al., 2022; Cheng et al., 2022).

Nitrogen is an essential component that plays a crucial part in the photosynthetic organ of a plant (Liu et al., 2018; Shao et al., 2020; Ochieng et al., 2021). Appropriate nitrogen helps in enhancing the chlorophyll content, enzymatic activity, and, enzyme content of plant leaves, hence boosting photosynthesis (Noor Shah et al., 2021). Previous studies have shown a correlation between nitrogen application rate and nitrogen utilization rate, crop photosynthetic activities, and crop production (Kong et al., 2016; Liu et al., 2019; Shah et al., 2021). According to several studies, optimal nitrogen application can effectively improve the photosynthetic properties of the plant under shading (Shah et al., 2017a; Wu et al., 2017; Raza et al., 2019). Additionally, in low-light stress situations, the combination of light and nitrogen can effectively control the photosynthetic capacity of plant leaves (Fu et al., 2017; Shah et al., 2017b). Nitrogen has also been shown to improve the chlorophyll SPAD values, photosynthetic efficiencies, and the related enzymes of soybean crops under different stress environments (Gai et al., 2017). In addition, it is also reported that maize-soybean intercropping under optimal nitrogen not only improved the growth and yield of maize crop, but also help reduce the shading effect of maize on soybean by regulating its photosynthetic and enzymatic activities (Cheng et al., 2022).

Iron (Fe) and Molybdenum (Mo) are two micronutrients that are frequently needed in smaller amounts but are crucial for plant growth and development (Togay et al., 2015). Iron is one of the key elements involved in plant chlorophyll and photosynthesis (Yoon et al., 2019). Its deficiency in plants is one of the key abiotic factors affecting the physiology and productivity of the plant (Togay et al., 2015). As earlier noted that insufficient iron reduced the number of grana and stroma lamellae per chloroplast in plant leaves (Jiang et al., 2007; Yoon et al., 2019), reducing the amount of all membrane constituents, such as electron carders of the photosynthetic electron transport chain (Wang et al., 2017; Karimi et al., 2019) and light-harvesting pigments (Wang et al., 2017). Fe deficiency also decreases the activity of ribulose 1,5 bisphosphate oxygenase/carboxylase, which is the most vital enzyme involved in plant photosynthesis (Bertamini et al., 2001; Wang et al., 2017). Previously it was reported that Fe deficiency lowers photosynthesis, photosystem II function, and rubisco activity in soybean crop (Jiang et al., 2007). In another study, maize crop was also shown to have lower chlorophyll, photosystem I and II function under Fe stress (Long et al., 2020).

On the other hand, Mo is crucial for the route that produces chlorophyll, as well as for the configuration and ultrastructure of chloroplasts, and thus plays a significant part in the photosynthetic process (Oliveira et al., 2022). The production of chlorophyll, photosynthetic efficiency, and consequently vegetative growth and grain yields are all positively associated with the configuration and ultrastructure of intact chloroplasts (Liu et al., 2018). In light of the delicate photosynthetic system, these studies suggest that Mo deficient environments might limit photosynthesis. Examples include the etiolating and yellowing of leaves (Armarego-Marriott et al., 2020), the suppression of chlorophyll biosynthesis (Wang et al., 2020), and aberrant alterations in the ultrastructure and arrangement of the chloroplast (Jin et al., 2018). Intriguingly, these traits closely resemble N deprivation, which has been linked to yellowing of leaves, decreased chlorophyll concentrations, and irregularly shaped or almost circular chloroplasts, according to other investigations (Liu et al., 2018). Foliar application of molybdenum has also been shown to improve the photosynthetic activities and nitrogen assimilatory enzymes of maize and soybean in maize-soybean intercropping, thereby enhancing their growth and yield (Oliveira et al., 2022). Therefore, it is possible to hypothesize that Mo, in addition to improving chloroplast structure and chlorophyll synthesis, may also enhance photosynthesis through effective N uptake and absorption.

In China, various cropping systems account for over half of the overall grain yield (Xu et al., 2020). Among these, intercropping of maize and soybeans has significantly increased soybean productivity. Approximately 667 thousand hectares of land in southwest China are used for maize-soybean intercropping, and the area is still expanding as a result of the rising demand for foods high in protein (Raza et al., 2020). However, the lodging of soybean seedlings is a significant issue in such intercropping system given that maize overshadows soybeans throughout the co-growth stage, which resulted in lower component yield besides being incompatible with mechanization (Chang et al., 2020). Consequently, this makes it hard to meet the need for high efficiency and higher yields in modern agriculture. Numerous studies have shown that stem properties like morphology, physiology, and biomechanics are closely associated with lodging resistance with the main stem strength being the most important factor in enhancing the lodging resistance of soybean. (Liu et al., 2018; Liu et al., 2019). To counteract the negative effects of shade, several practices have been put in place to optimize plant growth, which include the use of plant growth regulators (Sabagh et al., 2021), shade tolerant cultivars (Paradiso and Proietti, 2022), appropriate   ratio (Raza et al., 2021a) and titanium application (Hussain et al., 2021). Nonetheless, to the best of our knowledge, the physiological and agronomic activities of soybean under shade stress specifically in maize-soybean intercropping under the nitrogen application combined with foliar use of micronutrients (i.e., Fe and Mo) are unclear.

Therefore, this study was designed to examine the effects of nitrogen fertilization in combination with foliar applications of Fe and Mo on the growth and production of soybean under intercropping environments. The main objective of this study was to promote and improve the growth, yield, and photosynthesis system of soybean crop with optimal N fertilization combined with foliar application of Fe and Mo under the shading environment of intercropping.



2 Materials and methods

The current study was conducted in the late summer growing season from September 2021 to February 2022 at Guangxi University’s research center in Nanning, China. With an average annual rainfall of 1080 mm, this region has a subtropical monsoon climate. The physio-biochemical properties of experimental soil showed that soil had a loam texture, 23.7 g kg-1 of organic matter, 0.118 percent total nitrogen, 109.9 mg kg-1 of alkaline nitrogen, and a pH of 7.4. In addition, it had 74.0, 73.6, 97.7 and 0.1 mg kg-1 of available potassium, phosphorus, iron and molybdenum, respectively.

Soybean crop (Gui Chun 15 variety) was planted under mono-cropping (SM) and intercropping (SI) with maize (Ching Ching 700 variety) in pots (i.e., 88 cm height, 53 cm width, and 43 cm length) (Figure 1). Initially, 10 seeds of soybean were sown in mono-cropping and in intercropping with 5 plants of maize at a field plant density of 20 kg soybean seeds ha-1 and 60,000 maize plants ha-1, respectively. However, at the V3 growth stage, the soybean plants were reduced to 5 and maize plants to 3 (5:3) in each pot to better adapt to the pot environment. Each treatment pot was filled with 120 kg of soil, replicated four times, and randomly placed (Completely randomized design CRD) in a ventilated net house under natural light environment. Plants were sown in the mid of September (2021) and harvested in mid of February (2022). For fertilizer applied treatments, nitrogen fertilizer (@ 100 kg ha-1) was applied before sowing by mixing it with the experimental soil. The foliar application of iron @ 0.15 mg g-1 and molybdenum @ 0.10 mg g-1 was carried out in three splits: at the V5, R1, and R5 stages. Nevertheless, phosphorous and potassium were applied uniformly to all treatment pots (i.e., P at 100 kg ha-1 and K at 50 kg ha-1). Nitrogen (N) was applied in form of urea (46% N), phosphorus as diammonium phosphate (P2O5 46% P), potassium as potassium chloride (K2O 60% K), iron as ferrous sulphate (FeSO4 20.5% Fe), and molybdenum as an ammonium molybdate ((NH4)6Mo7O24 54% Mo). The treatments included five (5) maize-soybean practices: without fertilization (F0), nitrogen fertilizer (F1), nitrogen fertilizer coupled with foliar application of Fe (F2), nitrogen fertilizer coupled with foliar application of Mo (F3), and nitrogen fertilizer coupled with foliar application of Fe and Mo (F4). Different agronomic practices such as irrigation and control of weeds and insect pests were carefully monitored. Meteorological parameters such as temperature (°C), precipitation (%), rainfall (mm), daylight (hrs), and humidity (%) were recorded throughout the experiment and presented in Figure 2.




Figure 1 | Schematic diagram of the experiment. F0; without fertilizer application, F1; nitrogen fertilizer application, F2; nitrogen fertilizer with foliar application of iron, F3; nitrogen fertilizer with foliar application of molybdenum, F4; nitrogen fertilizer with foliar application of iron and molybdenum).






Figure 2 | Weather forecast [(A); temperature and daylight hours and (B); rainfall, precipitation, and humidity] report of the experimental area during the experiment period.




2.1 Data collection


2.1.1 Growth indices

The growth indices such as stem diameter, plant height, stem strength, internode length, and leaf area of soybean crops were determined at V5 and R5 (Hussain et al., 2021). Plant height was measured from top to bottom using a measuring tape, and stem diameter with a Vernier caliper whereas internode length and stem strength were measured using a digital force tester (YYD-1, Zhejiang Top Instrument Hangzhou, China). The leaf area was measured with LI -3000C portable leaf area meter (LI-COR, Nebraska, USA).



2.1.2 Yield indices and biomass dry matter

The yield indices and biomass dry matter of soybean crops were obtained at full maturity when harvesting was done (Raza et al., 2020). The pods were counted and recorded per plant after which they were removed from the plant and threshed to determine 100 seeds’ weight and grain yield by weighing on an electric scale. After threshing, the remaining plant straw was sun-dried and oven-dried at 65°C for 72 h to obtain dry biomass matter.



2.1.3 Chlorophyll SPAD and photosynthetic activities

Chlorophyll SPAD values and photosynthetic activities such as photosynthetic rate (Pn) (µmol CO2 m-2 s-1), stomatal conductance (gs) (mol H2O m-2 s-1), intercellular CO2 (Ci) (mol CO2 mol-1), and transpiration rate (Tr) (µmol H2O m-2 s-1) of soybean crop were measured at the V5 stage (Hussain et al., 2021). These indices were measured on a bright sunny day in the morning (between 9:00 am and 11:00 am) at a fully expanded leaf (usually 3 measurements per leaf) from the healthiest plant. The chlorophyll content was estimated using the SPAD Chlorophyll Meter (SPAD-502, Minolta Camera, Tokyo, Japan) while photosynthetic activities were measured using the Li-6400XT portable photosynthesis system (Licor Inc., Lincoln, NE, USA) at an adjusted constant light of 80, 100, 150, 200, 400, 600, 800, and 1000 μmol m-2 s-1 and a leaf temperature of ~27°C with a continuous CO2 level of 400 μmol mol-1 as per procedures provided by Ahmad et al. (2022a).



2.1.4 Chlorophyll fluorescence parameters

Chlorophyll Fluorescence parameters such as maximum PSII quantum yield (Fv/Fm), actual PSII efficiency (ϕPSII), photochemical quenching coefficient (qp), non-photochemical quenching coefficient (NPQ), and the electron transport rate (ETR) of soybean crop were measured at night (full dark) on the corresponding day when chlorophyll and photosynthetic activities were measured (Iqbal et al., 2019). These indices were measured using the same portable photosynthesis system used for the estimation of photosynthetic activities at a leaf temperature of ~27°C by adjusting the system according to provided manual for dark.



2.1.5 Rubisco activity

Rubisco enzyme activity in soybean leaves was measured at the V5 stage using a Rubisco enzyme ELISA kit (96 micropores) sourced from Shanghai Fu Life Industry Co. Ltd., Shanghai, China. In brief, 1 g of frozen leaf samples were minced using a mortar and pestle and an icebox using 2 ml of 50 mmol L−1 phosphate buffer solution (pH 7.8). For 15 min, the solution was centrifuged at 7000 rcf at 4°C after which the level of plant Rubisco activase was determined by employing a double antibody sandwich method. In this case, the microspore plate encapsulated the Rubisco activase antibody forming a solid phase antibody and then adding to the microspore of the monoclonal antibody. Firstly, 10 ml of sample solution was added to the micropore plate followed by the addition of 40 µl of phosphate buffer solution as a sample diluent. The micropore plate was kept incubated for 30 min at 37°C with a plastic sheet covering it and this incubation underwent five rounds. The 3,3´5,5´-tetramethylbenzidine was transferred with the help of the enzyme horseradish peroxidase, which was initially colored blue before changing to yellow when subjected to acid. Within 15 minutes after administering the stop solution, an enzyme marker used a 450 nm wavelength to quantify the absorbance. The sample’s RA was calculated using a standard curve and represented as U g-1 (Ali et al., 2022).



2.1.6 Total soluble protein

Soybean leaf tissues were used to determine the soluble protein. In brief, 3.0 g of fresh leaf tissue were homogenized in 9 ml of 0.1 M Tris-HCl buffered at pH 8.0 and extracted at a constant temperature of 4°C. The extract was centrifuged at 12,000 revolutions per minute for 30 minutes, and the supernatant was utilized to make a basic enzyme extract. Protein content was assessed following trichloroacetic acid precipitation using bovine serum albumin as a standard. The soluble protein-containing supernatants were heated to 100°C for 10 minutes, then placed on ice before being centrifuged at maximum speed (15 000 g) in a microcentrifuge for 15 minutes at 4°C to obtain the fraction of termostable soluble proteins. The electrophoresis on 7.5% polyacrylamide gel (PAG) was used to separate total and termostable soluble proteins. The obtained total soluble protein was expressed in U g-1 (Kirova et al., 2005).



2.1.7 Land Equivalent Ratio

The land equivalent ratio (LER) was computed as indicated in Equation 1.



Where Yim and Ysi exemplify the grain yield of maize and soybean crops in intercropping whereas Ymm and Ysm represent the respective yields under mono-cropping. The LER is an indicator used to determine the competitiveness between intercrops for the utilization of the available resources (Gitari et al., 2020; Maitra et al., 2020). If the value of LER is 1, indicates that both monocrop and intercrop produce equal yield and utilize the available resources equally. If the value of the LER is greater than 1, suggests a greater complementary effect of intercropping maize than a competitive one, and produces a higher yield compared to mono-cropping. If the value of LER is less than 1, indicates interspecific competition is greater than interspecific facilitation, and there is no intercropping advantage. So, the higher the LER, the greater the benefit of increasing yield in intercropping over mono-cropping (Soratto et al., 2022).




2.2 Data analysis

The data were computed and formulated in Ms-Excel 2016 and statistically analyzed using the statistical analysis software ms-statistix 8.1. A two-way factorial ANOVA was performed to test the significance level (p < 0.05) between means at LSD test by the fertilizer application (FA) and the planting patterns (PP) factors as well as their interactions. Graphical and statistical software (Graphpad Prism 6.1) was used to construct graphs. The linear regression was used to determine the relationship between the photosynthetic rate (Pn) with chlorophyll SPAD values, leaf area, grain yield, biomass dry matter, and other photosynthetic activities (i.e., Tr, Co2 and gs). The relationship of Pn was also tested with leaf chlorophyll florescence parameters (i.e., Fv/Fm, ϕPSII, qp, NPQ and ETR), Rubisco activity, and soluble protein of the soybean crop (Ahmad et al., 2022b).




3 Results


3.1 Growth indices

Intercropping without fertilizer application showed lower trends in the growth indices of soybean crops such as stem diameter (mm), plant height (cm), stem strength (g pot-1), and leaf area (cm2) (Table 1). However, with fertilizer application, intercropping showed significant (p< 0.05) improvement in these indices of the soybean crop. Under intercropping, the soybean plant height was 57, 62, 60, 66, and 79 cm in F0, F1, F2, F3, and F4 treatment, respectively whereas the respective stem diameters were 11, 12, 13, 12, and 14 mm. The stem strength for these plants was noted as 362 g pot-1 (F0), 376 g pot-1 (F1), 394 g pot-1 (F2), 388 g pot-1 (F3), and 426 g pot-1 with respective leaf areas of 255, 270, 287, 285 and 302 cm2. Nevertheless, it was observed that intercropping with fertilizer application reduced the internode length of the soybean by 9, 6, 4, 5, and 2% in F0, F1, F2, F3, and F4 treatment, respectively.


Table 1 | Growth indices of soybean crop as influenced by different fertilizer application and planting patterns.





3.2 Yield indices and biomass dry matter

Shading of soybean by maize under maize-soybean intercropping without fertilizer applications resulted in a significant (p< 0.05) decrease in the yield indices and biomass dry matter (g plant-1) of the soybean crop (Table 2). However, the indices increased when intercropping was practiced with fertilizer application. For instance, an 8% reduction in pods plant-1 was noted in F0 compared to increases of 15, 13, 11, and 22% that were noted for F1, F2, F3, and F4, respectively. Similarly, compared with F1, F2, F3, and F4 in which 10, 7, 5, and 16% increases in grain yield (g plant-1) were noted, respectively, the yield in F0 decreased by 13%. A comparable trend was noted for 100 seeds weight (g), with a decrease of 7% in F0 and increases of 12, 8, 7, and 19% in F1, F2, F3, and F4, respectively. Similarly, for biomass dry matter (g plant-1), with exception of F0 where a decrease of 11% was recorded, intercropping with fertilizer resulted in 10, 9, 6, and 17% increase in F1, F2, F3, and F4, respectively. With exception of F4 which had a land equivalent ratio greater than one (1.03), the other treatments recorded values below one ranging from 0.86 in F0 to 0.96 in F2.


Table 2 | Yield indices and biomass dry matter of soybean crop as influenced by different fertilizer application and planting patterns.





3.3 Chlorophyll content and photosynthetic activities

Intercropping without fertilizer application reduced the chlorophyll and photosynthetic activities of the soybean crop, but these indices increased significantly (p< 0.05) though marginally when intercropping was practiced with fertilizer application (Figure 3). For instance, under F0, intercropping resulted in reduced chlorophyll SPAD values of soybean crop by 4%, and increases of 9, 17, 14, and 26% in F1, F2, F3, and F4 treatment, respectively. Similarly, intercropping decreased the Pn (µmol CO2 m-2 s-1) of soybean by 7% in F0, but increased it by 13, 19, 14, and 30% in F1, F2, F3, and F4 treatment, respectively. Moreover, despite gs (mol H2O m-2 s-1) increasing by 11, 20, 16, and 28% in F1, F2, F3, and F4 treatment, respectively, a decrease of 6% was noted in the F0 treatment. Likewise, intercropping decreased the Tr (µmol H2O m-2 s-1) by 9% in F0, with increases of 16, 20, 18, and 28% being recorded for F1, F2, F3, and F4, respectively. In contrast, intercropping reduced the CO2 (mol CO2 mol-1) of soybean in all treatments in a decreasing order of 11% (F0)< 8% (F1)< 5% (F2)< 4% (F3)< 2% (F4).




Figure 3 | Chlorophyll SPAD values (A), Pn (B); gs (C), CO2 (D), and Tr (E) of soybean crop under different planting patterns such as SM; soybean mono-cropping, SI; soybean intercropping and fertilizer application treatments such as F0; without fertilizer application, F1; nitrogen fertilizer application, F2; nitrogen fertilizer with foliar application of iron, F3; nitrogen fertilizer with foliar application of molybdenum, F4; nitrogen fertilizer with foliar application of iron and molybdenum). Pn; photosynthetic rate, gs; stomatal conductance, CO2; intercellular carbon dioxide and Tr; transpiration rate). The column bars with dissimilar lowercase letters are significantly different from each other as per the LSD test (p< 0.05).





3.4 Chlorophyll fluorescence

The chlorophyll fluorescence parameters (i.e., Fv/Fm, qp, ϕPSII, ETR, and NPQ) varied significantly (p< 0.05) among the intercropping systems and fertilizer application regimes (Figure 4). That is, they decreased under intercropping without fertilizer application but increased with fertilizer application. In F0 treatment, a decrease of 4% was recorded for Fv/Fm whereas increases of 11, 12, 7, and 21% were noted in F1, F2, F3, and F4 treatment, respectively. Based on the qp, intercropping without fertilizer application (F0) resulted in a 5% decrease as opposed to increases of 10, 12, 9, and 17% that were noted in treatments that received fertilizer, i.e. F1, F2, F3, and F4, respectively. Congruently, there were respective increases in ϕPSII of 9, 12, 8, and 20% in comparison with a 6% reduction for F0. In addition, intercropping without fertilizer application (F0) resulted in a 4% decrease in ETR whereas with the integration of fertilizer, the parameter increased by 9, 13, 8, and 17% in F1, F2, F3, and F4, respectively. In contrast, NPQ increased by 16% in F0, and decreased under fertilizer application by 4% (F1), 8% (F2), 5% (F3) and 12% (F4).




Figure 4 | Leaf chlorophyll fluorescence parameters such as Fv/Fm; maximum fluorescence (A), ϕPSII; efficiency of the photosystem (B), qp; photochemical quenching (C), NPQ; non-photochemical quenching (D), ETR; electron transport rate (E) of soybean crop under different planting patterns such as SM; soybean mono-cropping, SI; soybean intercropping and fertilizer application treatments such as F0; without fertilizer application, F1; nitrogen fertilizer application, F2; nitrogen fertilizer with foliar application of iron, F3; nitrogen fertilizer with foliar application of molybdenum, F4; nitrogen fertilizer with foliar application of iron and molybdenum. The column bars with dissimilar lowercase letters are significantly different from each other as per the LSD test (p< 0.05).





3.5 Rubisco activity and soluble protein

Maize-soybean intercropping practiced without fertilizer application resulted in significant (p< 0.05) lower rubisco activity (U g-1 plant-1) and soluble protein (U g-1 plant-1) of soybean crop compared to when the crops were boosted with fertilizer (Figure 5). For instance, the rubisco activity in F0 was reduced by 4% and increased by 10% in F1, 14% in F2, 9% in F3, and 18% in F4. Similarly, there was a 4% decrease in the soluble protein of soybean in F0 treatment, and increases of 11, 13, 10, and 18% in F1, F2, F3, and F4, respectively.




Figure 5 | Rubisco activity (A) and soluble protein (B) of soybean crop under different planting patterns such as SM; soybean mono-cropping, SI; soybean intercropping and fertilizer application treatments such as F0; without fertilizer application, F1; nitrogen fertilizer application, F2; nitrogen fertilizer with foliar application of iron, F3; nitrogen fertilizer with foliar application of molybdenum, F4; nitrogen fertilizer with foliar application of iron and molybdenum. The column bars with dissimilar lowercase letters are significantly different from each other as per the LSD test (p< 0.05).





3.6 Liner regression

The linear regression analysis showed that Pn had strong correlations with chlorophyll, LA, grain yield, and biomass dry matter (Figure 6). With exception of NPQ and CO2 where Pn had negative correlations, it indicated significant and strong associations with Tr, gs, rubisco, soluble protein, and leaf chlorophyll fluorescence parameters such as Fv/Fm, ϕPSII, qp, and ETR (Figures 7–9).




Figure 6 | Linear regression of photosynthetic rate (Pn), with chlorophyll content (Chl) (A), leaf area (LA) (B), grain yield (GY) (C), and biomass dry matter (BDM) (D) of the soybean crop.






Figure 7 | Linear regression of photosynthetic rate (Pn) with transpiration rate (Tr) (A), intercellular carbon dioxide (CO2) (B), and stomatal conductance (gs) (C).






Figure 8 | Linear regression of photosynthetic rate (Pn) with maximum fluorescence (Fv/Fm) (A), efficiency of photosystem (ϕPSII) (B), photochemical quenching (qp) (C), non-photochemical quenching (NPQ) (D), and electron transport rate (ETR) (E).






Figure 9 | Linear regression of Pn with Rubisco activity (A) and soluble protein (B) of soybean crop.






4 Discussion

Shade is the most common abiotic stress, which adversely affects the physiological and agronomic traits of plants. Under a maize-soybean intercropping environment, the shading of maize crops restricts the growth of soybean crop mainly by changing the direction or blocking the direct solar radiation, which in turn reduce the chlorophyll, photosynthetic activities, growth indices, enzymes, and ultimately its yield (Jiao et al., 2013; Hussain et al., 2021). However, these negative effects of shading can be effectively reduced with optimal fertilization of nutrient elements particularly N, Fe, and Mo. Nitrogen is an important element for plant growth and devolvement, because of its direct involvement in the plant amino acid (the building block of plant protein), nucleic acid (forms plant DNA), and photosynthetic carbohydrates formation (Chen et al., 2017). Iron on the other side plays an important role in plant chlorophyll and photosynthesis, which gives plant oxygen and healthy green color (Wang et al., 2017; Nasar et al., 2022). This is why iron deficient plant shows chlorosis or a silky yellow color on their leaves, thus making iron a crucial element for plant growth and development. Molybdenum (Mo) is an essential micronutrient for plant photosynthetic process because of its key role in the chlorophyll biosynthesis pathway, chloroplast ultrastructure, and configuration (Togay et al., 2015; Imran et al., 2019). It also forms an important component of nitrate reductase, nitrogenase, and leghemoglobin, which improve the nutritional value of the crop resulting in better growth and yield production (Wang et al., 2017; Oliveira et al., 2022). Previous studies have focused on the effect of N, Fe, and Mo on the growth and yield of soybean crops (Gai et al., 2017; Gülser et al., 2019; Oliveira et al., 2022). However, the combined effect of these elements on the soybean crop under intercropping environment has not been reported so far.

The present study demonstrated that maize-soybean intercropping without fertilization (treatment F0) resulted in weak physio-agronomic efficiency of the soybean crop. However, these indices were improved under fertilizer application treatments (i.e., F1, F2, F3, and F4), but the F4 treatment showed promising results. The low agronomic traits of the soybean crop in the intercropping under F0 treatment could be attributed to the strong shading effect of the maize crop as reported earlier (Hussain et al., 2021; Cheng et al., 2022). However, the improvement in these traits in the intercropping under other treatments (i.e., F1, F2, F3, and F4) could be linked to the application of N, Fe, and Mo, which help plants retain their growth under stress environment (Gai et al., 2017; Gülser et al., 2019; Seleiman et al., 2021; Mirriam et al., 2022; Oliveira et al., 2022). As previously reported, shading of maize in maize-soybean intercropping had negatively affected the canopy structure and stem characteristics, which resulted in lower physio-agronomic performances of soybean crop (Cheng et al., 2022). In another study, the lower component yield and weak growth of soybean crop were mainly because of soybean lodging due to the shade of maize in maize-soybean intercropping (Hussain et al., 2021). However, soybean retains its growth and yield under different environmental stresses when fertilized with optimal fertilizer application of N, P, Fe, and Mo (Gai et al., 2017; Gülser et al., 2019; Seleiman et al., 2021; Mirriam et al., 2022; Oliveira et al., 2022).

The leaf area is the key source of carbon assimilation and light interception while chlorophyll is an important pigment involved in not only the absorbance of solar energy but also in its transmission and conversion into electrochemical energy. The current study reported low leaf area and decreased SPAD values of the soybean crop in intercropping under F0 treatments, which could be ascribed to increased shade under stress (Wu et al., 2017). However, under fertilizer application (i.e., F1, F2, F3, and F4) intercropping significantly increased the leaf area and SPAD values of the soybean crop, but the F4 treatment was more evident. The increase in leaf area is mainly linked with higher chlorophyll content and net photosynthetic rate. Equally, the study demonstrated a significant improvement in the photosynthetic activities (i.e., Pn, gs, and Tr) of the soybean crop in the intercropping at F1, F2, F3, and F4 treatment as compared to F0 treatment. These results are supported by the previous reports of Razaq et al. (2017), who stated that the shade of maize in maize-soybean intercropping causes a significant decrease in the chlorophyll SPAD, photosynthetic activities, and ultimately its yield, but under nitrogen fertilization, these indices improved to a certain extent. Iron foliar application is also shown to improve the photosystem I and photosystem II function of soybean crop under different stress environments (Jiang et al., 2007), which confirmed our results. In another study, molybdenum foliar application has been shown to improve the shade tolerance of soybean crop by regulating its chlorophyll, photosynthetic, and rubisco activities under maize-soybean intercropping (Oliveira et al., 2022).

The improved photosynthetic activities are directly associated with increased leaf area in response to N, Fe, and Mo application. This resulted in an improved light interception and subsequently higher carbon assimilation rates which agree with earlier findings (Wang et al., 2017; Nasar et al., 2021; Oliveira et al., 2022). In addition, as reported by Wang et al. (2017), the increase in photosynthetic activities could as well be linked with the upregulation of light-harvesting genes in photosystem II that improved net photosynthesis. Hussain et al. (2021) also reported that the increased leaf area of the soybean crop has significantly increased the photosynthetic activities of the soybean crop under maize-soybean intercropping, particularly under titanium application. These results are also in line with those of Derviş et al. (2018), who reported that the improved chlorophyll and photosynthetic activities are directly associated with an increase in leaf area. Moreover, the application of nitrogen, iron, and molybdenum application either alone or in combination are also reported earlier to increase the leaf area of the plant, thereby improving the chlorophyll and photosynthetic activities of the plant, which ultimately leads to higher crop yield (Vagusevičienė et al., 2013; Wang et al., 2017; Imran et al., 2019).

Changes in the photosynthetic capacity accompany a high quantity of changes in chlorophyll fluorescence parameters (i.e., Fv/Fm, øPSII, qp, and ETR) (Yao et al., 2017). Fv/Fm is used to measure the original light energy conversion efficiency of PSII in plant leaves. qp reflects the light energy absorbed and NPQ reflects the light energy dissipated in the form of heat whether the light energy is absorbed by PSII antenna pigment. This in turn is used to measure photosynthetic electron transfer (ETR) (Zhang et al., 2020; Tadmor et al., 2021; Martín-Clemente et al., 2022). Under environmental stress, the Fv/Fm, øPSII, qp, and ETR decreased and the NPQ increased, indicating that the ability of PS II to use light energy decreased, resulting in low electron transfer efficiency of carbon fixation, and the excess light energy lost in the form of heat dissipation.

The current study demonstrated that intercropping under F0 treatment reduced the Fv/Fm, øPSII, qp, and ETR, and increased the NPQ of the soybean crop. However, these indices of soybean crop under intercropping were increased in F1, F2, F3, and F4 treatments, but the F4 treatments showed more prominent results. The decreased leaf chlorophyll fluorescence parameters of soybean crops were due to the lower photosynthetic activities caused by the strong shading of maize crops in intercropping (Wang et al., 2017; Peng et al., 2021; Oliveira et al., 2022). However, the increase in leaf chlorophyll fluorescence parameters could be due to fertilizer application (i.e., N, Fe, and Mo). As reported earlier, nitrogen improves the photosynthetic activities and chlorophyll fluorescence of plants, because of its direct involvement in the component of chlorophyll content, enzyme content, and enzymatic activity (Qi et al., 2021). On the other hand, Fe is a key component of the ribulose 1,5 bisphosphate carboxylase/oxygenase, which is a key enzyme involved in plant photosynthesis (Wang et al., 2017) with Mo being directly or indirectly involved in the chlorophyll biosynthesis, chloroplast ultrastructure and rubisco enzymes (Imran et al., 2019). Rubisco is the predominant key enzyme protein involved in plant photosynthesis, contributing up to 20–30% of total leaf nitrogen and 50% of the total soluble leaf proteins (1st primary source) (Lin et al., 2022). However, under environmental stress, plants showed a decrease in the rubisco enzymes, which causes a decline in the photosynthetic activities and soluble protein in plant leaves, thereby decreasing its yield (Feller, 2016; Shao et al., 2021; Rahimi et al., 2022; Taylor et al., 2022).

The study clearly shows that intercropping reduced the soluble protein content and rubisco activity of soybean at F0 treatment. However, the soluble protein and rubisco activity of intercropping soybean were significantly improved in F1< F3< F2< F4. The decrease in the Rubisco and soluble protein is linked to the shading effect under intercropping environment. However, the increase in rubisco activity and soluble protein could be due to the fertilizer application of N, Fe, and Mo as confirmed previously (Gai et al., 2017; Gülser et al., 2019; Oliveira et al., 2022). Taking together, the findings of this study suggested that optimal nitrogen fertilization combined with adequate foliar application of Fe and Mo can help improve the shade tolerance of soybean crops in maize-soybean intercropping by improving the chlorophyll, photosynthetic activities, and the associated enzyme, thereby enhancing its growth and yield.



5 Conclusions

Nitrogen fertilization combined with foliar application of iron and molybdenum compensated the shade induce lax growth by enhancing soybean agronomic parameters such as stem strength, stem diameter, and biomass dry matter in maize-soybean intercropping. The same fertilizers combination improved photosynthetic activities, chlorophyll content, and chlorophyll fluorescence of soybean crops by expanding leaf area and regulating the key enzymes and protein that had been damaged by shade stress under maize-soybean intercropping. As a result, nitrogen fertilization combined with foliar application of iron and molybdenum increases soybean yield under maize-soybean intercropping by up to 16 percent and therefore it’s worthy of being adopted by soybean growers.
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Nitrogen (N) is an important macro-nutrient required for crop production and is considered an important commodity for agricultural systems. Urea is a vital source of N that is used widely across the globe to meet crop N requirements. However, N applied in the form of urea is mostly lost in soil, posing serious economic and environmental issues. Therefore, different approaches such as the application of urea coated with different substances are used worldwide to reduce N losses. Urea coating is considered an imperative approach to enhance crop production and reduce the corresponding nitrogen losses along with its impact on the environment. In addition, given the serious food security challenges in meeting the current and future demands for food, the best agricultural management strategy to enhance food production have led to methods that involve coating urea with different nutrients such as sulfur (S) and zinc (Zn). Coated urea has a slow-release mechanism and remains in the soil for a longer period to meet the demand of crop plants and increases nitrogen use efficiency, growth, yield, and grain quality. These nutrient-coated urea reduce nitrogen losses (volatilization, leaching, and N2O) and save the environment from degradation. Sulfur and zinc-coated urea also reduce nutrient deficiencies and have synergetic effects with other macro and micronutrients in the crop. This study discusses the dynamics of sulfur and zinc-coated urea in soil, their impact on crop production, nitrogen use efficiency (NUE), the residual and toxic effects of coated urea, and the constraints of adopting coated fertilizers. Additionally, we also shed light on agronomic and molecular approaches to enhance NUE for better crop productivity to meet food security challenges.

KEYWORDS
 coated urea, growth, photosynthesis, nitrogen use effiency, nitrogen loss


Introduction

The rate at which the global population is growing is posing a serious threat to food security (He et al., 2021). By 2050, the population is predicted to exceed 9.2 billion people (Silva, 2018), resulting in a 60–102% rise in food consumption (Elferink and Schierhorn, 2016). Currently, agricultural nitrogen utilization has already exceeded its “sustainable” level, calling for efficient nitrogen usage; however, that alone does not address the need for increasing agricultural production required by a growing population (He et al., 2021). On the other hand, continuous water shortage, labor scarcity, nutrient mining, and loss of soil fertility are significantly reducing agricultural production across the globe (Shivay et al., 2019; Mohammed et al., 2020).

Nitrogen plays a pivotal role in many physiological processes, grain quality, and biomass production (Anas et al., 2020). It plays a vital role in forming chlorophyll, proteides and proteins, and other essential compounds like plant hormones; however, plants are inefficient in the acquisition and utilization of applied nitrogen (Tiong et al., 2021). Additionally, the application of conventional urea is also not so efficient leading to excessive nitrogen loss from the soil. Therefore, farmers use enormous amounts of N to boost crop productivity which is not just undesirable but leads to many environmental problems (Elferink and Schierhorn, 2016). Excessive use of nitrogen (N) fertilizers causes soil acidification and groundwater pollution by water eutrophication, which also increases greenhouse gas emissions (Mohanty et al., 2020). Therefore, there is an urgent need to adopt an efficient N management approach such as nutrient-coated urea which increases nitrogen use efficiency (NUE), crop quality, and yield (Prasad and Hobbs, 2018).

The coating technology is designed for the slow release of the nutritional content of fertilizers and synchronization of their release rate with the nutritional demand of the plants. The characteristics of the gradual release of nitrogen contents can be physically imparted to the urea by coating its granules with various materials which delay its dissolution rate (Naz and Sulaiman, 2016; Ullah et al., 2020; Badshah et al., 2021; Al-Nemi et al., 2022). Coated fertilizer (Figure 1) is believed to be the best solution under the current scenario to deliver nutrients to crops for enhancing their productivity, reducing nutrient losses, and minimizing the subsequent impact on the environment (Shivay et al., 2019; Shah et al., 2022). Nutrient-coated urea behaves as a slow-release fertilizer as the thin nutrient layer that is applied over the urea granules hydrolyzes slowly and remains in the soil for a longer period, which in turn improves crop productivity and efficient nutrient use. Moreover, coated urea also improves nitrogen availability along with other macro and micronutrients that are vital for crop growth and development (Khan et al., 2015). Different coated fertilizers are currently available in local markets, but in this review, our main focus is on sulfur and zinc-coated urea.


[image: Figure 1]
FIGURE 1
 Graphical presentation of coated urea preparation. The urea is mixed with matter to be coated and allowed to cool and dry to obtain coated urea.


Sulfur is a fundamental element required for nitrogen metabolism and protein synthesis and is mandatory for many enzymatic and metabolic activities including plant defense mechanism systems against biotic or abiotic stress (Khan et al., 2014; Yu et al., 2018; Tavanti et al., 2021). The application of S-coated urea substantially improves crop growth, development, and yield compared to uncoated urea (Xin et al., 2017; Shivay et al., 2019). Sulfur-coated urea (SCU) boosts root growth by increasing its diameter and length which further helps in increasing nutrient uptake (Timilsena et al., 2015), and plays a part in dry matter assimilation (Haseeb-ur-Rehman et al., 2022). It also improved the availability of nitrogen (N), phosphorus (P), potassium (K), and zinc (Zn) (Najafian and Zahedifar, 2015), and improved chlorophyll content and photosynthetic efficiency (Awais et al., 2015). SCU augments the gradual release of nitrogen leading to a reduction in nitrogen leaching and volatilization, thereby increasing nitrogen use efficiency (Ke et al., 2018).

Zinc is an essential element for optimum plant growth and plays an important function in metabolism. It is necessary for the proper functioning of various physiological functions in plants, including photosynthesis and sugar generation, fertilization and seed production, growth regulation, and disease resistance (Hassan et al., 2020). Zinc stimulates enzymes involved in the creation of certain proteins. It aids the plant's ability to survive low temperatures by assisting in the creation of chlorophyll and certain carbohydrates, as well as the conversion of starch to sugar (Chattha et al., 2017; Hassan et al., 2019; Suganya et al., 2020; Hassan M. U. et al., 2021). Zinc-coated urea is a source of sufficient nutrients (Zn and N) that meet the initial requirements of growing plants (Qureshi et al., 2021; Beig et al., 2022). By boosting plant physiology and metabolism, zinc-coated urea (ZnCU) has the potential to provide a long-term enhancement in agricultural productivity (Figure 2) and quality (Ain et al., 2020; Hassan M. et al., 2021; Rehman et al., 2021). Zinc-coated urea increases zinc concentration in rice and wheat grains, resulting in higher crop quality (Irshad et al., 2021).


[image: Figure 2]
FIGURE 2
 Benefits of coated urea. Urea coating reduces leaching and volatilization losses, improves grain yield, reduces the costs of fertilizer application, and increases nutrient absorption and nutrient availability in the soil.


The controlled release mechanism of nitrogenous fertilizers prevents N losses in plants, and the urea coated with compatible compounds is beneficial for the slow distribution of nitrogen and enhancement of NUE in plants. In this review, we focused on nutrient-coated urea, crop performance, their dynamics in soil, toxicity, and the deficiency of zinc and sulfur in plants, exploring agronomic and molecular approaches interlinked with sulfur and zinc-coated urea that enhance NUE and crop production.



Role of zinc and sulfur in plant biology

Sulfur and zinc are imperative nutrients required for plant growth and development. Sulfur contributes to the production of various metabolites, which in turn improve plant performance in terms of growth and productivity (Gigolashvili and Kopriva, 2014). Moreover, sulfur also plays a significant role in the electron transport chain and improves plant resistance to stressed conditions (Hell et al., 2010). Sulfur and nitrogen have the same assimilation pathway and S-containing metabolites are crucial to the photosynthetic process (Mazid et al., 2011). Zinc plays a significant role in physiological functions and it is necessary for the maintenance of protein structure functions, synthesis, enzyme structure, gene expression, energy production, carbohydrate metabolism, auxin metabolism, Krebs cycle, and photosynthesis (Nadeem et al., 2020). Moreover, Zn also protects against abiotic stresses and substantially improves crop productivity and quality (Nadeem et al., 2020).



Effect of zinc and sulfur-coated urea on photosynthesis

When sulfur absorption is reduced from 2,500 to around 500 (g g−1) dry weight; the rate of photosynthetic CO2 uptake from intact leaves, cyclic and non-cyclic photo-phosphorylation of isolated chloroplasts is significantly disrupted. The photosynthetic efficiency in plants is drastically reduced under S deficiency as sulfur is involved in the production of chlorophyll content (Figure 2) which has a direct impact on the rate of photosynthesis (Abadie and Tcherkez, 2019). Sulfur also protects the plant from oxidative stress and thereby improves the plant's performance under stressed conditions. Sulfur-containing proteins play a significant role in photosynthesis, carbon metabolism, and subsequent production of assimilates (Hooghe et al., 2013). The chlorophyll content can be reduced up to 39–65% in the event of S deficiency (Padhi et al., 2013) due to the accumulation of sugars in plant roots being increased by sulfur uptake (Abadie and Tcherkez, 2019). Sulfur inhibits several metabolic activities, including the bruising of chlorophyll membranes, the loss of pigments from cells, and the breakdown of chlorophyll, which results in diminished photosynthesis (Padhi et al., 2013).

Chlorophyll content, photosynthesis, and respiration rate along with carbonic anhydrase activity increase with zinc application. A small amount of zinc concentration of 13–14 g/g dry weight is required for optimum photosynthesis and chlorophyll production (Raza et al., 2018). Zinc is also involved in the production of chlorophyll content by regulating the amounts of specific nutrients in the cytoplasm (Aravind and Prasad, 2004, 2005). Zinc deficiency in plants results in disrupted photosynthesis due to changes in chloroplast structure and pigments (Kosesakal and Unal, 2009). It sustains the chlorophyll levels and is vital for maintaining chloroplast structure in plants (Chen et al., 2007).



Effect of zinc and sulfur-coated urea on protein synthesis

Methionine, homocysteine, cysteine, and taurine are the four main sulfur-containing amino acids. Amino acids regulate protein metabolism, and protein synthesis is significantly altered when there is a deficiency of sulfur-containing amino acids (David et al., 2016). They also regulate nutrient metabolism (Shigi et al., 2021). Methionine, a component of many proteins, is important in DNA and RNA synthesis and serves as a methyl group donor. Several sulfur-containing nucleosides consist of the derivatives of 2-thiocytidine (s2C), 2-thiouridine (s2U), 4-thiouridine (s4U), and 2-methylthioadenosine (ms2A), which ensure sulfur availability in each biosynthetic channel (Shigi, 2014). Intracellular antioxidants glutathione and N-acetyl cysteine are produced by sulfur amino acids which are involved in the antioxidant defense mechanism (Colovic et al., 2018). Cysteine also forms a disulfide bond which plays a pivotal role in protein-folding pathways and protein structure (Brosnan and Brosnan, 2006). Sulfur increases the uptake of P (phosphorus) and N (nitrogen) during seed formation; moreover, it is an integral part of nucleic acid and protein synthesis (Shigi et al., 2021).

Zinc fingers (small protein structured motif) allow enzymes to act as a template for the production of a specific protein by transcribing a second genetic division from DNA to RNA. They have a wide range of functions, including DNA recognition, RNA packaging, transcriptional activation, apoptosis regulation, protein folding and assembly, and lipid binding. In addition, Zn catalyzes numerous enzymatic actions and helps keep protein sub-domains folded (McDonald et al., 2000). It is essential for the tetrahedral bonding of particular genes for the transcription of protein. As a result, a loop of 11-13 A.A. (amino acids) forms DNA-metalloproteins, which are then used as a DNA expression in the protein translation process with the help of Zn (McDonald et al., 2000). Zinc is a component of ribosomes and is responsible for protein synthesis. McDonald et al. (2000) found ribosomal disintegration in the absence of Zn. Moreover, Zn deficiency is the most common cause of protein synthesis inhibition, resulting in lower amounts of ribonucleic (RNA) acid and reduced plant growth (Krishna et al., 2020).



Effect of zinc and sulfur-coated urea on growth and development

Sulfur is an indispensable element for plant growth and development. It has been identified as a key nutrient that improves crop growth and quality (Table 1). Enough sulfur is required for plant functions and is critical for optimal crop performance (Marschner, 2012). It is taken up by the plant in the form of sulfate, which is absorbed by the roots or shoots. Sulfur deficiency lowers the concentration and activity of the ribulose-I,5-bisphosphate carboxylase/oxygenase (Rubisco) enzyme resulting in a substantial reduction in photosynthesis (Makino, 2003) which causes a significant decrease in plant growth, development and grain production (Chan et al., 2019). Sulfur protects plants from diseases in their reproductive stage—the period when plants are more vulnerable to sulfur deficiency. Sulfur deficiency reduces protein quality and many secondary metabolites involved in plant developmental mechanisms (Saleem et al., 2019).


TABLE 1 Effect of sulfur-coated urea on growth, physiology, and yield attributes.
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Zinc is an essential component of several enzymes, which are responsible for a variety of metabolic reactions in all crops. It is also necessary to produce tryptophan, a precursor to IAA and a growth-promoting substance (Cabot et al., 2019). It is involved in cell division, cell proliferation, pollen production, and disease resistance, thus, influencing crop yield (Vadlamodi et al., 2020). Zinc deficiency can delay plant growth, shorten crop maturation time, produce spikelet sterility, and diminish harvest product quality (Suganya et al., 2020). Zinc in plants promotes leaf development, flowering, and production of gibberellin and trehalose 6-phosphate (signaling chemicals), as well as regulating the vegetative growth stage (Gonzalez et al., 2012). Pollen generating capacity, anther, and pollen grain size along with their viability are decreased under low Zn supply (Rudani et al., 2018).



Effect of zinc and sulfur-coated urea on assimilate partitioning

Accumulation of photosynthates in grains is the end product of photosynthetic activity. Carbon dioxide assimilation, sugar generation, nitrogen fixation (Table 2), and protein formation all require sulfur (Ali et al., 2013). Sulfur positively influences dry matter accumulation because it involves photosynthates partitioning from source to sink, resulting in a significant improvement in grain production (Rani et al., 2009). It also helps in glucose translocation to the reproductive segments of plants (Sahoo et al., 2018). Sulfur deficiency in oilseeds during early growth stages limits plant growth resulting in lowering biomass production. Ahmad et al. (2005) found that plants uptake and store sulfur and use it in their developmental and physiological processes; besides, sulfur has a synergistic effect with N, P, and K, which increase the biological yield in crops (Chen et al., 2010).


TABLE 2 Effect of zinc-coated urea on growth, physiology, and yield attributes.
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Zinc plays a chief role in assimilating portioning and its moderate applications (3.3–4.4 kg ha−1) can increase nutrient uptake and biomass production (Shrestha et al., 2020). Zinc deficiency reduces sucrose content in sugar, beet, and maize (Rengel and Pearson, 1997) and decreases assimilate partitioning toward reproductive parts, resulting in a decrease in crop output. Zinc insufficiency also affects carbohydrate transport and grain sucrose availability (Song et al., 2015), in addition to lowering carbonic anhydrase activity, which prevents CO2/HCO3 transport in the leaf mesophyll for photosynthetic CO2 fixation and in turn impairs photosynthetic rate and lowers biomass accumulation (Siddiqui et al., 2015). Toxic Zn levels hinder root sinking force and reduce assimilate translation by inhibiting root development and slightly expanding shoot growth (Gupta et al., 2016). The flow of photo assimilates, especially Zn, into grains (the sink) is governed by the source-sink connection throughout the grain-filling stage, and Zn-coated urea also stimulates Zn flow from source to sink (Chen et al., 2020). Sink capacity and strength are determined by the number and size of grains, as well as their ability to absorb Zn from source organs. The concentration of Zn in grains sinking presently varies between 20 and 35 mg/kg globally (Chen et al., 2020).



Dynamics of nutrient-coated urea in soil

To cope with the food security challenges, farmers have utilized extensive application of chemical fertilizers to increase crop yields in recent years (Qiao et al., 2016). Urea is a basic synthetic fertilizer that is regarded as a primary source of plant nutrition (Trenkel, 2010). Conventional urea has less NUE because most of the nitrogen is wasted in denitrification, volatilization, and leaching, which is harmful to the environment and has led to agro-ecological issues (Naz et al., 2014). Therefore, the best nitrogen management technique needs to reduce nitrogen losses in the agriculture sector and maximize the efficient use of nitrogen for sustainable agricultural development (Lu et al., 2010). Controlled release urea (CRU) or nutrient-coated urea is less soluble due to the coating on the urea granules that progressively release (Table 3) the fertilizer and makes it ideal for crop synchronization (Trenkel, 2010). It increases crop production while reducing nutrient losses to the environment. Controlled release fertilizers (CRFs) have been extensively explored to make them safer and more cost-effective. They keep nutrients in the soil for the longest possible time and increase NUE by 20–30% (Cong et al., 2010). Nutrient-coated fertilizers also improve water efficiency, soil water retention capacity, soil texture and structure, and ultimately, soil quality (Fashola et al., 2006). As urease inhibitors, the usage of environmentally acceptable coated urea and micronutrients can be advantageous as a two-in-one solution. They can temporarily reduce urease activity in the soil and function as a vital nutrient for plants and the soil. These materials are easily available, biodegradable, and inexpensive. The use of natural materials as an adhesive maintains nitrogen and micronutrients on the microsite together. As a result, the urease inhibitory and acidifying properties of natural materials control the rise in pH and urea concentration on the applied soil surface. To minimize nitrogen loss (Table 4) and improve urea efficiency, urea can be coated with sulfur, urease inhibitors, or other biodegradable compounds (Shaviv, 2001). Urease inhibitors (agrotain) are chemicals that limit the action of the urease enzyme in soil and slow down the urea hydrolysis process. The efficacy of these coated fertilizers varies significantly depending on land use, soil type, and soil moisture regime (Bolan et al., 2004). Sulfur-coated (SCU) has a projected release timing ranging between 45 and 180 d; however, the greatest impact on SCU's N release comes from temperature as the rate of diffusion doubles for about every 10°C increase (Hopkins, 2020). Fertilizer-related concerns such as leaf burning, water pollution, and eutrophication are minimized. Slow nutrient release reduces runoff and leaching losses by keeping available nutrient concentrations in soil solution at a lower level (Table 5). Alkaline soils with a lower pH provide improved nutrient absorption. Because both sulfur and urea contribute to raising soil acidity (dropping soil pH), applying sulfur-coated urea is likely to enhance soil acidity (Trenkel, 2010). Throughout all phases of plant growth, the nutrient release meets the crop's nutritional requirements. Using CRFs and SRFs at appropriate moments can meet the timely plant nutrient demand requirements, increase fertilizer usage efficiency, and reduce environmental issues.


TABLE 3 Profile of various coated urea in soil.
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TABLE 4 Reduction of ammonia volatilization, leaching, and nitrous oxide emissions by coated urea.
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TABLE 5 Application of coated urea to improve nitrogen use efficiency and yield of particular crops with specific coating %.
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Factors affecting nutrient-coated urea and their availability

Soil pH, alkalinity, poor soil organic matter (OM), water holding capacity of the soil, microbial activity, amount and forms of minerals in the soil, soil moisture content, and soil texture all influence the availability of nutrients to plants, particularly zinc and sulfur (Figure 3). Other parameters that impact the potential of zinc and sulfur-coated urea include temperature, humidity, and light intensity, as well as interactions among other nutrients.
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FIGURE 3
 Factors affecting the availability of coated urea in soil. Low temperatures, moisture content, and low light intensity reduces the availability of coated urea in soil.




Effect of soil pH on coated urea

Soil pH greatly influences the availability of plant nutrients by changing their forms. Low pH alleviates the macro and secondary macronutrients, however high pH reduces the availability of some micronutrients. Microbial activity may be diminished or altered in varying soil pH (Neina, 2019) as soil pH triggers the abundance and movement of S oxidizers in the soil (Zhao et al., 2015). The potential of S-coated urea is more pronounced in neutral soil pH and plants cannot uptake sulfur at lower soil pH. When sulfur is applied to the soil with low pH, the acidulated fertilizer lowers the percentage of nitrified N, which slows down the nitrification process and eventually stops as the pH drops below six. Urease activity picks up as the pH of the soil rises, peaking at a pH of 6.0–6.5 (Beig et al., 2020). The only cost-effective way to lower pH in the rhizosphere is to apply sulfur-coated urea to the soil (Akay et al., 2019). Soil pH also controls zinc mobility in soil (Sauvé et al., 2000; Smolders et al., 2004). Zinc solubility in soil declines 100-fold for each pH unit rise in soil and Zn availability reduces in high soil pH (Zhao et al., 2016). Rengel (2015) stated that the soil pH (more than 6.5) significantly reduces Zn availability to plants. A high deficiency of Zn was found in sandy soils compared to clayey soils (Suganya et al., 2020), though clay particles reduce the Zn uptake (Moreno-Lora and Delgado, 2020). In addition, Ain et al. (2020) reported that calcium carbonate concentration due to high Ca2+ ions in elevated soil pH fixes Zn in soil colloids that make Zn unavailable to the plants. Thus, plants uptake less Zn in calcareous soils (Iratkar et al., 2014). However, Moosa et al. (2021) reported that the exchangeability of zinc isotopes increases with increasing pH in the soil. In another study, zinc uptake is more in soil having high OM (Iratkar et al., 2014). The breakdown of soil organic matter, nutrient cycling, and efficiency of micro-fauna is reducibly observed in acidic soil by Madigan et al. (2010). Low total Zn concentration, high pH and calcite concentration, and organic matter content are the key factors that affect Zn availability in plants (Kihara et al., 2020). The quantity of Zn adsorption and desorption is strongly linked to soil pH (Bereket, 2018). Low pH inhibits zinc adsorption more in sandy soils than in soils rich in colloidal-size components (Moosa et al., 2021). Zinc-coated urea decreases the pH of the soil, thus, it increases zinc availability in the rhizosphere. Babar et al. (2018) observed the positive effect of Zn-coated urea in controlling the fluctuation of pH ranging from 6.0 to 6.5 in submerged paddy soils. Hence, Zn-coated urea as a mineral-coated fertilizer significantly maintains the soil pH around the optimal plant value of 6.5.



Effect of soil moisture content on availability of coated urea

The effect of soil water potential on the degradation of coating components, urea absorption, and/or diffusion of dissolved urea from the granules may alter the rate of urea release from SCU (Zhang et al., 2011). The rate of nitrogen release from SCU depends on the type of coating, coating thickness, soil moisture, and soil temperature (Halvorson et al., 2014), whereas water permeability alters the nutrient release dynamic of the coated urea (Irfan et al., 2018). The coated material in SCU expands as it comes into contact with the soil water and gets converted into a hydrogel. Water diffuses into the cross-linked coated network, allowing the soluble half of the fertilizer to be gently released into the soil (Remya et al., 2021).

High soil moisture content improves the availability of zinc-coated urea in the soil (Angle et al., 2003). The amount of nutrients released is related to the water vapor pressure and is regulated by the ion concentration of the liquid medium. The moisture found in lower layers of the soil develops a moisture gradient, which augments the soil microbial activities responsible for nitrification and denitrification processes of urea in the soil (Kuang et al., 2019). In addition, the highest nitrification process was observed with 60% pore spaces of soil filled with water (Jinuntuya-Nortman et al., 2008). While soil moisture has a substantial impact on the rate of nitrogen release from Zn-coated urea, more nitrogen is released when soil humidity rises (Irfan et al., 2018). The rate of nutrient release is proportional to soil water pressure. The influence of soil moisture on nutrient release patterns may be described by the effects of vapor migration; however, this does not appear to be consistent with a diffusion process in the liquid phase (Moosa et al., 2021).



Effect of microbial activity on availability of coated urea

Microbial activity in the soil has been identified as a key component influencing nitrogen (N) release from slow-release fertilizers. The N released from S-coated urea is mainly governed by the activity of soil microbes (Nardi et al., 2018). In addition, nitrogen release can be delayed by 6–8 weeks by reducing soil microbial populations (Nardi et al., 2018). Sulfur-coated urea is hydrolyzed by microbial ureases into ammonia and carbon dioxide (Rutherford, 2014). Microbes cannot perform efficiently in low soil water as their potential is reduced; therefore, nitrogen release from SCU is reduced (Moosa et al., 2021). Moreover, when the concentration of urea around soil microsites and soil pH increases due to the application of urea fertilizer, urease enzyme activity starts to hydrolyze the applied urea which eventually causes N losses (Watson, 2000; Krajewska, 2009). The SCU acts as a urease inhibitor, a possible N loss remedy because it inhibits the activity of the urease enzyme in the soil and reduces the rate of hydrolysis of urea in soil (Shaviv, 2001; Bolan et al., 2004).

Microorganisms in the soil play a significant role in the release of nitrogen in the soil (Morgan et al., 2009). The release pattern of coated urea is directly proportional to the microbial activity in soil (Gil-Ortiz et al., 2020). Soil microbes cause complete urea breakdown, allowing plants to absorb nitrogen, reducing nitrogen volatilization, and increasing zinc release from zinc-coated urea (Giroto et al., 2021). Bacteria convert nitrogen in the compound to nitrate, lowering soil pH and diminishing soil microbial diversity, which has a detrimental influence on the coated urea release pattern with zinc nanoparticles (Sadiq et al., 2021). Soil bacteria infiltrate the coating through fractures in the material and break down the urea granules; the microbial population alters the nutrient release and duration of zinc-coated urea fertilizer (Santos et al., 2018). The rate of breakdown of coated urea fertilizers containing Zn is mostly determined by soil temperature and density of soil microflora, and the duration is also determined by the activity of soil microbes (Yang et al., 2018). Zinc-coated urea reduces the rate of urea hydrolysis and serves as a urease inhibitor which increases crop growth and yield (Babar et al., 2018).



Environmental factors

Nitrogen is found in the form of ammonia (NH3), nitrous oxide (N2O), and nitrate (NO[image: image]) in the atmosphere. Nutrient-coated urea is one of the most effective ways to reduce environmental losses while also providing other nutrients that are coated on the urea to have a synergetic effect on the urea. Many environmental conditions, including light intensity, humidity, and temperature, have an impact on the dynamics of nutrient-coated urea. These environmental conditions affect nutrient requirements and availability in plants, and they are listed below:



Effect of light intensity on availability of coated urea

Sulfur concentration is badly affected by a high light intensity that reduces the plant biomass and accumulation of sulfur (Zenda et al., 2021). The ideal average light intensity is 30–40 micro Em−2, which does not deplete the concentration of sulfur. Higher light intensity boosts PSII activity, resulting in increased hydrogen production and a reduction in S concentration (Tatyana et al., 2004). Photo-degradation of SCU depends on the intensity and type of light (Gafoor et al., 2021). Light intensity has no direct effect on SCU efficiency, but it does reduce S absorption by plants, which has a negative impact on plant growth, quality, and NUE. Variations in light intensity may influence the rate of diffusion of SCU (Adams et al., 2013).

In contrast, zinc concentrations in plants are improved by high light intensity up to a certain point. As the light intensity rises from 200 to 3,000–4,000 foot-candle, zinc responses are enhanced; any further increase up to 11,000 foot-candle decreases zinc response (Baligar et al., 2006). When light intensity reaches near saturation point in photosynthesis, Zn reaction is at its peak. Due to Zn deficiency in crops, low light intensity limits root and shoot development (Edwards and Kamprath, 1974). Zinc-coated urea enhances pecan (a fruit having a single stone) growth and development by increasing photosynthesis and catching greater light intensity. Although low light intensity does not influence the release mechanism of Zn-coated urea, Zn absorption in plants is limited, which has a detrimental impact on plant development and production (Sadiq et al., 2021).



Effect of relative humidity on availability of coated urea

In general, the release of coated fertilizer increases with increasing soil humidity. Even if the soil moisture is below field capacity, the osmotic potential of high humidity in soil augments the release of dissolved nitrogen from coated material to soil media (Christianson, 1988). However, sulfur metabolite absorption is susceptible to high humidity that inhibits sulfate uptake and severely impairs photosynthesis in plants. Low vapor pressure deficit (VPD) affects the stomatal conductance, reduces S absorption, and thus, photosynthetic efficiency is lowered. Shivay et al. (2016) observed that the diffusion rate is maximum in low field capacity soil moisture. Humid conditions are required for the disintegration and transport of nitrogen from coated urea fertilizers outward as humidity lengthens the duration of SCU and alters the coating material's release process (Baboo and Manager, 2016).

Relative humidity reduces zinc concentrations in plants and limits the availability of other micronutrients (Cu, Fe) in green tea shoots (Sud et al., 1995). For instance, Muster et al. (2011) reported that Zn uptake is greatly affected by high temperatures in humid environments. High humidity contributes to accelerating the release of nitrogen from Zn-coated urea by increasing the amount of water retained at the soil surface (Giroto et al., 2021). Humidity affects soil temperature and water potential, reducing the efficiency of Zn-coated urea in soil and making it easier to solubilize the urea granules by adding water through coatings (Sadiq et al., 2021).



Effect of temperature on availability of coated urea

High temperature impairs photosynthesis, respiration, reproduction, and pollen development. Sulfur-coated urea is an emerging and efficient method to enhance plant defense mechanisms under heat stress conditions. Sulfur biomolecules ameliorate many negative impacts of environmental factors in plants (Ihsan et al., 2019). Nitrogen release from SCU fertilizers as diffusion rates is considerably boosted when sufficient moisture is available, moreover, its release is temperature dependent (Du et al., 2006; Morgan et al., 2009). For instance, high temperatures result in the early release of N from CRU fertilizer application in soil (Christianson, 1988). Similarly, Shivay et al. (2016) observed that temperature extremes reduced the longevity of all SCU products by altering the release mechanism of SCU along with soil characteristics such as soil moisture, temperature, and microbial activity.

Zinc intake and availability are restricted at high temperatures (Han et al., 2019), affecting chloroplast ultrastructure, its concentration, and chlorophyll fluorescence in zinc-deficient plants (Peck and McDonald, 2010). The use of nitrogen in combination with zinc, such as zinc-coated urea, minimizes the negative effects of high temperatures in plants to a certain extent (Raj et al., 2015). Heat stress in plants may be alleviated by providing Zn through Zn-coated urea, which boosts Zn levels in various plant sections; Zn increases ABA concentration, which in turn, strengthens the plant's defense system (Nazir et al., 2021). The kinetics of Zn-coated urea in the soil is altered by high temperatures, which has a detrimental impact on ZnCU efficiency (Nazir et al., 2021).

To minimize N loss in changing environmental conditions, controlled/slow-release fertilizers are specially designed that can sufficiently regulate the N requirement of crops during the growing season (Janke et al., 2022).



Interaction with other nutrients affects the availability of coated urea

The interaction between two or more nutrients could have a synergistic (positive), antagonistic (negative), or no influence on the availability and crop uptake of other nutrients but mostly interactions among the macronutrients represent synergistic results that enhance crop NUE (Aulakh and Malhi, 2004; Rietra et al., 2017). Likewise, studies found that the macronutrient K is an essential nutrient like S and Zn required for crop growth and development and could have a synergistic effect with S and Zn availability (Jones and Jacobsen, 2005).

Sulfur has an antagonistic relationship with potassium; hence potassium buildup depletes the sulfur content of plants. Sulfur should be used in conjunction with NPK, which is designed to provide agronomic bio-fortification (Klikocka and Marks, 2018). Sulfur and nitrogen have a synergetic effect, and because both nutrients are utilized in protein synthesis, a precise N:S ratio increases crop quality and production. At various levels, several interactions were discovered in the absorption of NO3 and SO4 in plants (Klikocka and Cybulska, 2014). Molybdenum molecules are comparable in size to sulfur and their concentration significantly increases in the presence of sulfur, while White et al. (2004) observed selenium replaces sulfur molecules in plant biology. Sulfur increases the content and availability of micronutrients such as Fe, Mn, Zn, and Cu. In high soil pH circumstances that limit sulfur concentrations or where sulfur contents are low, it is advisable to add sulfur-containing fertilizers or sulfur-coated urea (Klikocka and Marks, 2018). Zinc has a positive relationship with nitrogen and potassium, but antagonistic relationships with phosphorus, iron, calcium, and copper. They have a detrimental impact because these nutrients obstruct zinc absorption and transfer from roots to shoots in plants. For instance, Ca and Zn fight for adsorption sites on the soil surface and in the roots (Irfan et al., 2018). Mycorrhizal infection of roots was suppressed when P was increased by lowering zinc levels. Plants' zinc requirements are harmed by increased phosphorus deposition in their leaves (Shivay et al., 2008). Zinc-coated urea is a way to protect plants from boron toxicity (Irfan et al., 2018) and Zinc insufficiency boosts Fe and Mn concentrations in wet soils while zinc-copper interaction increases wheat production (Shivay et al., 2008).



Enhancement of yield through the application of nutrient-coated urea

Urea is a common fertilizer that is highly soluble in water and has volatilization as well as leaching losses severely impacting farmers' costs (Shivay et al., 2016). Urea granules should be encapsulated with less soluble compounds to avoid this problem. In addition, urea can be coated with sulfur, urease inhibitors, and other biodegradable environmentally safe compounds (Khan et al., 2015). Agricultural productivity is partly attributed to a continuous and long-lasting delivery of nutrients, which can only be achieved by using nutrient-coated urea. The use of SCU delays the nitrogen release while enhancing its utilization efficiency in rice fields. Rice production increased up to 55–68% with the use of sulfur-coated urea. The use of SCU in wheat and flooded rice fields minimizes nitrogen leaching losses (Wei et al., 2020). According to Shivay et al. (2019), the yield and seasonal distribution of growth achieved with a single application of sulfur-coated urea were similar to those obtained with repeated (3–5) applications of urea. Increased plant usage efficiency due to extended soil retention and fewer fertilizer applications, and resultant fertilizer and application cost savings are prospective benefits of using coated urea (Nasima et al., 2010). Sulfur-coated urea increased dry matter production in rice, nitrogen absorption was increased up to 39.4%, and grain protein percentage was boosted up to 5.8–14.9% with the use of SCU as compared to normal urea application in rice (Khan et al., 2015).

Zinc-coated urea increased grain yield by around 28% and is quite effective toward plant physiological attributes (Nazir et al., 2021). As compared to prilled urea, 29% of rice production was increased by the use of zinc-coated urea (Shivay et al., 2019). Zinc enhances several biochemical, physiological, quality, and yield-related factors in cereals by restoring plant vigor, oil content, sugars, and pigments. Using Zn-coated urea to slow down the hydrolysis and nitrification process resulted in enhanced N absorption and, as a result, a higher yield (Affendi et al., 2018). Zinc-coated urea also increased the yield by improving NUE while completing the Zn need of the sunflower crop (Sadiq et al., 2021). The application of zinc-coated urea to rice resulted in an increased transpiration rate and a higher percentage of normal kernels while lowering the percentage of opaque, abortive, and chalky kernels (Irshad et al., 2021). In comparison to the prilled urea (PU), the application of Zn-coated urea increased the yield by 29% and Zn concentration in aromatic rice grain (Shivay et al., 2019). As a result, the Zn concentration in zinc-coated urea has a significant impact on crop quality and output (Suganya et al., 2020). Zn content in maize grain was much greater than PU, and with 2.5 percent of ZnCU, total Zn intake (grain + stover) increased by 32.4 percent and improved crop yield (Pooniya et al., 2018). In maize, total zinc intake was 32.4% higher with the use of 2.5% Zn-coated urea compared to un-coated fertilizer, which increased the yield by about just 4.6% (Pooniya et al., 2018).



Enhancement of grain quality through the application of nutrient-coated urea

In comparison to prilled urea, sulfur-coated urea enhanced nitrogen absorption by 39.4% and increased grain protein percentage from 5.8 to 149%. Furthermore, S was active in the production of proteins, chlorophyll content, vitamins, and sulfur-containing amino acids like cysteine and methionine, which are essential components of protein (Naiknaware et al., 2015). Coating urea with sulfur resulted in more N remaining in the soil for longer periods. A higher proportion of absorbed N, and more N being translocated into the grain, improved urea N efficiency and grain quality (Khan et al., 2015). Sulfur-coated urea increased kernel size, density, oil content, protein content, and starch content while decreasing virtuousness, damaged kernels, and fungal infections, all of which contributed to grain quality (Haseeb-ur-Rehman et al., 2022).

Zinc-coated urea boosts Zn levels in a variety of plant components, including leaves, tubers, and fruit, as well as the whole grain and endosperm (Wakeel et al., 2018). To acquire good quality rice (increased Zn concentration in rice grains), special attention should be paid to balancing Zn levels in soil, which can only be achieved by using Zn-coated urea (Amanullah and Inamullah, 2016). Zn-coated urea improves Zn absorption and partitioning into different plant parts, potentially increasing rice grain output and nutritional quality (Wang et al., 2014). It also aids in the absorption of zinc in grains, which helps to improve grain quality by boosting protein and amino acid content (Li et al., 2015).



Enhancement of nitrogen use efficiency through the application of nutrient-coated urea

Coated urea fertilizers increase nitrogen supply while lowering nitrogen losses in the form of leaching, volatilization, and N2O emission (Jadon et al., 2018; Wei et al., 2020). Normal urea is less efficient as compared to nutrient-coated urea whose NUE (Figure 4) is 30–60% less than coated urea (Chen et al., 2020). With coating, 20–30% dose of urea can be saved than normal urea application while increasing its uptake and higher yield production. It increases nitrogen agronomy efficiency (NAE; 23.4%), reduces nitrogen fertilizer utilization rate (NUR; 34.65%), and enhances 25.83% nitrogen physiological efficiency (NPE; 25.83%) (Zhu et al., 2020).
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FIGURE 4
 Approaches to improve the efficiency of coated urea. Appropriate dosage of nitrogen fertilizer, optimum plant population, drip fertigation, intercropping, appropriate sowing method, and improved genetic makeup of plants can enhance the utilization efficiency of coated urea.


The use of sulfur improves NUE by 50% and nitrogen recovery efficiency by 60% in wheat crops (Byatvarkeshi and Zareabbyaneh, 2016; Shivay et al., 2016). Additionally, volatilization losses of nitrogen are decreased in coated urea which improves nitrogen recovery in plants (Wang et al., 2016; Wei et al., 2020). For instance, Gafoor et al. (2021) found the least nitrate concentration (7.37 kg ha−1) with SCU owing to reduced nitrogen losses in groundwater table from wheat fields. With the application of zinc-coated urea, NO3-N leaching decreased to 35.1% (Jadon et al., 2018). Nitrogen use efficiency improved by up to 55% using Zn-coated urea, and ammonia volatilization losses were greatly reduced (Sadiq et al., 2021). Zn-coated urea enhanced NUE by up to 80%, increased rice yield by 50%, and grain Zn content by 126%. It provides nutrients to plants in a regulated and delayed way, reducing nutrient emissions, leaching, and runoff losses, while simultaneously improving crop NUE and yield (Sadiq et al., 2021). Nitrogen losses can be reduced by using Zn-coated urea, and N efficiency can be raised by slowing down the rate of urea hydrolysis in the soil (Babar et al., 2016).



Residual effects of nutrient-coated urea

Application of N fertilizer beyond its need generates undesirable consequences which result in the degradation of water, soil, and air quality. It also leads to soil acidification, decreased groundwater quality due to nitrate leaching, and increased nitrous oxide (N2O) emissions, which is a 300-fold more powerful greenhouse gas than CO2 contributing to global warming. When the concentration of nitrate exceeds 10 mg L−1 in drinking water, it becomes unfit for humans and animals (Jadon et al., 2018).

The accumulation of S in the soil is associated with reduced soil pH, inhibited root growth, and nutrient intake, as S is susceptible to leaching and the formation of sulfuric acid in soil media is common (Liu et al., 2010). Sulfur dioxide toxicity causes excessive water loss due to increased stomatal opening leading to water scarcity and thus disrupting photosynthetic efficiency and consequently reducing photosynthesis. In addition, S toxicity causes root damage, leaf senescence, and reduced growth of crop plants (Liu et al., 2010). Plant growth is impeded if soil S concentrations in the upper horizon (0–20 cm) reach 4% (Likus-Cieślik et al., 2017). The proficiency of Zn fertilizer rarely exceeds 10% because Zn is voluntarily fixed with soil colloids and is mostly available for succeeding crops due to its fixing nature (Li et al., 2013).

Zinc diffuses widely and reaches a phytotoxic level in many soils due to the intense application of excess fertilizers, pesticides, manures, sewage sludges, smelters, incinerators, mines, and galvanized products (Kaur and Garg, 2021). Zn toxicity causes curling and rolling of young leaves, stunting shoot growth, chlorosis, and death of leaf marginal cells. In high concentrations of Zn, cell organelles collapse leading to damage in the cytoplasmic structure in plants, and concentrations >10 mg/kg or 7.5 mM condenses the chromatic material, dilates the nuclear membrane, and disrupts the cortical cells (Moreira et al., 2018; Ning et al., 2020). Moreover, the intake of iron is inhibited by Zn toxicity in the soils, whereas Zn toxicity is caused by an overabundance of magnesium in the soil (Moreira et al., 2018).



Constraints in adopting coated fertilizers

There are several constraints to using nutrient-coated urea: (i) lack of farmer awareness about the need for nutrient-coated urea fertilizers, especially S and Zn-coated urea. Farmers are unaware of the effectiveness and significance of coated urea fertilizers, which is the task of extension workers to go door to door to advise farmers that coated urea not only reduces the amount of application as well as costs without reducing yield, but also adds additional nutrients to the soil, increases soil health, and crop quality; (ii) lack of monetary access for coated fertilizers; (iii) the source of information is not reliable; (iv) lack of knowledge on making nutrient-coated urea; (v) lack of capital; (vi) difficulty in calculating the optimal dose of nutrients to coat urea; and (vii) not available on time (Chouhan et al., 2018).



Agronomic approach to improving the efficiency of coated urea

The addition of organic manures to soils provides several micronutrients (Ca, Mg, S, Mn, Fe) that make it more fertile for better crop production by improving the soil's physical (sand, silt, and clay percentages), chemical (CEC, WHC, and pH), and biological (soil fauna population) properties (Wang et al., 2020). Crop rotation is the major agronomic practice that is adopted for sustainable nutrient balance in the soil. Nitrogen losses are too high, up to 70% of total available nitrogen, due to excess nitrogen, low plant population, inefficient application methods, or other factors. Improved agronomic practices such as appropriate nitrogen dosage, application of nitrogen through canopy sensors, maintaining plant population, drip fertigation, and legume-based intercropping can reduce these losses by up to 15–30% (Shivay et al., 2016). The amount of fertilizer applied is mostly dictated by soil properties and agroclimatic conditions. The improvement in nutrient utilization can be achieved using nutrient-coated fertilizer application in crop fields and that is the best agronomic approach to modern agriculture-farming (Luo et al., 2018). The coated material (sulfur and zinc) has a synergetic effect with urea that enhances nitrogen absorption and increases NUE (Shivay et al., 2016). Wang et al. (2020) suggested that the use of sulfur and zinc-coated urea is the best approach for farmers to alleviate sulfur and zinc deficiencies in crops. Bhuiyan (1994) found nutrient-coated urea better than poultry manure (PM) and it increased the efficiency of applied fertilizers. Sowing of crops on ridges and application of nutrient-coated urea fertilizer improves the water use efficiency of crops. Laser land leveling, conservation tillage and choosing good quality seeds, and sowing and irrigation methods along with coated urea fertilizers can change the whole scenario of agriculture and make crops vigorous and bio-fortified with specific nutrients whose availability is far less than their demand (Khan et al., 2006).

The use of nutrient-coated fertilizers (urea), therefore, is the straightforward and economically best approach that enhances food production to meet the current food security challenge. But it requires specific consideration in terms of nutrient source, application technique, and environmental consequences. Nutrient-coated urea must be administered as a single dose during each crop season, making them cost-effective in most situations.



Molecular approach to improving the efficiency of coated urea

Molecular techniques refer to the genetic modification that is done at DNA molecular level to enhance desired traits in plants, and these tools and techniques should be considered for crop improvement. The tools contain molecular marker techniques like PCR amplified DNA sequences, RAPD, and AFLP. Researchers should choose the appropriate technique that is best suited for their respective programs and they should be encouraged to integrate molecular tools based on gene maps, gene cloning, QTL mapping, marker-assisted selection, microsatellites, SNP, and molecular cytogenetics. Molecular approaches facilitate monitoring of plant health, detecting pathogens, reducing disease spread, and aiding in better crop management (Wan et al., 2017). In this context, nitrogen uptake, assimilation, and utilization by plants through DNA markers are new emerging molecular techniques that help improve fertilizer use efficiency. The dynamic character of nitrogen, as well as its tendency to leach into the soil and environment, provides a unique challenge for its better management. The Nitrate Transporter 1/Peptide Transporter (NPF) family (Léran et al., 2014), the Nitrate Transporter 2 (NRT2) family, the Chloride Channel (CLC) family, the Slow Anion Associated Channel Homolog (SLC/SLAH) family, and aluminum-activated malate transporters (ALMT) family mediate nitrate uptake and transport in plants (Li H. et al., 2017). Many other metabolic processes and gene expression levels regulate nitrogen in plants. The reduction of nitrate to nitrite by the nitrate reductase enzyme happens in the cytosol. Nitrite is carried into chloroplasts in leaves and transformed into ammonium ions by the enzyme nitrite reductase. During the production of nucleic acid, chlorophyll, and amino acids, the products of ammonia, glutamine, and glutamate, serve as nitrogen donors. Three major ammonium assimilation processes have been proposed: initial nitrogen assimilation, reassimilation of photorespiratory ammonia, and “recycled” nitrogen assimilation. Organic nitrogen is transported from source to sink organs in the form of amino acids. Due to ammonium remobilization, ammonium absorbing enzymes are required during the grain filling stage (Wan et al., 2017). The GS and GOGAT pathways are involved in the production of amino acids from ammonia. Two types of genes, GLN1 and GLN2, are regulated by GS with a decameric structure. GLN2 (single nuclear gene) encodes chloroplastic GS2, which is involved in ammonium absorption or re-assimilation in C3 and C4 plants, or from the photorespiratory product of C3 plants. The GLN1 gene family, on the other hand, encodes the GS1 isoform, which recycles ammonium during leaf senescence and transport in phloem sap. Overexpression of HATS-like NRT2.1 enhances nitrate influx, while NUE and its phenotypic utilization remain unaltered. The transgenic rice plant's grain production improved by overexpressing NADH-GOGAT. To increase yield by overexpressing GS or GOGAT genes, it is necessary to understand the alleles of genes and their promoters (Zhou et al., 2017). In Arabidopsis, overexpression of ASN1 boosted soluble protein content in seed, total protein, and the plant's ability to grow on a nitrogen-limited diet. These findings indicate that modifying downstream N-remobilization stages could improve NUE (Li W. et al., 2017).

The inconsistency of overexpressed important enzymes (NR, NiR, GS, and GOGAT) for improving NUE or phenotypic change is also a problem. Nitrogen utilization efficiency is linked to nitrate acquisition, which can be improved further by modifying nitrate assimilation enzymes and proteins using various biotechnological techniques. To improve NUE, it is critical to target several mechanisms, enzymes, and variables rather than focusing on a single rate-limiting mechanism. As a result of these factors, new molecular techniques such as microarray and transcriptome are being considered emerging tools for studying the response of the entire genome of plants. In all plants, whole genome RNA sequencing is a current way of understanding changes at the genomic level, gene expression level, and individual genes associated with desirable features. In the future, the combination of DEGs (differentially expressed genes) with QTL databases will be critical in developing new nitrogen use-efficient genotypes (Gelli et al., 2014). It is concluded that a combination of agronomic and molecular techniques has the potential to improve nitrogen use efficiency.



Conclusion and future thrusts

Nutrient-coated urea is an efficient N management approach for ensuring better productivity in crops, reducing nitrogen losses (leaching, volatilization, and denitrification), and the subsequent impact on the environment. The application of S and Zn-coated urea improved chloroplast structure, chlorophyll contents, stomatal conductance, photosynthetic and transpiration rate, assimilate partitioning, protein synthesis, and antioxidant activity, therefore improving plant growth, biomass, and grain yield. Moreover, S and Zn-coated urea substantially improved the NUE and reduced N losses as compared to conventional urea. Controlled release urea (CRU) or nutrient-coated urea is less soluble due to the coating on the urea granules that progressively releases the fertilizer making it ideal for crop synchronization. It retains the nutrients in the soil for the longest possible time and improves water use efficiency, soil water retention capacity, soil microbial activity, soil texture and structure, and ultimately soil quality. Environmental factors such as light intensity, humidity, and temperature also play an important role in the release mechanism of coated urea and its availability in soil for plants.

However, there are many unanswered questions. Future research should concentrate on molecular approaches such as marker-assisted selection and inclusive hybridization (integration of desirable genes), as well as biotechnological approaches, such as next-generation DNA and RNA sequencing, and genetic alterations to create genotypes with improved zinc and sulfur contents and aptitudes to acquire more sulfur and zinc from the soil. A GIS-based mapping can be used to discover nutrient-deficient zones/regions to regulate the most appropriate basis of nutrient-coated fertilizer and application methods to boost nutrient efficiency. Broad and long-term research should be done on the release kinetics of nutrient-coated urea, particularly on how their release synchronizes with the requirement of the plant. The role of coated urea should be explored under modern sowing methods including bed and ridge sowing methods and new irrigation methods including drip and sprinkler irrigations. Its role in acid and highly alkaline soils should be studied as the soil pH is a major factor that affects nutrient uptake by plants. The effect of Zn and sulfur-coated urea on soil microbial activities and their compositions are poorly studied, and it is imperative to bridge this research gap. Similarly, the role of sulfur and Zn-coated urea in plant functioning is also poorly studied. For instance, the role of coated urea in germination mechanisms has not been explored and it would be pertinent to explore the role coated urea plays in seed germination. While the role of sulfur and Zn-coated urea on nutrient uptake has been well-researched, their role in nutrient signaling and their impact on nutrient and ionic transporters needs attention. Likewise, their influence on stomata movement, electron transport, and efficiency of PS-II is poorly studied, therefore it is important to explore their roles in these aspects. Additionally, their impact on seed quality compositions and genes involved in anti-oxidant activities needs further study. The effect of S and Zn-coated urea on different hormones and osmolytes have not been adequately explored, particularly under normal and diverse stress conditions. Lastly, their impact on plant growth, yield, and various physiological functions under different abiotic stress (cold, drought, heat, heavy metals, and salinity stress) must also be studied given that zinc, sulfur, and nitrogen play an appreciable role in plant tolerance against different stresses.



Author contributions

AMu, IK, and MC: conceptualization. AMu, IK, MC, and MH: writing original draft. MN, AS, AMd, MB, MJ, NA, and RG: writing-review and editing. All authors have read and agreed to the published version of the manuscript.



Acknowledgments

Authors would like to acknowledge Alexandria University, Alexandria, Egypt and King Abdullah University of Science and Technology (KAUST), Thuwal, 23955-6900, Saudi Arabia for supporting the research.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Abadie, C., and Tcherkez, G. (2019). Plant sulfur metabolism is stimulated by photorespiration. Commun. Biol. 2, 379. doi: 10.1038/s42003-019-0616-y

 Adams, W. W., Muller, I. I. I., Cohu, O., and Demmig-Adams, C. M. B. (2013). May photoinhibition be a consequence, rather than a cause, of limited plant productivity? Photosynth. Res. 117, 31–44. doi: 10.1007/s11120-013-9849-7

 Adil, A., Zhu, X., Zhu, M., Quan, M., Irshad, S., Xu, D., et al. (2021). Effects of environmental stresses (Heat, Salt, Waterlogging) on grain yield and associated traits of wheat under application of sulfur-coated urea. Agronomy 11, 2340. doi: 10.3390/agronomy11112340

 Affendi, N. M. N., Yusop, M. K., and Othman, R. (2018). Efficiency of coated urea on nutrient uptake and maize production. Commun. Soil Sci. Plant Anal. 49, 1–7. doi: 10.1080/00103624.2018.1464182

 Ahmad, A., Khan, I., Anjum, N. A. M., Diva, I., Abdin, M. Z., and Iqbal, M. (2005). Effect of timing of sulfur fertilizer application on growth and yield of rapeseed. J. Plant Nutr. 28, 1049–1059. doi: 10.1081/PLN-200058905

 Ain, U. N., Naveed, M., Hussain, A., Mumtaz, M. Z., Rafique, M., Bashir, M. A., et al. (2020). Impact of coating of urea with Bacillus-Augmented zinc oxide on wheat grown under salinity stress. Plants 9, 1375. doi: 10.3390/plants9101375

 Akay, A., Serek, C., and Negis, H. (2019). Effect of enhanced elemental sulfur doses on pH value of a calcareous oil. J. Agric. Sci. 29, 34–40. doi: 10.29133/yyutbd.467632

 Ali, A., Iqbal, Z., Hassan, S. W., Yasin, M., Khaliq, T., and Ahmed, S. (2013). Effect of nitrogen and sulfur on phenology, growth and yield parameters of maize crop. Sci. Int. 25, 363–366.

 Ali, M., Maqsood, M. A., Aziz, T., and Awan, M. I. (2020). Neem (Azadirachta indica) oil coated urea improves nitrogen use efficiency and maize growth in an alkaline calcareous soil. Pak. J. Agri. Sci. 57, 675–684. doi: 10.21162/PAKJAS/20.9850

 Al-Nemi, R., Makki, A. A., Sawalha, K., Hajjar, D., and Jaremko, M. (2022). Untargeted metabolomic profiling and antioxidant capacities of different solvent crude extracts of Ephedra foeminea. Metabolites 12, 451. doi: 10.3390/metabo12050451

 Amanullah and Inamullah. (2016). Residual phosphorus and zinc influence wheat productivity under rice–wheat cropping system. Springerplus 255, 5. doi: 10.1186/s40064-016-1907-0

 Anas, M., Liao, F., Verma, K. K., Sarwar, M. A., Mahmood, A., Chen, Z. L., et al. (2020). Fate of nitrogen in agriculture and environment: agronomic, eco-physiological and molecular approaches to improve nitrogen use efficiency. Biol. Res. 53, 1–20. doi: 10.1186/s40659-020-00312-4

 Angle, J. S., Baker, A. J. M., Whiting, S. N., and Chaney, R. L. (2003). Soil moisture effects on uptake of metals by Thlaspi, Alyssum, and Berkheya. Plant Soil 256, 325–332. doi: 10.1023/A:1026137624250

 Aravind, P., and Prasad, M. N. V. (2004). Carbonic anhydrase impairment in cadmium treated Ceratophyllum demersum L. (free floating freshwater macrophyte): toxicity reversal by zinc. J. Anal. Atomic Spectrom. 19, 52–57. doi: 10.1039/b307282g

 Aravind, P., and Prasad, M. N. V. (2005). Modulation of cadmium-induced oxidative stress in Ceratophyllum demersum by zinc involves ascorbate-glutathione cycle and glutathione metabolism. J. Plant Physiol. Biochem. 43, 107–116. doi: 10.1016/j.plaphy.2005.01.002

 Aulakh, M. S., and Malhi, S. S. (2004). “Fertilizer nitrogen use efficiency as influenced by interactions with other nutrients,” in Agriculture and the Nitrogen Cycle: Assessing the Impacts of Fertilizer Use on Food Production and the Environment (Washington, DC: Island Press), 181–192.

 Awais, M., Wajid, A., Ahmad, A., Saleem, M. F., Bashir, M. U., Saeed, U., et al. (2015). Nitrogen fertilization and narrow plant spacing stimulates sunflower productivity. Turk. J. Field Crop. 20, 99–108. doi: 10.17557/.17374

 Babar, S. K., Naheed, A. T., and Aijaz, A. K. (2018). Effects of Cu and Zn coated urea on Eh, pH and solubility of Cu and Zn in rice soils. Mehran Univ. Res. J. Eng. Technol. 37, 615–622. doi: 10.22581/muet1982.1804.14

 Babar, S. K., YuSop, M. K., Babar, S. A., and Khooharo, A. (2016). Consequences of Cu and Zn coated urea to minimize ammonia volatilization. J. Technol. 78, 6–12. doi: 10.11113/jt.v78.9209

 Baboo, P., and Manager, S. (2016). Sulfur Coated Urea. Vijaipur: National fertilizers Ltd.

 Badshah, S. L., Faisal, S., Muhammad, A., Poulson, B. G., Emwas, A. H., and Jaremko, M. (2021). Antiviral activities of flavonoids. Biomed. Pharm. 140, 111596. doi: 10.1016/j.biopha.2021.111596

 Baligar, V. C., Fageria, N. K., Paiva, A. Q., Silveira, A., Pomella, A. W. V., and Machado, R. C. R. (2006). Light intensity effects on growth and micronutrient uptake by tropical legume cover crops. J. Plant Nutr. 29, 1959–1974. doi: 10.1080/01904160600927633

 Beig, B., Niazi, M. B. K., Jahan, Z., Kakar, S. J., Shah, G. A., Shahid, M., et al. (2020). Biodegradable polymer coated granular urea slows down N release kinetics and improves spinach productivity. Polymers 12, 2623. doi: 10.3390/polym12112623

 Beig, B., Niazi, M. B. K., Jahan, Z., Zia, M., Shah, G. A., Iqbal, Z., et al. (2022). Facile coating of micronutrient zinc for slow release urea and its agronomic effects on field grown wheat (Triticum aestivum L.). Sci. Total Environ. 838, 155965. doi: 10.1016/j.scitotenv.2022.155965

 Bereket, H. (2018). Ph.D. Thesis. Haramaya University; Dire Dawa, Ethiopia. Assessment of Zn and Iron, Zn and adsorption, and effects of Zn and iron on yields and grain nutrient concentration of teff and bread wheat in some soils of tigray, Northern Ethiopia. Agr. Ecosyst. Environ. 265, 402–412.

 Bhuiyan, N. J. (1994). “Crop production trends and need of sustainability in agriculture,” in Integrated Nutrient Management for Sustainable Agriculture, Held at Soil Resource Development Institute (Dhaka).

 Bolan, N., Saggar, S., and Singh, J. (2004). The role of inhibitors in mitigating nitrogen losses in grazed pasture. N. Zeal. Soil News 52, 52–58.

 Brosnan, J. T., and Brosnan, M. E. (2006). The sulfur-containing amino acids: an overview. J. Nutr. 136, 1636S–1640S. doi: 10.1093/jn/136.6.1636S

 Byatvarkeshi, M., and Zareabbyaneh, H. (2016). Effects of slow release fertilizers on nitrate leaching, its distribution in soil profile, nitrogen use efficiency and yield in potato crop. Environ. Earth Sci. 74, 3385–3393. doi: 10.1007/s12665-015-4374-y

 Cabot, C., Martos, S., Llugany, M., Gallego, B., Tolra, R., and Charlotte, P. (2019). A role for zinc in plant defense against pathogens and herbivores. Front. Plant Sci. 10, 1171. doi: 10.3389/fpls.2019.01171

 Chan, K. X., Phua, S. Y., and Van-Breusegem, F. (2019). Secondary sulfur metabolism in cellular signalling and oxidative stress responses. J. Exp. Bot. 70, 4237–4250. doi: 10.1093/jxb/erz119

 Chattha, M. U., Hassan, M. U., Khan, I., Chattha, M. B., Mahmood, A., Chattha, M. U., et al. (2017). Biofortification of wheat cultivars to combat zinc deficiency. Front. Plant Sci. 8, 281. doi: 10.3389/fpls.2017.00281

 Chen, S., Zhang, X., Sun, H., Ren, T., and Wang, Y. (2010). Effects of winter wheat row spacing on evapotranspiration, grain yield and water use efficiency. Agric. Water Manag. 97, 1126–1132. doi: 10.1016/j.agwat.2009.09.005

 Chen, W., Yang, X., He, Z. Z., Feng, Y., and Hu, F. (2007). Differential changes in photosynthetic capacity, 77K chlorophyll fluorescence and chloroplast ultrastructure between Zn-efficienct and Zn-inefficient rice genotypes (Oryza sativa L.) under low Zn stress. J. Plant Physiol. 132, 89–101. doi: 10.1111/j.1399-3054.2007.00992.x

 Chen, Z., Wang, Q., Zou, J. M. P., and Jiang, L. (2020). Impact of controlled-release urea on rice yield, nitrogen use efficiency and soil fertility in a single rice cropping system. Sci. Rep. 10, 10432. doi: 10.1038/s41598-020-67110-6

 Chouhan, R. S., Niranja, H. K., Sharma, H. O., Rath, D., and Kurmi, H. S. (2018). Constraint in adoption of neem coated urea (NCU) in Madhya Pradesh. Int. J. Bio Resour. Stress Manag. 9, 173–177. doi: 10.23910/IJBSM/2018.9.1.3C0530

 Christianson, C. B. (1988). Factors affecting N release of urea from reactive layer coated urea. Fertilizer Res. 16, 273–284. doi: 10.1007/BF01051376

 Colovic, M. B., Vasic, V. M., Dragon, M., Djuric, M., and Krstic, D. Z. (2018). Sulfur-containing amino acids: protective role against free radicals and heavy metals. Front. Genet. 25, 324–335. doi: 10.2174/0929867324666170609075434

 Cong, Z., Yazhen, S., Changwen, D., Jianmin, Z., Huoyan, W., and Xiaoqin, C. (2010). Evaluation of waterborne coating for controlled-release fertilizer using wurster fluidized bed. Ind. Eng. Chem. Res. 49, 9644–9647. doi: 10.1021/ie101239m

 David, M. B., Gentry, L. E., and Mitchell, C. A. (2016). Riverine response of sulfate to declining atmospheric sulfur deposition in agricultural watersheds. J. Environ. Qual. 45, 1313–1319. doi: 10.2134/jeq2015.12.0613

 Dawar, K., Shah, F. J., Munir, M. M. R., Alam, I., Khan, S. S., Alam, S., et al. (2021). Biochar and urease inhibitor mitigate NH3 and N2O emissions and improve wheat yield in a urea fertilized alkaline soil. Sci. Rep. 11, 17413. doi: 10.1038/s41598-021-96771-0

 Du, C., Zhou, J., and Shaviv, A. (2006). Release characteristics of nutrients from polymer-coated compound controlled release fertilizers. J. Polym. Environ. 14, 223–230. doi: 10.1007/s10924-006-0025-4

 Edwards, J. H., and Kamprath, E. J. (1974). Zinc accumulation by corn seedlings as influenced by phosphorus, temperature, and light intensity. Agron. J. 66, 479–482. doi: 10.2134/agronj1974.00021962006600040003x

 Elferink, M., and Schierhorn, F. (2016). Global Demand for Food Is Rising. Can We Meet It? Available online at: https://hbr.org/2016/04/global-demand-for-food-is-rising-can-wemeet-it

 Emerson, F. C., Rosen, C. J., and Venterea, R. T. (2021). Co-application of DMPSA and NBPT with urea mitigates both nitrous oxide emissions and nitrate leaching during irrigated potato production. J. Environ. Pollut. 284, 117–124. doi: 10.1016/j.envpol.2021.117124

 Essa, R., Afifi, A., and Ashry, S. (2021). Influence of sulfur coated urea and algae fertilization on productivity of some leguminous crops in sandy soils. Bull. Natl. Res. Cent. 45, 60. doi: 10.1186/s42269-021-00521-1

 Fashola, O., Hayashi, K., and Toshiyuki, W. (2006). Effect of water management and polyolefin-coated urea on growth and nitrogen uptake of indicia rice. J. Plant Nutr. Available online at: https://www.tandfonline.com

 Gafoor, I., Rahman, M. H. U., Ali, M., Afzal, M., Ahmad, W., Gaiser, T., et al. (2021). Slow-release nitrogen fertilizers enhance growth, yield, NUE in wheat crop and reduce nitrogen losses under an arid environment. Environ. Sci. Pollut. Res. 28, 43528–43543. doi: 10.1007/s11356-021-13700-4

 Gelli, M., Duo, Y., Konda, A. R., Zhang, C., Holding, D., and Dweikat, I. (2014). Identification of differentially expressed genes between sorghum genotypes with contrasting nitrogen stress tolerance by genome-wide transcriptional profiling. BMC Genom. 15, 179. doi: 10.1186/1471-2164-15-179

 Gigolashvili, T. S., and Kopriva, S. (2014). Transporters in plant sulfur metabolism. Front. Plant Sci. 5, 442. doi: 10.3389/fpls.2014.00442

 Gil-Ortiz, R., Naranjo, M. Á., Ruiz-Navarro, A., Caballero-Molada, M., Atares, S., García, C., et al. (2020). New eco-friendly polymeric-coated urea fertilizers enhanced crop yield in wheat. Agronomy 10, 438. doi: 10.3390/agronomy10030438

 Giroto, A. S., Valle, S. F. D., Guimaraes, G. G. F., Jablonowski, N. D., Ribeiro, C., and Mattoso, L. H. C. (2021). Different Zn loading in urea–formaldehyde influences the N controlled release by structure modification. Sci. Rep. 11, 7621. doi: 10.1038/s41598-021-87112-2

 Gonzalez, N., Vanhaeren, H., and Inzé, D. (2012). Leaf size control: complex coordination of cell division and expansion. Trends Plant Sci. 17, 332–340. doi: 10.1016/j.tplants.2012.02.003

 Gupta, N., Ram, H., and Kumar, B. (2016). Mechanism of zinc absorption in plants: uptake, transport, translocation and accumulation. Rev. Environ. Sci. Bio Technol. 15, 89–109. doi: 10.1007/s11157-016-9390-1

 Hai-yan, W., Zhi-feng, C., Zhi-peng, X., Lei, Z., Qiu-yuan, L., Zhen-zhen, Z., et al. (2018). Effects of slow or controlled release fertilizer types and fertilization modes on yield and quality of rice. J. Integ. Agric. 17, 2222–2234. doi: 10.1016/S2095-3119(18)62052-0

 Halvorson, A. D., Snyder, C. S., Blaylock, A. D., and Grosso, S. J. (2014). Enhanced-efficiency nitrogen fertilizers: potential role in nitrous oxide emission mitigation. Agron. J. 106, 715–722. doi: 10.2134/agronj2013.0081

 Hamadallah, G. M., Prasad, J. D., and Al-Hendi, A. A. (1988). Crop response to sulfur-coated urea (SCU) and other N-carriers in sandy soils of Saudi Arabia. Fertilizer Res. 15, 47–54. doi: 10.1007/BF01049186

 Han, W., Huomg, L., and Owojori, O. J. (2019). Foliar application of zinc alleviates the heat stress of pakchoi (Brassica chinensis L.). J. Plant Nutr. 43, 194–213. doi: 10.1080/01904167.2019.1659350

 Haseeb-ur-Rehman, Asghar, M. G., Ikram, R. M., Hashim, S., Hussain, S., Irfan, M., et al. (2022). Sulphur coated urea improves morphological and yield characteristics of transplanted rice (Oryza sativa L.) through enhanced nitrogen uptake. J. King Saud Univ. Sci. 34, 101664. doi: 10.1016/j.jksus.2021.101664

 Hassan, M., Aamer, M., Umer Chattha, M., Haiying, T., Khan, I., Seleiman, M. F., et al. (2021). Sugarcane distillery spent wash (DSW) as a bio-nutrient supplement: a win-win option for sustainable crop production. Agronomy 11, 183. doi: 10.3390/agronomy11010183

 Hassan, M. U., Aamer, M., Nawaz, M., Rehman, A., Aslam, T., Afzal, U., et al. (2021). Agronomic bio-fortification of wheat to combat zinc deficiency in developing countries. Pak. J. Agric. Res. 34, 201–217. doi: 10.17582/journal.pjar/2021/34.1.201.217

 Hassan, M. U., Aamer, M., Umer Chattha, M., Haiying, T., Shahzad, B., Barbanti, L., et al. (2020). The critical role of zinc in plants facing the drought stress. Agriculture 10, 396. doi: 10.3390/agriculture10090396

 Hassan, M. U., Chattha, M. U., Ullah, A., Khan, I., Qadeer, A., Aamer, M., et al. (2019). Agronomic biofortification to improve productivity and grain Zn concentration of bread wheat. Int. J. Agric. Biol. 21, 615–620. doi: 10.17957/IJAB/15.0936

 He, G., Liu, X., and Cui, Z. (2021). Achieving global food security by focusing on nitrogen efficiency potentials and local production. Glob. Food Sec. 29, 100536. doi: 10.1016/j.gfs.2021.100536

 Hell, R., Khan, M. S., and Writz, M. (2010). Cellular Biology of Sulfur and Its Functions in Plants. Singapore: Springer, 243–279. doi: 10.1007/978-3-642-10613-2_11

 Hooghe, D. P., Escamez, S., and Avice, J. C. (2013). Sulfur limitations provokes physiological and leaf proteome changes in oilseed rape that lead to perturbation sulfur, carbon and oxidative metabolism. BMC Plant Biol. 13, 23. doi: 10.1186/1471-2229-13-23

 Hopkins, B. G. (2020). “Developments in the use of fertilizers,” in Achieving Sustainable Crop Nutrition, Vol. 1, Chapter. 26, ed Z. Rengel (Cambridge: Burleigh Dodds Science Publishing). doi: 10.19103/AS.2019.0062.26

 Ihsan, M. Z., Duar, I., Alghabari, F., Alzamanan, S., Rizwan, S., Ahmad, M., et al. (2019). Heat stress and plant development: role of sulfur metabolites and management strategies. J. Soil Plant Sci. 69, 332–342. doi: 10.1080/09064710.2019.1569715

 Iratkar, A. G., Giri, J. D., Kadam, M. M., Giri, J. N., and Dabhade, M. B. (2014). Distribution of DTPA extractable micronutrients and their relationship with soil properties in soil of parsori watershed of Nagpur district of Maharashtra. Asian J. Soil Sci. 9, 297–299.

 Irfan, M., Niazi, M. B. K., Hussain, A., Farooq, W., and Zia, M. H. (2018). Synthesis and characterization of zinc-coated urea fertilizer. J. Plant Nutr. 41, 1625–1635. doi: 10.1080/01904167.2018.1454957

 Irshad, M., Wahid, M. A., Saleem, M. F., Khan, S., Irshad, S., Matloob, A., et al. (2021). Zinc coated urea enhanced the growth and quality of rice cultivated under aerobic and anaerobic culture. J. Plant Nutr. 45, 1198–1213. doi: 10.1080/01904167.2021.2005803

 Jadon, P., Selladurai, R., Yadav, S. S., Coumar, M. Y., Dotaniya, M. L., Singh, A. K., et al. (2018). Volatilization and leaching losses of nitrogen from different coated urea fertilizers. J. Soil Sci. Plant Nutr. 18, 462–474. doi: 10.4067/S0718-95162018005002903

 Janke, C., Moody, P., and Fujinuma, R. (2022). The impact of banding polymer-coated urea on nitrogen availability and distribution in contrasting soils. J. Soil Sci. Plant. Nutr. 1–15. doi: 10.1007/s42729-022-00869-x

 Jia, Y., Hu, Z., Ba, Y., and Qi, W. (2021). Application of biochar-coated urea controlled loss of fertilizer nitrogen and increased nitrogen use efficiency. Chem. Biol. Tech. Agric. 8, 3. doi: 10.1186/s40538-020-00205-4

 Jinuntuya-Nortman, M., Sutka, R. L., Ostrom, P. H., Gandhi, H., and Ostrom, N. E. (2008). Isotopologue fractionation during microbial reduction of N2O within soil mesocosms as a function of water-filled pore space. Soil Biol. Biochem. 40, 2273–2280. doi: 10.1016/j.soilbio.2008.05.016

 Jones, C., and Jacobsen, J. (2005). “Plant nutrition and soil fertility,” in Nutrient Management Module. eds Tracy M. Sterling, Bozeman: Montana State University, 1–11.

 Junejo, N., Khanif, M., Dharejo, K., Abdul, A., and Abdul-Hamid, H. (2011). A field evaluation of coated urea with biodegradable. Afr. J. Biotechnol. 10, 19729–19736.

 Kaur, H., and Garg, N. (2021). Zinc toxicity in plants: a review. Planta 253, 129. doi: 10.1007/s00425-021-03642-z

 Ke, J., He, R., Hou, P., Ding, C., Ding, Y., Wang, S., et al. (2018). Combined controlled-released nitrogen fertilizers and deep placement effects of N leaching, rice yield and N recovery in machine-transplanted rice. Agric. Ecosyst. Environ. 265, 402–412. doi: 10.1016/j.agee.2018.06.023

 Khan, A. Z., Ali, B., Afzal, M., Wahab, S., Khalil, S. K., Amin, N., et al. (2015). Effects of sulfur and urease coated controlled release urea on dry matter yield, N uptake and grain quality of rice. J. Anim. Plant Sci. 25, 679–685. Available online at: http://www.thejaps.org.pk/docs/v-25-03/12.pdf

 Khan, M. A., Shah, Z., Rab, A., Arif, M., and Shah, T. (2013). Effect of urease and nitrification inhibitors on wheat yield. Sarhad J. Agric. 29, 371–378.

 Khan, N. A., Khan, M. I. R., Asgher, M., Fatma, M., Masood, A., and Syeed, S. (2014). Salinity tolerance in plants: revisiting the role of sulfur metabolites. J. Plant Biochem. Physiol. 2, 2. doi: 10.4172/2329-9029.1000120

 Khan, R., Gurmani, A. H., Gurmani, A. R., and Zia, M. S. (2006). Effect of boron application on rice yield under wheat–rice system. Int. J. Agric. Biol. 8, 805–808.

 Kihara, J., Bolo, P., Kinyua, M., Rurinda, J., and Piikki, K. (2020). Micronutrient deficiencies in African soils and the human nutritional nexus: opportunities with staple crops. Environ. Geochem. Health 42, 3015–3033. doi: 10.1007/s10653-019-00499-w

 Klikocka, H., and Cybulska, M. (2014). “Sulfur and nitrogen fertilization of spring wheat,” in Mineral Fertilization of Spring Wheat (Saarbrücken: Saarbrucken LAP Lambert Academic Publishing).

 Klikocka, H., and Marks, M. (2018). Sulfur and nitrogen fertilization as a potential means of agronomic biofortification to improve the content and uptake of microelements in spring wheat grain. J. Chem. 2018, 9326820. doi: 10.1155/2018/9326820

 Kosesakal, T., and Unal, M. (2009). Role of zinc deficiency in photosynthetic pigments and peroxidase activity of tomato seedlings. J. Biol. 68, 113–120. Available online at: https://www.researchgate.net/publication/236893150

 Krajewska, B. (2009). Urease I. Functional, catalytic and kinetic properties: a review. J. Mol. Catal. B Enzym. 59, 9–21. doi: 10.1016/j.molcatb.2009.01.003

 Krishna, T. P. A., Maharajan, T., Roch, G. V., Ignacimuthu, S., and Ceasar, S. A. (2020). Structure, function, regulation and phylogenetic relationship of ZIP family transporters of plants. Front. Plant Sci. 11, 662. doi: 10.3389/fpls.2020.00662

 Kuang, W., Gao, X., Tenuta, M., Gui, D., and Zeng, F. (2019). Relationship between soil profile accumulation and surface emission of N2O: effects of soil moisture and fertilizer nitrogen. Biol. Fertil. Soils 55, 97–107. doi: 10.1007/s00374-018-01337-4

 Kundu, S., Adhikari, T., Coumar, M. V., Rajendiran, S., and Saha, J. K. (2016). Enhancing Nitrogen Use Efficiency and Reducing N2O Emissions by Coating Urea With Newly Identified Bio-Molecule (C20H30O2) Nano-Zinc Oxide and Nano Rock Phosphate. New Delhi: Springer, 89–101. doi: 10.1007/978-981-10-5798-4_9

 Léran, S., Varala, K., Boyer, J. C., Chiurazzi, M., Crawford, N., and Daniel-Vedele, F. (2014). A unified nomenclature of nitrate transporter 1/peptide transporter family members in plants. Trends Plant Sci. 19, 5–9. doi: 10.1016/j.tplants.2013.08.008

 Li, H., Hu, B., and Chu, C. (2017). Nitrogen use efficiency in crops: Lessons from Arabidopsis and rice. J. Exp. Bot. 68, 2477–2488. doi: 10.1093/jxb/erx101

 Li, M. H., Wang, Z. H., Mao, Y., Dai, J., Li, Q., and Zou, C. Q. (2013). Effects of Zn application methods on wheat grain yield and Zn utilization in Zn-deficient soils of dryland. J. Plant Nutr. Fert. 19, 1346–1355. doi: 10.1080/01904169709365267

 Li, P., Lin, C., Cheng, H., Duan, X., and Lei, K. (2015). Contamination and health risks of soil heavy metals around a lead/zinc smelter in southwestern China. Ecotoxicol. Environ. Saf. 113, 391–399. doi: 10.1016/j.ecoenv.2014.12.025

 Li, W., Xiang, F., Zhong, M., Zhou, L., Liu, H., Li, S., et al. (2017). Transcriptome and metabolite analysis identifies nitrogen utilization genes in tea plant (Camellia sinensis). Sci. Rep. 7, 1693. doi: 10.1038/s41598-017-01949-0

 Liao, J., Liu, X., Hu, A., Song, H., Chen, X., and Zhang, Z. (2020). Effects of biochar-based controlled release nitrogen fertilizer on nitrogen-use efficiency of oilseed rape (Brassica napus L.). Nature 10, 11063. doi: 10.1038/s41598-020-67528-y

 Likus-Cieślik, J., Pietrzykowski, M., Szostak, M., and Szulczewski, M. (2017). Spatial distribution and concentration of sulfur in relation to vegetation cover and soil properties on a reclaimed sulfur mine site (southern Poland). Environ. Monit. Assess 189, 87. doi: 10.1007/s10661-017-5803-z

 Liu, K. H., Fang, Y. T., Yu, F. M., Liu, Q., Li, R. F., and Peng, S. L. (2010). Soil acidification in response to acid deposition in three subtropical forests of subtropical China. Pedosphere 20, 399–408. doi: 10.1016/S1002-0160(10)60029-X

 Lu, C., Zhang, X., Chen, X., Shi, Y., Ma, J., Zhao, M., et al. (2010). Fixation of labeled (15NH4)2 SO4 and its subsequent release in black soil of Northeast China over consecutive crop cultivation. Soil Tillage Res. 106, 329–334. doi: 10.1016/j.still.2009.11.009

 Luo, Z., Liu, H., Li, W., Zhao, Q., Dai, J., Tian, L., et al. (2018). Effects of reduced nitrogen rate on cotton yield and nitrogen use efficiency as mediated by application mode or plant density. Field Crop Res. San Francisco, 218,150–157. doi: 10.1016/j.fcr.2018.01.003

 Madigan, M. T., Martino, J. M., Stahl, D. A., and Clark, D. P. (2010). Brock Biology of Microorganisms. Global 13th Edition. San Francisco, CA: Benjamin Cummings, 670–711

 Makino, A. (2003). Rubisco and nitrogen relationships in rice: leaf photosynthesis and plant growth. Soil Sci. Plant Nutr. 49, 319–327. doi: 10.1080/00380768.2003.10410016

 Malakouti, M., Bourdi, B., Elah, L., Shahabi, K., Siavashi, R., Vakil, J., et al. (2008). Comparison of complete and sulfur coated urea fertilizers with pre-plant urea in increasing grain yield and nitrogen use efficiency in wheat. J. Agric. Sci. Technol. 10, 173–183. Available online at: https://www.sid.ir/en/journal/viewpaper.aspx?Id=104331

 Marschner, P. (2012). Mineral Nutrition of Higher Plants, 3rd Edn. New York, NY: Elsevier.

 Mathialagan, R. M., Khateeb, N. A., Beshr, M., Shamsuddin, M., and Rashid, M. (2017). Evaluation of allicin as soil urease inhibitor. Proc. Eng. 184, 449-459. doi: 10.1016/j.proeng.2017.04.116

 Mazid, M., Khan, Z. H., Qudussi, S., Khan, T. A., and Mohammad, F. (2011). Significance of sulfur nutrition against metal induced oxidative stress in plants. J. Stress Physiol. Biochem. 7, 165–184.

 McDonald, G. K., Graham, R. D., Lloyd, J., Lewis, L., Lonergan, P., and Khabaz-Saberi, H. (2000). “Breeding for improved zinc and manganese efficiency in wheat and barley,” in Proceeding of the 10th Australian Agronomy Conference (Glen Osmond, SA: Department of Plant Science, Waite Institute; Hobart).

 Mohammed, S. A., Khan, R. A., El-Readi, M. Z., Emwas, A. H., Sioud, S., Poulson, B. G., et al. (2020). Suaeda vermiculata aqueous-ethanolic extract-based mitigation of ccl4-induced hepatotoxicity in rats, and hepg-2 and hepg-2/adr cell-lines-based cytotoxicity evaluations. Plants 9, 1291. doi: 10.3390/plants9101291

 Mohanty, S., Swain, C. K., Kumar, A., and Nayak, A. K. (2020). “Nitrogen footprint: a useful indicator of agricultural sustainability,” in Nutrient Dynamics for Sustainable Crop Production (Singapore: Springer), 135–156. doi: 10.1007/978-981-13-8660-2_5

 Moosa, A. W., Gashu, D., Broadley, M. R., Dunham, S. J., McGrath, S. P., Bailey, E. H., et al. (2021). The effect of soil properties on zinc lability and solubility in soils of Ethiopia – an isotopic dilution study. Soil 7, 255–268. doi: 10.5194/soil-7-255-2021

 Moreira, A., Moraes, L. A., and Reis, A. R. (2018). “The molecular genetics of zinc uptake and utilization efficiency in crop plants,” in Plant Micronutrient Use Efficiency (Amsterdam: Elsevier), 87–108. doi: 10.1016/B978-0-12-812104-7.00006-X

 Moreno-Lora, A., and Delgado, A. (2020). Factors determining Zn availability and uptake by plants in soils developed under Mediterranean climate. Geoderma 376, 114509. doi: 10.1016/j.geoderma.2020.114509

 Morgan, K. T., Cushman, K. E., and Sato, S. (2009). Release mechanisms for slow-and controlled-release fertilizers and strategies for their use in vegetable production. HortTechnology 19, 10–12. doi: 10.21273/HORTSCI.19.1.10

 Muster, T. H., Bradbury, A., Trinchi, A., Cole, I. S., Markley, T., Lau, D., et al. (2011). Effect of weather conditions on concentration of calcium, manganese, zinc, copper and iron in green tea [Camellia sinensis (L) O kuntze] leaves of North-Western India. J. Sci. Food Agric. 67, 341–346.

 Nadeem, F., Farooq, M., Ullah, A., Rehman, A., Nawaz, A., and Naveed, M. (2020). Influence of Zn nutrition? Grain quality and grain biofortification of wheat under conventional and conservation rice–wheat cropping systems. Arch. Agron. Soil Sci. 17, 1–6. doi: 10.1080/03650340.2019.1652273

 Naiknaware, M. D., Pawar, G. R., and Murumkar, S. B. (2015). Effect of varying levels of boron and sulfur on growth, yield and quality of summer groundnut (Arachis hypogea L.). Int. J. Trop. Agric. 33, 471–474. doi: 10.13140/RG.2.2.31245.67044

 Najafian, S., and Zahedifar, M. (2015). Antioxidant activity and essential oil composition of Saturejahortensis L. as influenced by sulfur fertilizer. J. Sci. Food Agric. 95, 2404–2408. doi: 10.1002/jsfa.6959

 Nardi, P., Neri, U., Matteo, G. T., Trinchera, A., Napoli, R., Farina, R., et al. (2018). Nitrogen release from slow-release fertilizers in soils with different microbial activities. Pedosphere 28, 332–340. doi: 10.1016/S1002-0160(17)60429-6

 Nasima, J., Khanif, M. Y., Wan, W. Y., and Dharejo, K. A. (2010). Maize response to biodegradable polymer and urease inhibitor coated urea. Int. J. Agric. Biol. 12, 773–776.

 Naz, M. Y., and Sulaiman, S. A. (2016). Slow release coating remedy for nitrogen loss from conventional urea: a review. J. Control. Release 225, 109–120. doi: 10.1016/j.jconrel.2016.01.037

 Naz, M. Y., Sulaiman, S. A., Ariwahjoedi, B., and Shaari, K. Z. K. (2014). Characterization of modified tapioca starch solutions and their sprays for high temperature coating applications. Sci. World J. 2014, 372506. doi: 10.1155/2014/375206

 Nazir, Q., Wang, X., Hussain, A., Ditta, A., Aimen, A., Saleem, I., et al. (2021). Variation in growth, physiology, yield, and quality of wheat under the application of different zinc coated formulations. Appl. Sci. 11, 4797. doi: 10.3390/app11114797

 Neina, D. (2019). The role of Soil pH in plant nutrition and soil remediation. Appl. Environ. Soil Sci. 2019, 5794869. doi: 10.1155/2019/5794869

 Ning, Q., Meiting, S., Lixiang, Z., Chunmei, G., and Jie, W. (2020). Residual effects of soil Zn fertilization on soil characteristics, yield and quality of Platycodon grandiflorum. J. Soil Sci. Plant Nutr. 66, 1715831. doi: 10.1080/00380768.2020.1715831

 Osman, M. A. (2017). Effect of polymer-coated urea and ammonium nitrate application on nitrogen behavior in sandy soil and yield productivity. J. Soil Sci. Agric. Eng. 8, 101–113 doi: 10.21608/jssae.2017.37228

 Padhi, S. K., Dash, M., and Swain, S. C. (2013). Effect of sulfur dioxide on growth, chlorophyll and sulfur content of tomato. Europ. Sci. J. 9. doi: 10.4038/tare.v16i1.5269

 Peck, A. W., and McDonald, G. K. (2010). Adequate zinc nutrition alleviates the adverse effects of heat stress in bread wheat. Plant Soil 337, 355–374. doi: 10.1007/s11104-010-0532-x

 Pooniya, V., Shivay, Y., Pal, M., and Bansal, R. (2018). Relative performance of boron, sulfur and zinc coatings onto prilled urea for increasing productivity and nitrogen use efficiency in maize. Exp. Agric. 54, 577–591. doi: 10.1017/S0014479717000254

 Prasad, R., and Hobbs, P. R. (2018). “Efficient nitrogen management in the tropics and subtropics,” in Soil Nitrogen Uses and Environmental Impacts, eds R. Prasad and P. R. Hobbs (CRC Press), 191–232. doi: 10.1201/b22044-8

 Qiao, D., Liu, H., Yu, L., Bao, X., Simon, G. P., Petinakis, E., et al. (2016). Preparation and characterization of slow-release fertilizer encapsulated by starch-based superabsorbent polymer. Carbohydr. Polym. 147, 146–154. doi: 10.1016/j.carbpol.2016.04.010

 Qureshi, K. A., Bholay, A. D., Rai, P. K., Mohammed, H. A., Khan, R. A., Azam, F., et al. (2021). Isolation, characterization, anti-MRSA evaluation, and in-silico multi-target anti-microbial validations of actinomycin X2 and actinomycin D produced by novel Streptomyces smyrnaeus UKAQ_23. Sci. Rep. 11, 14539. doi: 10.1038/s41598-021-93285-7

 Raj, A., Chakrabarti, B., Pathak, H., Singh, S. D., and Pratap, D. (2015). Impact of elevated temperature on iron and zinc uptake in rice crop. Int. J. Agric. Environ. Biotechnol. 8, 691–697. doi: 10.5958/2230-732X.2015.00077.7

 Rani, K., Sharma, K., Nagasri, K., Srinivas, K., Vishnu-Murthy, T., Shankar, G. M., et al. (2009). Response of sunflower to sources and levels of sulfur under rainfed semi-arid tropical conditions. Commun. Soil Sci Plant Anal. 40, 2926–2944. doi: 10.1080/00103620903175389

 Raza, M. A., Feng, L. Y., Manaf, A., Wasaya, A., Ansar, M., Hussain, A., et al. (2018). Sulfur application increases seed yield and oil content in sesame seeds under rainfed conditions. Field Crop. Res. 218, 51–58. doi: 10.1016/j.fcr.2017.12.024

 Rehman, A., Nawaz, M., Chattha, M. U., Khan, I., Chattha, M. B., Hussain, F., et al. (2021). Neem coated urea improves the productivity, nitrogen use efficiency and economic return of wheat crop. Int. J. Agric. Biol. 26, 450–460. doi: 10.17957/IJAB/15.1856

 Remya, V. R., George, J. S., and Thomas, S. (2021). Controlled Released Fertilizers for Sustainable for Agriculture. Academic Press. 183–194. doi: 10.1016/B978-0-12-819555-0.00011-X

 Rengel, Z. (2015). Availability of Mn, Zn and Fe in the rhizosphere. J. Soil Sci. Plant Nutr. 15, 397–409. doi: 10.4067/S0718-95162015005000036

 Rengel, Z., and Pearson, J. N. (1997). Genotypic differences in the production and partitioning of carbohydrates in between roots and shoots of wheat grown under zinc and manganese deficiency. Ann. Bot. 80, 803–808. doi: 10.1006/anbo.1997.0523

 Rietra, R. P. J. J., Heinen, M., Dimkpa, C. O., and Bindraban, P. S. (2017). Effects of nutrient antagonism and synergism on yield and fertilizer use efficiency. Commun. Soil Sci. Plant Anal. 48, 1895–1920. doi: 10.1080/00103624.2017.1407429

 Rudani, K., Patel, V., and Prajapati, V. (2018). The importance of zinc in plant growth-a review. Int. Res. J. Nat. Appl. Sci. 5, 2349–4077.

 Rutherford, J. C. (2014). The emerging role of urease as a general microbial virulence factor. PLoS Pathog. 10, e1004062. doi: 10.1371/journal.ppat.1004062

 Sadiq, M., Mazhar, U., Shah, G. A., Hassan, Z., Iqbal, Z., Mahmood, I., et al. (2021). Zinc plus biopolymer coating slows nitrogen release, decreases ammonia volatilization from urea and improves sunflower productivity. Polymers 13, 3170. doi: 10.3390/polym13183170

 Sahoo, P., Brar, A., and Sharma, S. (2018). Effect of methods of irrigation and sulfur nutrition on seed yield, economic and bio-physical water productivity of two sunflower (Helianthus annuus L.) hybrids. Agric. Water Manag. 206, 158–164. doi: 10.1016/j.agwat.2018.05.009

 Saleem, M., Elahi, E., Gandahi, A. W., Bhatti, S. M., Ibrahim, H., and Ali, M. (2019). Effect of sulfur application on growth, oil content and yield of sunflower. Sarhad J. Agric. 35, 1198–1203. doi: 10.17582/journal.sja/2019/35.4.1198.1203

 Santos, G. A., Korndorfer, G. H., Pereira, H. S., and Paye, W. (2018). Addition of micronutrients to NPK formulation and initial development of maize plants. Bio. Sci. J. 34, 927–936. doi: 10.14393/BJ-v34n1a2018-36690

 Sauvé, S., Hendershot, W., and Allen, H. E. (2000). Solid-solution partitioning of metals in contaminated soils: dependence on pH, total metal burden, and organic matter. Environ. Sci. Technol. 34, 1125–1131. doi: 10.1021/es9907764

 Shah, Z., Badshah, S. L., Iqbal, A., Shah, Z., Emwas, A. H., and Jaremko, M. (2022). Investigation of important biochemical compounds from selected freshwater macroalgae and their role in agriculture. Chem. Biol. Technol. Agric. 9, 1–11. doi: 10.1186/s40538-021-00273-0

 Shaviv, A. (2001). Improvement of fertilizer efficiency product processing, positioning and application methods. Proc. Int. Fert. Soc. 469, 1–23.

 Shigi, N. (2014). Biosynthesis and functions of sulfur modifications in tRNA. Front. Genet. 5, 67. doi: 10.3389/fgene.2014.00067

 Shigi, N., Horitant, M., Miyauchi, K., Suzuki, T., and Kurokii, M. (2021). An ancient type of MnmA protein is an iron–sulfur cluster-dependent sulfur transferase for tRNA anticodons. Cold Spring Harbor Lab. Press 26, 240–250. doi: 10.1261/rna.072066.119

 Shilpha, S. M., Soumya, T. M., Girijesh, G. K., and Dhananjaya, B. C. (2017). Effect of different natural oil coated urea fertilizers on productivity and nutrient uptake of maize. Int. J. Pure App. Bio. Sci. 5, 807–812. doi: 10.18782/2320-7051.2755

 Shivay, S. Y., Pooniya, V., Pal, M., Chand, P., Ghasal, D., Bana, R., et al. (2019). Coated urea materials for improving yields, profitability, and nutrient use efficiencies of aromatic rice. Global Chall. 3, 1900013. doi: 10.1002/gch2.201900013

 Shivay, S. Y., Pooniya, V., Prasad, R., Pal, M., and Bansal, R. (2016). Sulfur-coated urea as a source of sulfur and an enhanced efficiency of nitrogen fertilizer for spring wheat. J. Cereal. Res. Commun. 44, 513–523. doi: 10.1556/0806.44.2016.002

 Shivay, Y. S., Kumar, D., Prasad, R., and Ahlawat, I. (2008). Relative yield and zinc uptake by rice from zinc sulphate and zinc oxide coatings onto urea. Nutr. Cycl. Agroecosyst. 80, 181–188. doi: 10.1007/s10705-007-9131-5

 Shivay, Y. S., and Prasad, R. (2012). Zinc-coated urea improves productivity and quality of basmati rice (Oryza sativa L.) under zinc stress condition. J. Plant Nutr. 35, 928–951. doi: 10.1080/01904167.2012.663444

 Shrestha, S., Becker, M., Lamersand, J., and Wimmer, R. (2020). Boron and zinc fertilizer applications are essential in emerging vegetable-based crop rotations in Nepal. J. Plant Nutr. Soil Sci. 183, 439–456. doi: 10.1002/jpln.202000151

 Siddiqui, S. N., Umar, S., and Iqbal, M. (2015). Zinc-induced modulation of some biochemical parameters in a high- and a low-zinc-accumulating genotype of Cicer arietinum L. grown under Zn-deficient condition. Protoplasma 252, 1335–1345. doi: 10.1007/s00709-015-0767-8

 Silva, G. (2018). Feeding the World in 2050 and Beyond–Part 1: Productivity Challenges. Michigan State University Extension. Available online at: https://www.canr.msu.edu/news/feeding-the-world-in-2050-~and-beyond-part-1

 Smolders, E., Buekers, J., Oliver, I., and McLaughlin, M. J. (2004). Soil properties affecting toxicity of zinc to soil microbial properties in laboratory-spiked and field-contaminated soils. Environ. Toxicol. Chem. 23, 2633–2640. doi: 10.1897/04-27

 Song, C. Z., Liu, M. Y., Meng, J. F., Chi, M., Xi, Z. M., and Zhang, Z. W. (2015). Promoting effect of foliage sprayed zinc sulfate on accumulation of sugar and phenolic in berries of Vitis vinifera cv. Merlotsingh et al., 201 growing zinc deficient soil. Molecules 20, 2536–2554. doi: 10.3390/molecules20022536

 Sud, R. G., Prasad, R., and Bhargava, M. (1995). Effect of weather conditions on concentration of calcium, manganese, zinc, copper and iron in green tea [Camellia sinensis (L) O kuntze] leaves of North-Western India. J. Sci. Food Agric. 67, 341–346. doi: 10.1002/jsfa.2740670311

 Suganya, A., Saravanan, A., and Manivannan, N. (2020). Role of zinc nutrition for increasing zinc availability, uptake, yield, and quality of maize (Zea mays L.) grains: an overview. Commun. Soil Sci. Plant Anal. 51, 2001–2021. doi: 10.1080/00103624.2020.1820030

 Tatyana, C., Vichene, L. T., and Cauthor, I. (2004). The effect of light intensity on hydrogen production by sulfur-deprived Chlamydomonas reinhardtii. J. Biotecchnol. 114, 143–151. doi: 10.1016/j.jbiotec.2004.05.012

 Tavanti, T. R., de Melo, A. A. R., Moreira, L. D. K., Sanchez, D. E. J., dos Santos Silva, R., da Silva, R. M., et al. (2021). Micronutrient fertilization enhances ROS scavenging system for alleviation of abiotic stresses in plants. Plant Physiol. Biochem. 160, 386–396. doi: 10.1016/j.plaphy.2021.01.040

 Timilsena, Y. P., Adhikari, R., Casey, P., Muster, T., Gill, H., and Adhikari, B. (2015). Enhanced efficiency fertilisers: a review of formulation and nutrient release patterns. J. Sci. Food Agric. 95, 1131–1142. doi: 10.1002/jsfa.6812

 Tiong, J., Sharma, N., Sampath, R., MacKenzie, N., Watanabe, S., Metot, C., et al. (2021). Improving nitrogen use efficiency through overexpression of alanine aminotransferase in rice, wheat, and barley. Front. Plant Sci. 12, 628521. doi: 10.3389/fpls.2021.628521

 Trenkel, M. E. (2010). Slow-and Controlled-Release and Stabilized Fertilizers: An Option for Enhancing Nutrient Use Efficiency in Agriculture. Paris: International Fertilizer Industry Association.

 Ullah, A., Farooq, M., and Hussain, M. (2019). Improving the productivity, profitability and grain quality of kabuli chickpea with co-application of zinc and endophyte bacteria Enterobacter sp. MN17. Arch. Agron. Soil. Sci. 25, 1–6. doi: 10.1080/03650340.2019.1644501

 Ullah, A., Munir, S., Badshah, S. L., Khan, N., Ghani, L., Poulson, B. G., et al. (2020). Important flavonoids and their role as a therapeutic agent. Molecules 25, 5243. doi: 10.3390/molecules25225243

 Vadlamodi, K., Upadhyay, H., Singh, A., and Reddy, M. (2020). Influence of zinc application in plant growth: an overview. Eur. J. Mol. Clin. Med. 7, 2515–8260.

 Wakeel, A., Farooq, M., Bashir, K., and Ozturk, L. (2018). “Micronutrient malnutrition and biofortification: recent advances and future perspectives,” in Plant Micronutrient Use Efficiency: Molecular and Genomic Perspectives in Crop Plants, eds M. A. Hossain, T. Kamiya, D. J. Burritt, L. -S. P. Tran, and T. Fujiwara (New York, NY; London: Elsevier), 225–243. doi: 10.1016/B978-0-12-812104-7.00017-4

 Wan, Y., King, R., Mitchell, R. A. C., HASSANi-Pak, K., and Hawkesford, M. J. (2017). Spatiotemporal expression patterns of wheat amino acid transporters reveal their putative roles in nitrogen transport and responses to abiotic stress. Sci. Rep. 7, 5461–5474. doi: 10.1038/s41598-017-04473-3

 Wang, C., Zhang, L., Li, Y., Buttar, Z. A., Wang, N., Xie, Y., et al. (2020). Single nucleotide mutagenesis of the TaCHLI gene suppressed chlorophyll and fatty acid biosynthesis in common wheat seedlings. Front. Plant Sci. 11, 97. doi: 10.3389/fpls.2020.00097

 Wang, H., Hegazy, A. M., Jiang, X., Hu, Z., Lu, J., Mu, J., et al. (2016). Suppression of ammonia volatilization from rice–wheat rotation fields amended with controlled-release urea and urea. Agron. J. 108, 1214–1224. doi: 10.2134/agronj2015.0295

 Wang, S., Zhao, X., Xing, G., Yang, Y., and Zhang, M. (2015). Improving grain yield and reducing N loss using polymer-coated urea in southeast China. Springer 35, 1103–1115. doi: 10.1007/s13593-015-0300-7

 Wang, Y. Y., Wei, Y. Y., Dong, X. L., Lu, Y., Feng, L. L., Zhang, J., et al. (2014). Improved yield and Zn accumulation for rice grain by Zn fertilization and optimized water management. J. Zhejiang Uni. Sci. B. 15, 365–374. doi: 10.1631/jzus.B1300263

 Watson, C. J. (2000). Urease activity and inhibitions principle and practice. Int. Fert. Soc. 454.

 Wei, X., Chen, J., Gao, B., and Wang, Z. (2020). “Role of controlled and slow release fertilizers in fruit crop nutrition,” in Diagnosis and Management of Nutrient Constraints, eds A. K. Srivastava and C. Hu (Amsterdam: Elsevier), 555–566. doi: 10.1016/B978-0-12-818732-6.00039-3

 White, P. J., Bowen, H. C., Parmaguru, P., Fritz, M., Spracklen, W. P., and Spiby, R. E. (2004). Interactions between selenium and sulfur nutrition in Arabidopsis thaliana. J. Exp. Bot. 55, 1927–1937. doi: 10.1093/jxb/erh192

 Xin, Y., Wenhai, M., Shaofu, W., Lianghuan, W., and Jianqiu, C. (2017). Rice response to single application of coated urea on yield, dry matter accumulation and nitrogen uptake in Southern China. J. Plant Nutr. 40, 2181–2191. doi: 10.1080/01904167.2017.1346675

 Yang, K. Y., Doxey, S., McLean, J. E., Britt, D., Watson, A., and Al Qassy, D. (2018). Remodeling of root morphology by CuO and ZnO nanoparticles: effects on drought tolerance for plants colonized by a beneficial pseudomonad. Botany 96, 175–186. doi: 10.1139/cjb-2017-0124

 Yang, M., Fang, Y., Sun, D., and Shi, Y. (2016). Efficiency of two nitrification inhibitors (dicyandiamide and 3, 4-dimethypyrazole phosphate) on soil nitrogen transformations and plant productivity: a meta-analysis. Sci. Rep. 6, 22075. doi: 10.1038/srep22075

 Yu, Z., Juhasz, A., Islam, S., Diepeveen, D., Zhang, J., Wang, P., et al. (2018). Impact of mid-season sulphur deficiency on wheat nitrogen metabolism and biosynthesis of grain protein. Sci. Rep. 8, 2499. doi: 10.1038/s41598-018-20935-8

 Zenda, T., Songtao, L., Anyi, D., and Huijun, D. (2021). Revisiting sulphur—the once neglected nutrient: it's roles in plant growth, metabolism. Stress Toler. Crop Prod. Agric. 11, 626. doi: 10.3390/agriculture11070626

 Zhang, Y., Luan, S., Chen, L., and Shao, M. (2011). Estimating the volatilization of ammonia from synthetic nitrogenous fertilizers used in China. J. Environ. Manage. 92, 480–493. doi: 10.1016/j.jenvman.2010.09.018

 Zhao, C., Degryse, F., Gupta, V., and McLaughlin, M. J. (2016). Low effective surface area explains slow oxidation of co-granulated elemental sulfur. Soil Sci Soc. Am. J. 80, 911–918. doi: 10.2136/sssaj2015.09.0337

 Zhao, C., Degryse, F., Gupta, V. V. S. R., and McLaughlin, M. J. (2015). Elemental sulfur oxidation in Australian cropping soils. Soil Sci. Soc. Am. J. 79, 89–96. doi: 10.2136/sssaj2014.08.0314

 Zhao, C. H., Tian, Q., Zhang, V. V. S. R., and Liu, Z. (2021). Preparation of urea-containing starch-castor oil superabsorbent polyurethane coated urea and investigation of controlled nitrogen release. Carbohydr. Polym. 253, 117240. doi: 10.1016/j.carbpol.2020.117240

 Zhou, Y., Tao, Y., Tang, D., Wang, J., Zhong, J., Wang, Y., et al. (2017). Identification of QTLs associated with nitrogen uptake and nitrogen use efficiency using high throughput genotyped CSSLs in rice (Oryza sativa L.). Front Plant Sci. 8, 1166. doi: 10.3389/fpls.2017.01166

 Zhu, S., Liu, L., Xu, Y., Yang, Y., and Shi, R. (2020). Application of controlled release urea improved grain yield and nitrogen use efficiency: a meta-analysis. PLoS ONE 15, e0241481. doi: 10.1371/journal.pone.0241481





ORIGINAL RESEARCH

published: 15 November 2022

doi: 10.3389/fpls.2022.1011515

[image: image2]


Nitrogen fertilizer application rates and ratios promote the biochemical and physiological attributes of winter wheat


Muhammad Saleem Kubar 1, Chao Wang 1, Rana Shahzad Noor 2,3, Meichen Feng 1, Wude Yang 1*, Kashif Ali Kubar 4, Khalilullah Soomro 5, Chen Yang 1, Hui Sun 1, Mohamed E. Hasan 6 and Walid F. A. Mosa 7


1 College of Agriculture, Shanxi Agricultural University, Taigu Jinzhong, China, 2 Department of Agriculture, Biological, Environment and Energy Engineering, College of Engineering, Northeast Agricultural University, Harbin, China, 3 Faculty of Agricultural Engineering and Technology, PMAS-Arid Agriculture University, Rawalpindi, Pakistan, 4 Faculty of Agriculture, Lasbela University of Agriculture, Water and Marine Sciences, Uthal, Pakistan, 5 Department of Plant Pathology, Sichuan Agricultural University, Chengdu, China, 6 Bioinformatics Department, Genetic Engineering and Biotechnology Research Institute, University of Sadat City, Sadat City, Egypt, 7 Plant Production Department (Horticulture- Pomology), Faculty of Agriculture, Saba Basha, Alexandria University, Alexandria, Egypt




Edited by: 

Anis Ali Shah, University of Education Lahore, Pakistan

Reviewed by: 

Umi Aisah Asli, University of Technology Malaysia, Malaysia

Ertan Yildirim, Atatürk University, Turkey

*Correspondence: 

Wude Yang
 sxauywd@126.com

Specialty section: 
 This article was submitted to Crop and Product Physiology, a section of the journal Frontiers in Plant Science


Received: 04 August 2022

Accepted: 16 September 2022

Published: 15 November 2022

Citation:
Kubar MS, Wang C, Noor RS, Feng M, Yang W, Kubar KA, Soomro K, Yang C, Sun H, Hasan ME and Mosa WFA (2022) Nitrogen fertilizer application rates and ratios promote the biochemical and physiological attributes of winter wheat. Front. Plant Sci. 13:1011515. doi: 10.3389/fpls.2022.1011515



Improper optimization of the rates and ratios of nitrogen application reduces grain yields and increases the nitrogen loss, thereby affecting environmental quality. In addition, scarcer evidence exists on the integrative approach of nitrogen, which could have effects on the biochemical and physiological characteristics of wheat. Treatments were arranged as nitrogen (N) rates of 00, 75, 150, 225, and 300 kg ha−1 in the main plots, and different nitrogen ratios were organized in subplots at 5:5:0:0 and 6:4:0:0, which were applied at the sowing, jointing, flowering, and grain filling stages. The results revealed that 225 kg N ha−1 significantly enhanced the stomatal conductance (Gs), photosynthetic rate (Pn), intercellular CO2 (Ci), transpiration rate (Tr), and total chlorophyll by 28.5%, 42.3%, 10.0%, 15.2%, and 50%, receptively, at the jointing stage in comparison to the control (0 kg N ha−1). Nitrogen application of 225 kg ha−1 increased the soil–plant analysis development (SPAD) value and the chlorophyll a, chlorophyll b, and carotenoid contents of winter wheat under the 6:4:0:0 ratio. The trend of the photosynthetic characteristics was observed to be greater at the 6:4:0:0 fertilization ratio compared to that at 5:5:0:0. The photosynthetic rate was significantly associated with the biochemical and physiological characteristics of winter wheat. In conclusion, the nitrogen dose of 225 kg ha−1 and the ratio of 6:4:0:0 (quantity applied at the sowing, jointing, flowering, and grain filling stages) effectively promoted the photosynthetic and other physiological characteristics of winter wheat.




Keywords: winter wheat, nitrogen fertilizer, photosynthetic traits, chlorophyll content, (SPAD)



Introduction

Nitrogen management is considered one of the most vital factors affecting wheat growth (Chowdhury et al., 2021), phenology, and grain yield (Sabagh, 2021). Nitrogen fertilizer, when supplied at appropriate rates, plays a significant role in enhancing crop productivity (Chandio et al., 2022). Good nitrogen fertilization practices, including recommended methods and rates, are extremely vital not only for increasing the crop productivity but also for preserving the soil and eco-friendly health (Panhwar et al., 2019; Shah et al., 2019). However, insufficient application of synthetic fertilizers, mainly nitrogenous fertilizers, has a negative impact on the growth and yield of crops; it is expected that cumulative N fertilization may cause an enhancement of 23%–60% of N2O emissions by 2030 (FAO and WHO, 2009). Combining the physiological, chemical, and morphological traits responsible for inherent or environment-induced differences in the plant growth or yield requires thorough growth analysis (Hawkesford et al., 2013; Yingkui et al., 2016). The hypothetical higher limit for the active productivity of plant photosynthesis has been expected from a comprehensive stepwise investigation of the biophysical and biochemical substitute practices to be approximately 4.6% for C3 and 6.0% for C4 plants (Shi and Yu, 2008). These assessments adopted a leaf temperature of 30°C, as well as an atmospheric CO2 of 387 ppm, and were calculated comparative to the occupied planetary spectrum at the Earth’s surface. These productivities would be marginally more than twofold when calculated relative to simply the photosynthetically active emission (i.e., 400–700 nm) (Jialing and Wu, 2018). A plant’s pigment system is a foundation for the photosynthetic alteration of solar energy to biochemical bond energy. The major photosynthetic pigments are chlorophylls, while carotenoids (Car) hand over extra energy to chlorophylls (light-collecting function) and take off surplus energy from them (photoprotective function) (Hawkesford et al., 2013; Zuliang et al., 2018). Photosynthesis is the critical source of biomass in plants (Jialing and Wu, 2018). The biomass of plants is also related to the leaf area index because of its impact on light capture (Man et al., 2015; Mingnanet et al., 2017).

One of the acknowledged global changes as a result of rising CO2 is how it interacts with a plant’s features, such as a decrease in the transpiration rate or stomatal conductance and an increase in light usage efficiency (Li., 2018). According to data provided, CO2 caused a 31% increase in the saturated light needed for leaf photosynthesis and a 28% regular adjustment to photosynthetic carbon. However, full stress conditions such low and nitrogen depletion caused the stomatal conductance to fall and the net photosynthetic rate to decrease (Zuliang et al., 2018). For plant species such as maize, sorghum, sugarcane, and cereal grains including wheat, rice, and barley, a similar trend of 20% lower stomatal conductance was evident. In wheat, nitrogen fertilization boosted the net photosynthetic rate and improved the photosynthetic pigment characteristics. Previous research has shown a correlation between the leaf nitrogen content and the photosynthetic capacity (Li et al., 2018; Fan et al., 2011).

Studies have been conducted on the growth and biomass characteristics of winter wheat (Svetla et al., 2016; Xu et al., 2018; Hirel et al., 2011); however, studies on the integrative approaches of the effects of the rates and ratios on their biochemical and physiological traits are scarce (Yang et al., 2017; Oldfield et al., 2019; Skudra and Raza 2017). It is also interesting that the leaf chlorophyll content in plant leaves provides an enhanced approximation of the potential yield compared to the nitrogen concentration of leaves (Xing et al., 2018; Sahar et al., 2012). A few pieces of evidence exist regarding the effect of nitrogen management on photosynthetic characteristics, total dry biomass, and grain yield, as well as the relationship between grain yield and photosynthetic characteristics. Additionally, the economic impact of nitrogen management on the biomass production, chlorophyll content, photosynthetic rate, and nitrogen uptake efficiency of winter wheat crop has rarely been examined. Hence, this study was conducted to explore the effects of the nitrogen percentages and ratios on the biochemical and physiological characteristics of winter wheat.



Materials and methods


Experimental locations

Field trials were conducted during two consecutive sowing seasons, 2017–2018 and 2018–2019, at the Taigu experimental farming station of Shanxi Agricultural University, Shanxi Province, China (N 37°25′, E 112°33′). The research area has a temperate continental monsoon climate with a mean yearly temperature of 12°C–13°C and a mean yearly rainfall of 442–600 mm. The potential evapotranspiration is from 1840.2 to 1872.2 mm, while the sunlight period is determined as 2,672–2,697 h. The research area is a mountainous arid field with a semiarid climate in the Northeast Loess Plateau, where 60%–70% of rainfall followed in the seasonal months through the fallow season (from July to August). The soil texture at the research site is clay loam. Details of the soil nutrients status is presented in Table 1. Weather data, including the minimum, maximum, and mean temperature, and the monthly average rainfall and rainy days are presented in Figure 1.


Table 1 | Soil properties prior to the experiments at the farming station of Shanxi Agricultural University.






Figure 1 | Monthly rainy days, rainfall, minimum temperature, maximum temperature, and mean temperature in 2017–2018 and 2018–2019 at Shanxi Agricultural University.





Treatment detail

The trials were arranged in a split-plot design with three replications. The main plots included a control (no fertilizerapplied) means 0 (zero) and plots with total nitrogen (N) levels of 75, 150, 225, and 300 kg ha−1. Subplots received the following nitrogen ratios: 5:5 (50%, 50%) and 6:4 (60%, 40%). The labeling was as follows: 50%:50%:0% 0% (labeled as 5:5:0:0), 50%:0%:50%:0% (labeled as 5:0:5:0), and 50%:0%:0%:50% (labeled as 5:0:0:5) and 60%:40%:0%:% (labeled as 6:4:0:0), 60%:0%:40%:0% (labeled as 6:0:4:0), and 60%:0%:0%:40% (labeled as 6:0:0:4). The nitrogen fertilizer was applied as bottom and topdressing during the different growing stages of winter wheat in two ways: one was at 50% sowing time + 50% at jointing, 50% sowing time + 50% at the flowering stage, and 50% sowing time + 50% at the grain filling stage, while the other was at 60% at sowing time + 40% at the jointing stage, 60% at sowing time + 40% at the flowering stage, and 60% at sowing time + 40% at the grain filling stage. There were 75 plots, with the size of each experimental plot being 30 m2 (6 m × 5 m). Each treatment had three replications. Urea (46.4%) was used as the nitrogen source for the experimental field and was applied before sowing of the crop. Phosphorus was applied as triple super phosphate (16%) at 120 kg ha−1 and potassium applied as potassium chloride (45%) at 60 kg ha−1 during the sowing period. Before sowing, winter wheat (Jintai 182 variety) was cultivated during the experimental study, and the sowing rate was 95 kg ha−1. Winter wheat was planted on September 31, 2017 and on October 1, 2018, while harvesting was done on June 15, 2018 and June 21, 2019, respectively. Data were collected from the field with an interval of 20–25 days during the months of March, April, and May. All other agricultural practices, such as weed control, irrigation, disease, and pesticide application, were accomplished timely on the basis of crop growth stage and demand according to the conventional practices adopted in Shanxi Province.



Physiological traits of photosynthesis

As described by Ahmed et al. (2018), the photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 absorption (Ci), and the transpiration rate (Tr) of winter wheat under the nitrogen levels, nitrogen ratios, and N timings were examined using the Li-6400 convenient photosynthesis method (LI-COR Inc., Lincoln, NE, USA), prepared with a LED leaf chamber. To determine the photosynthesis traits in each treatment, two fully prolonged flag leaves per plot of winter wheat crop were selected at different stages, i.e., jointing, flowering, and grain filling. All the calculations were conducted from 10:00 to 11:10 a.m. on a clear sunny day under a CO2 concentration of 400 mol mol−1.



Determination of chlorophyll content measured with SPAD 502

Soil–plant analysis development (SPAD) readings were taken with a Minolta SPAD-502 m (relative value from 0 to 100). The winter wheat leaf was dignified from the tip angle of the leaf to the leaf sheath, and the chlorophyll content was measured. The leaf was repeated three times. The average can be roughly measured as chlorophyll content.



Spectrophotometric method

Winter wheat was harvested with two leaves instantly placed into a sealed bag, each processing collection of three, in time with measurements of photosynthesis. A weight of 0.08 g was precisely taken, added into a 25-ml volumetric flask with 80% acetone before sealing, and then left in the dark for 24 h. A Shimadzu UV-1800 UV–Vis spectrophotometer was used to measure the absorbance at 470, 663, 645, and 652 nm. The contents of four pigments, namely, chlorophyll A, chlorophyll B, total chlorophyll, and carotenoid, were calculated in accordance with Wang (2018).



 

 

 

Where Ca and Cb are the chlorophyll a (Chl a) and chlorophyll b (Chl b) contents, respectively; Cx.c is the carotenoid content, and Ct is the total chlorophyll content. A665, A649, and A470 denote the absorbance at 665, 649, and 470 nm, correspondingly.



Statistical analysis

The data presented in this study were the mean of three replicates. All data were analyzed using ANOVA with randomized complete block design (RCBD). The significance of each source was determined with an F-test. Duncan’s multiple range test (DMRT) was conducted using a post-hoc mean separation test (p< 0.05). Comparisons between treatments were made on the basis of a significant change in the least significance difference (LSD; p< 0.05). The Shapiro–Wilk test was used to evaluate the normality of variance before carrying out the ANOVA. Microsoft Excel 365 was used for data calculation. All statistical analysis was completed using SPSS version 19.0 and SAS 9.3 (SAS Institute, Cary, NC, USA).




Results and discussion


Effect of nitrogen ratios and nitrogen timing on physiological traits

Nitrogen treatments significantly influenced the net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci), and the transpiration rate (Tr) in both study years (Figures 2–5). The maximum values for Pn, Gs, Ci, and Tr during the different growth stages were recorded for 300 kg N ha−1, followed by 225 kg N ha−1. Higher values of these traits were noted during the flowering stage, followed by the jointing stage at the 6:4 ratio. However, 300 kg N ha−1 showed statistically the same or a lesser difference compared to 225 kg N ha−1. However, minimum values of Pn, Gs, Ci, Tr were noted for 0 kg N ha−1, followed by 75, 150, and 225 kg N ha−1. In comparison to the control, 300 kg N ha−1 increased the Pn by 30% and 25.24%, Gs by 50% and 35%, and Ci by 28% and 23.50% in 2018 and 2019, respectively, during the flowering stage at the 6:4 ratio. On the other hand, the highest values of Tr observed were 8.69 and 9.39 mmol H2O m−2 s−1 at 225 kg N ha−1 during the jointing stage of winter wheat in 2018 and 2019, respectively, compared to the control. There was no significant variance between the nitrogen ratios of 6:4 under treatment with 225 kg N ha−1 and of 5:5 under treatment with 300 kg N ha−1. Analysis of variance showed that the N rates and ratios had a considerable impact on the photosynthetic traits (Table 2).




Figure 2 | Effect of nitrogen fertilizer management on the photosynthetic rate of winter wheat. JS, jointing stage; FS, flowering stage; GF, grain filling stage. Different letters in above bars indicate a significant difference (p>0.05).






Figure 3 | Effect of nitrogen fertilizer management on the stomatal conductance of winter wheat. JS, jointing stage; FS, flowering stage; GF, grain filling stage. Different letters in above bars indicate a significant difference (p>0.05).






Figure 4 | Effect of nitrogen fertilizer management on the intercellular CO2 concentration of winter wheat. JS, jointing stage; FS, flowering stage; GF, grain filling stage. Different letters in above bars indicate a significant difference (p>0.05).






Figure 5 | Effect of nitrogen fertilizer management on the transpiration rate of winter wheat. JS, jointing stage; FS, flowering stage; GF, grain filling stage. Different letters in above bars indicate a significant difference (p>0.05).




Table 2 | Significance of the F-value from ANOVA of the various parameters of winter wheat affected by nitrogen management.



Increased values of Pn, Gs, Tr, and Ci of the physiological traits of winter wheat were observed in our current study, which could be due to the optimal temperature and rainfall throughout its growing stages. The photosynthetic rate was affected by nitrogen fertilization and appropriate consumption of nitrogen fertilizer significantly increased the grain yield of the winter wheat crop (Du et al., 2019; Ziadi et al., 2010). Treatment with 225 kg N ha−1 revealed higher Pn, Gs, Tr, and Ci values at the jointing, flowering, and filling stages when nitrogen was added at the jointing stage. The application time clearly affected the Pn or Gs of winter wheat, and a higher Pn rate was found at the growing stage when the application was done during the flowering stage and grain filling stages, which could be related to the higher transmittance at the early growing stages, assisting winter wheat crops with increasing their leaf area and accumulating additional sunshine. This might be due to the climate conditions and the higher chlorophyll contents (Weih et al., 2016), leaf area index (Wolf et al., 2003), and the net photosynthetic rate (Peltonen, 1992). In the present study, the values of Pn, Tr, Ci, and Gs were enhanced with the increase of nitrogen, and maximum values were recorded with the 300- and 225-kg N ha−1 treatments. The results of this study suggested that nitrogen application at 225 kg ha−1 is the most favorable for the stomatal gas exchange and photosynthetic traits. Some published findings also confirmed that the photosynthetic rates of leaves increase with nitrogen enhancement until a threshold level is reached (Aranda et al., 2004; Long et al., 2006).



Effect of nitrogen fertilizer on soil–plant analysis development

The SPAD value during the first year significantly increased and decreased in the second year with the increase of the nitrogen rates at the different growth stages (Figure 6). Maximum results were observed with treatment of 225 kg N ha−1 at the 6:4 ratio. The average increases were from 18.41% to 20.00% at the jointing stage, from 10.89% to 13.62% at the flowering stage, and from 11.48% to 10.06% at the grain filling stage. These results demonstrated that a high amount of nitrogen fertilizer will prime the decline of chlorophyll content in the flag leaf of winter wheat. The SPAD value was basically consistent with the chlorophyll content, which exhibited a tendency of an increase first and then a decline with the increase of the nitrogen rates. The differences among the treatments were measured at the<0.05 probability levels.




Figure 6 | Effect of nitrogen fertilizer management on the SPAD 502 of winter wheat. SPAD, soil–plant analysis development; JS, jointing stage; FS, flowering stage; GF, grain filling stage. Different letters in above bars indicate a significant difference (p>0.05).



Numerous investigations have noted a strong link between SPAD and the N levels (Tahir and Nakata, 2005). For many plant species, the relationships between the total chlorophyll content and SPAD studies have been identified (Du et al., 2019; Mielke et al., 2012). Our results showed that pre-sowing and topdressing nitrogen application significantly augmented the SPAD. The SPAD value in treatment with 225 kg N ha−1 at a 6:4 ratio, when N was applied at the jointing stage, was significantly higher than that in treatment with 150 kg N ha−1 at a ratio of 5:5 when the fertilizer was applied at the flowering stage in both years as compared to 300 kg N ha−1 (Figures 2–10). Our finding is in line with those of studies in cereal crops by Wang (2018), Hawkesford et al. (2013), and Yingkui et al. (2016). At the initial growth periods from tillering to jointing, chlorophyll analyses usually indicated non-significant differences across the ecotypes and nitrogen application rates. Gao et al. informed that a grain yield response in winter wheat might be estimated for meter analyses of less than 42; the authors discovered that SPAD measurements did not differ at the jointing stage, prior to topdressing nitrogen application (Gao et al., 2018). In our investigation, the nitrogen applications increased dramatically in the various growth stages at the 6:4 ratio. When compared to control treatment CK, the winter wheat SPAD values with the 225-kg N ha−1 treatment and the 6:4 ratio were higher than those under the 5:5 ratio, which were 18.41%, 10.89%, and 11.48% and 20.00%, 13.62%, and 10.06%, respectively, in both years (Figures 2–10). The results matched those of a previous study by Kim et al., in which the leaf greenness of SPAD was significantly related to Chl a absorption in two rice varieties with diverse leaf colors. Therefore, fluctuations in leaf greenness are probably due to the absorption of chlorophyll. The variances in leaf greenness determined by the SPAD values have also been described in field crops (Weih et al., 2016; Papastylianou, 1984). The results from our study generally suggest that SPAD measurements at a crucial time are undoubtedly influenced by the plant nitrogen status and are related to the leaf area index, nitrogen content, and grain production in winter wheat plants. A recommendation for nitrogen application based on the SPAD results may be challenging; however, as key SPAD assessments may differ between years, the N timings, N ratios, and the soil characteristics and biochemical traits are affected by nitrogen fertilizer.



Effect of nitrogen fertilizer on chlorophyll a, chlorophyll b, and total chlorophyll contents

The contents of Chl a and Chl b of winter wheat leaves were significantly greater with 300 and 225 kg N ha−1 in both years when compared to the control (Figures 7, 8). In comparison to the control treatments, 225 kg N ha−1 increased the contents of Chl a and Chl b by 68.57% and 250%, respectively, at the jointing stage, followed by the flowering stage under the 6:4 ratio. Our outcomes designated that the Chl a process is superior to that of Chl b parallel to the control. The application of nitrogen fertilizer significantly improved Chl a, and the capability of the jointing stage under the growth process was higher than that of the flowering and filling stages because, at the jointing stage, plants were healthy and strong and chlorophyll was available in higher quality.




Figure 7 | Effect of nitrogen fertilizer management on the Chl A content of winter wheat. FW, fresh weight; JS, jointing stage; FS, flowering stage; GF, grain filling stage. Different letters in above bars indicate a significant difference (p>0.05).






Figure 8 | Effect of nitrogen fertilizer management on the Chl B content of winter wheat. FW, fresh weight; JS, jointing stage; FS, flowering stage; GF, grain filling stage. Different letters in above bars indicate a significant difference (p>0.05).



Compared with the control, fertilizer treatment at 225 kg ha−1 significantly increased the total chlorophyll (Figure 9). The overall trend in total chlorophyll was consistent between treatments and ratios. Initially, the total chlorophyll increased from the jointing stage and then declined over starting with the grain filling stage. Subsequently, the total chlorophyll contents increased with treatment of 225 kg N ha−1 at the ratio of 6:4, with overall increases of 85.89%–109.22%, 75.21%–80.78%, and 57.5–105.82% under 300, 150, and 75 kg N ha−1, respectively, in both years. However, ratios of 5:5 at the jointing stage under treatment with 300 kg N ha−1 and 6:4 at the jointing stage under treatment with 150 kg N ha−1 showed no significant difference in the total chlorophyll content. These results demonstrated that, with nitrogen application during different stages, a higher chlorophyll content can be preserved at the radical growing stages of winter wheat and that the flag leaf stage is the optimal stage for topdressing the fertilizer. Variance analysis showed that the nitrogen application rate and ratios had significant effects on the total chlorophyll content and that their interaction was also significant (Table 2).




Figure 9 | Effect of nitrogen fertilizer management on the total chlorophyll content of winter wheat. FW, fresh weight; JS, jointing stage; FS, flowering stage; GF, grain filling stage. Different letters in above bars indicate a significant difference (p>0.05).



Overall, the leaves in the experimental units differed significantly in color, ranging from shaded green to light brown and yellowish at the time of measurement. The results demonstrated that, in winter wheat plants on different ratios and N timings, the contents of Chl a, Chl b, total chlorophyll, and carotenoid first increased with the increase of the nitrogen rate and then decreased in both years as compared to those of CK (Figures 2–10). Chlorophyll was the main pigment in winter wheat plants and ranged from 5.82 to 6.96 mg/g fresh weight (FW), with Chl a ranging from 1.74 to 2.86 mg/g FW and Chl b from 7.56 to 9.75 mg/g FW. The Chl a-to-Chl b ratio was usually approximate to the various nitrogen treatments and ratios and the N timing. The Ct content was in the mean range of 1.74–2.47 mg/g FW under the ratio of 6:4 with treatment (225 kg N ha−1) from the jointing to the grain filling stage, when nitrogen was applied during the jointing stage in both years, as compared to CK. According to Mielke et al. (2012), Wang (2018), and Sicher and Bunce (2001), winter wheat plants have higher Chl a, Chl b, and carotenoid levels than CK during the jointing to the grain filling stage. Numerous investigations on various types of crops have described comparable outcomes (Gao et al., 2018; Baig et al., 2005). The numerous uses of nitrogen include promoting photosynthesis, enhancing tissue strength, and reducing plant transpiration rates.

Our results are in agreement with those of Gao et al. (2018), whose significance analysis confirmed that the chlorophyll content of winter wheat leaves significantly increased at the jointing and booting stages compared with that in the control (p< 0.05) (Gao et al., 2018; Tian et al., 2014; Yang et al., 2017). Skudra and Ruza (2017) has revealed that the leaf chlorophyll contents during jointing and flag leaf at diverse periods were increased by 3.3%–6.8% and 3.0%–23.4%, correspondingly, compared to those during the early flowering stage. When nitrogen was applied at the jointing stage, the Chl a and Chl b contents decreased slowly with the growing process by withholding nitrogen up to the flowering stage. Chlorophyll is essential in photon concentration, diffusion, and transportation and is closely associated with the Pn in leaves (Xing et al., 2018). Increasing the quantity of the nitrogen fertilizer can increase the chlorophyll content in plant leaves, elongating the period in which the photosynthetic rate is higher and consequently improving photosynthetic performance (Ahmed et al., 2018; Wang, 2018). In our study, pre-sowing and topdressing nitrogen applications significantly augmented the chlorophyll content of winter wheat plants. Under the jointing stage, the chlorophyll content was greater than that during the flowering and grain filling stages. Moreover, the 6:4 ratio with N timing during the jointing stage was higher than the 5:5 ratio under treatment with 225 kg N ha−1. This outcome demonstrated that topdressing nitrogen application to closely compete with the nitrogen supplies of both the N timing and treatments and ratios of winter wheat finally contributes to dry matter accumulation, subsequently to a greater N supply in the leaves, finally leading to significantly greater grain yields.



Effect of nitrogen fertilizer on carotenoid content

The carotenoid contents of winter wheat in all nitrogen treatments and ratios were significantly greater than that of the control at the jointing stage. Higher results were obtained with the ratio of 6:4 at 225 kg N ha−1 in the jointing and flowering stages (Figure 10). The carotenoid contents following from the jointing to the grain filling stage at the different growth stages were increased by 78.88%–62.89% and 11.45%–53-94%, respectively, with 225 kg N ha−1, while nitrogen was suppressed until the grain filling stage. The ANOVA results showed that nitrogen treatment had a significant effect on the carotenoid content, while the N ratio and the interaction of the nitrogen level and ratio were not significant (Table 2). Carotenoids are essential pigments in photosynthesis and provide an indication of the leaf function and structure when several environmental factors are at work (Liu et al., 2019; Ahmed et al., 2018). Favorable climatic conditions and greater chlorophyll concentrations can possibly be of concern (Tian et al., 2014; Nikolic et al., 2002; Megda, 2009). Carotenoids are critical pigments of photosynthesis and are good indicators of leaf functions under the harmful influence of different environmental agents (Zhang et al., 2010); they comprise a crucial parameter for observing the uptake of nitrogen in winter wheat (Papastylianou, 1984). Some published findings also confirmed that leaf carotenoids increase with increasing nitrogen doses.




Figure 10 | Effect of nitrogen fertilizer management on the carotenoid content of winter wheat. JS, jointing stage; FS, flowering stage; GF, grain filling stage. Different letters in above bars indicate a significant difference (p>0.05).






Conclusions

Nitrogen application of 225 kg ha−1 at a ratio 6:4:0:0 significantly influenced the photosynthetic traits, leaf chlorophyll, and physiological characteristics of winter wheat. The splitting of the 225-kg ha−1 dose of nitrogen at a 6:4:0:0 ratio, 60% before sowing + 40% during the jointing stage, effectively improved the SPAD value, the Chl a, Chl b, total chlorophyll, and carotenoid contents, and the stomatal conductance (Gs), photosynthetic rate (Pn), intercellular CO2 (Ci), and transpiration rate (Tr) of winter wheat crops. The findings of the present study could be useful to developing the best nitrogen rate under appropriate N ratios for winter wheat production. The results support knowledge of nitrogen fertilizer management to maximize winter wheat productivity considering the conditions qualified in the current growing season. This study is the first attempt on the effects of applying different nitrogen ratios and timings during the growth stages on the physiological and biochemical traits of winter wheat in Shanxi, China. Additionally, the nitrogen doses and ratios could meritoriously increase the photosynthetic characteristics, ultimately improving the grain yield of winter wheat.
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Wheat has a specific preference for NO3- and shows toxicity symptoms under high NH4+ concentrations. Increasing the nitrate supply may alleviate ammonium stress. Nevertheless, the mechanisms underlying the nitrate regulation of wheat root growth to alleviate ammonium toxicity remain unclear. In this study, we integrated physiological and weighted gene co-expression network analysis (WGCNA) to identify the hub genes involved in nitrate alleviation of ammonium toxicity at the wheat seedling stage. Five NH4+/NO3- ratio treatments, including 100/0 (Na), 75/25 (Nr1), 50/50 (Nr2), 25/75 (Nr3), and 0/100 (Nn) were tested in this study. The results showed that sole ammonium treatment (Na) increased the lateral root number but reduced root biomass. Increasing the nitrate supply significantly increased the root biomass. Increasing nitrate levels decreased abscisic acid (ABA) content and increased auxin (IAA) content. Furthermore, we identified two modules (blue and turquoise) using transcriptome data that were significantly related to root physiological growth indicators. TraesCS6A02G178000 and TraesCS2B02G056300 were identified as hub genes in the two modules which coded for plastidic ATP/ADP-transporter and WRKY62 transcription factors, respectively. Additionally, network analysis showed that in the blue module, TraesCS6A02G178000 interacts with downregulated genes that coded for indolin-2-one monooxygenase, SRG1, DETOXIFICATION, and wall-associated receptor kinase. In the turquoise module, TraesCS2B02G056300 was highly related to the genes that encoded ERD4, ERF109, CIGR2, and WD40 proteins, and transcription factors including WRKY24, WRKY22, MYB30, and JAMYB, which were all upregulated by increasing nitrate supply. These studies suggest that increasing the nitrate supply could improve root growth and alleviate ammonium toxicity through physiological and molecular regulation networks, including ROS, hormonal crosstalk, and transcription factors.
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Introduction

Wheat (Triticum aestivum L.) is an important cereal crop worldwide. Nitrogen (N) is a crucial limiting nutrient that has a central effect on crop growth and yield formation. NO3- and NH4+ are the most prominent forms of inorganic N taken up by plant roots (Feng et al., 2020). In agricultural fields, the use of nitrification inhibitors together with ammonium fertilizers or organic fertilizers stabilizes ammonium at high concentrations in the soil for several weeks (Marino and Moran, 2019). Nevertheless, wheat has a specific preference for NO3- and shows toxicity symptoms under high NH4+ concentrations, including reduced plant growth, decreased root length, and leaf chlorosis (Imran et al., 2019).

Previous studies have demonstrated a few physiological and molecular mechanisms underlying the toxicity of NH4+ stress. Firstly, endogenous hormones can be imbalanced by an excess supply of ammonium. A previous study reported that high ammonium concentrations increased ethylene production (Lynch and Brown, 1997). Yang et al. (2015) found that the expression of auxin-regulated genes is repressed in NH4+ -stressed plants. Furthermore, abscisic acid (ABA) plays a positive role in regulating the OsSAPK9–OsbZIP20 pathway in rice to increase tolerance to high-NH4+ stress (Sun et al., 2020). Britto et al. (2001) proposed that the transportation of NH4+ across membranes was energy-intensive when high concentrations of ammonium were present in the medium, resulting in massive ATP consumption and waste. On the other hand, NH4+ excess causes inhibition cation uptake, such as K+ and Mg2+, which consequently change plant ion balance (Esteban et al., 2016). A recent study found that excessive assimilation of ammonium by plastidic glutamine synthetase produces high levels of protons and aggravates the acidic burden that leads to plant toxicity (Hachiya et al., 2021). NO3- has positive effects on hormone synthesis and transport to recover from the negative effects of ammonium stress (Liu et al., 2019). Sucrose non-fermenting-1-related protein kinase (SnRK1.1) negatively regulates the nitrate channel SLOW ANION CHANNEL Homologue 3 (SLAH3), which is involved in nitrate-dependent alleviation of ammonium toxicity (Sun et al., 2021). Xiao et al. (2022) revealed that NRT1.1 and SLAH3 could form a functional unit to regulate nitrate-dependent alleviation of ammonium toxicity by regulating NO3- transport and balancing rhizosphere acidification. In our previous study, we reported that a high NH4+/NO3- ratio enhances the expression of genes and proteins involved in lignin biosynthesis, leading to root lignification, thereby resulting in increased root oxidative tolerance at the cost of reducing nitrate transport and utilization (Yang et al., 2022). These results suggest that increasing nitrate levels may alleviate ammonium toxicity. These studies have succeeded in determining the physiological and molecular components associated with ammonium toxicity. Nevertheless, the molecular mechanisms underlying the nitrate regulation of wheat root growth to alleviate ammonium toxicity remain unclear.

In the post-genomic era, omics and bioinformatics are essential for understanding the complex regulatory networks in plants associated with stress adaptation and tolerance (Urano et al., 2010; Mochida and Shinozaki, 2011). For example, a previous study integrated transcriptome and metabolome analyses to reveal the physiological and molecular responses of rapeseed to ammonium toxicity (Li et al., 2021). Weighted gene co-expression network analysis (WGCNA) is widely used to identify hubs in biological systems, including plant responses to abiotic stresses (Randhawa and Pathania, 2020; Di Silvestre et al., 2021). WGCNA was used to explore candidate hub genes involved in drought adaptation in wheat (Luo et al., 2019). A study by Chen et al. (2021) showed that WGCNA could be performed to identify hub genes, networks, and pathways relevant to whole leaf responses to waterlogging stress. Integrated WGCNA and physiological analysis may provide new insights to uncover hub genes involved in nitrate alleviation of ammonium toxicity. The objectives of the present study were to (i) investigate the wheat root transcriptome profiles in response to different NH4+/NO3- ratios treatments, (ii) identify functional gene module networks that are involved in the root response to ammonium stress by WGCNA analysis, and (iii) provide new insights into nitrate alleviation of ammonium toxicity.



Materials and methods


Plant materials and culture conditions

The experiments were conducted at the experimental station of Shandong Agricultural University, Tai’ an, China. The Jimai 22 winter wheat cultivar was grown under controlled conditions. Variations in the temperature, illumination intensity, and relative humidity are shown in Supplementary Figure S1. Seeds were surface-sterilized with 1% NaClO3 for 30 min, rinsed five× with sterile water, and germinated on wet filter paper in the dark at 25°C for two days. Germinated seeds were sown in plastic pots (10 × 10 × 10 cm; 10 plants/pot) filled with perlite. The pots were placed on plastic trays (55 × 45 × 5 cm; 20 pots/tray).



Treatments and experimental design

Five NH4+/NO3- ratio treatments with a total N concentration of 6 mM were used to investigate how nitrate alleviated ammonium toxicity in a controlled climate chamber experiment. Treatments included 100/0 (Na), 75/25 (Nr1), 50/50 (Nr2), 25/75 (Nr3), and 0/100 (Nn). Ca(NO3)2, NH4Cl, and NH4NO3 were used to set these ratios. The NH4+/NO3- ratios were determined according to our previous study (Yang et al., 2022). The NH4+/NO3- ratios preparation according to the following method: 6 mmol L-1 NH4Cl and 4 mmol L-1 CaCl2 for Na; 4.5 mmol L-1NH4Cl, 0.75 mmol L-1 Ca(NO3)2 and 3.25 mmol L-1 CaCl2 for Nr1; 3 mmol L-1 NH4NO3 and 4 mmol L-1 CaCl2 for Nr2; 1.5 mmol L-1NH4Cl, 2.25 mmol L-1 Ca(NO3)2 and 1.75 mmol L-1 CaCl2 for Nr3; 3 mmol L-1 Ca(NO3)2 and 1 mmol L-1 CaCl2 for Nn. The concentration of all other nutrient elements was referred to a modified Hoagland’s nutrient solution with the following chemical composition: 5 mmol·L-1 KCl, 4 mmol·L-1 MgSO4, 1 mmol·L-1 KH2PO4, 50 μmol·L-1 Fe-EDTA, 0.5 μmol·L-1 H3BO3, 0.74 μmol·L-1 MnSO4, 0.27 μmol·L-1 ZnSO4, 0.001 μmol·L-1 CuSO4, 0.001 μmol·L-1 CoCl2, and 0.005 μmol·L-1 Na2MoO4, 0.025 μmol·L-1 KI; and pH 6.5.



Assays of root number and biomass

Wheat root number, including the primary and lateral roots, was evaluated 42 days after sowing (DAS). Ten wheat plants from each treatment group were sampled. The roots were washed with water, and the primary and lateral root numbers were counted. Finally, root samples were dried at 60°C for biomass weight measurements.



Assays of root O2-, malondialdehyde content, and superoxide dismutase activity

O2- content was determined according to the method described by Bai et al. (2015). Root samples for each treatment were homogenized in 3 mL of 65 mM phosphate buffer (pH 7.8) and the homogenate was centrifuged at 10,000 × g for 10 min. The supernatant (2 mL) was added to 50 mM phosphate buffer (pH 7.8) and 0.1 mL of 10 mM hydroxylamine hydrochloride (0.5 mL). After 20 min at 25°C, the mixture was added to 1 mL of 58 mM sulfanilamide and 1 mL of 7 mM α-naphthyl-amine and incubated at 30°C for 30 min. After this period, the absorbance was measured at 530 nm.

Root samples (0.5 g) were homogenized using a mortar and pestle at 4°C in 5 mL of 50 mmol L−1 phosphate buffer (pH 7.8). The homogenate was filtered through muslin cloth and centrifuged at 15000×g for 20 min at 4°C, and the supernatant was used to assay the enzyme activities of SOD and MDA content according to Yang et al. (2018). One unit of SOD activity was defined as the amount of crude enzyme extract required to inhibit the reduction of NBT by 50%. The extract (1 ml) and 2 ml of 0.6% thiobarbituric acid were boiled for 20 min and cooled to room temperature. The absorbance of MDA was measured at 600, 532, and 450 nm using a spectrophotometer after centrifugation at 3000 g for 15 min. MDA concentrations were calculated by the equation: MDA (μmol g-1 FW) = [6.45 × (OD532 – OD600) – 0.56 × OD450] × V/W, where OD532, OD600, and OD450 are the absorbance at 532, 600, and 450 nm, respectively; V is the volume of extraction, W is the fresh mass of sample.



Assays of root IAA and ABA content

IAA and ABA were extracted, purified, and measured by high-performance liquid chromatography (HPLC) using the method described by Yang et al. (2018). Root samples (0.1 g) from each treatment were ground to a powder in liquid nitrogen, 4 mL acetonitrile was added, and the homogenate was incubated in the dark at 4°C for 12 h. The extract was centrifuged at 10800 rpm for 10 min at 4°C. The residue was extracted twice with the same solvent. The supernatant was combined and concentrated to residue at 37°C by rotatory evaporation, and re-dissolved in 8.0 mL 0.4 mol L-1 phosphate buffer and then added 6.0 mL chloroform and to remove pigment. The pH of the aqueous phase was adjusted to pH3 using pure formic acid. The aqueous phase was extracted thrice with ethyl acetate (3.0 mL). The ethyl acetate phase was concentrated by rotary evaporation and redissolved in 1 mL of the mobile phase. Phytohormone extracts were filtered through 0.2-μm hydrophobic membranes and 10-μL aliquots were injected into a Waters Symmetry C18 column (4.6 mm × 150.0 mm; 5 μm; Waters Corp., Milford, MA, USA) using acetonitrile: methanol: 0.6% acetic acid (5:50:45, v:v:v) as the mobile phase. The flow rate was held at 0.6 mL min-1 and the peaks were identified with a photodiode array detector (Waters 2998; Waters Corp., Milford, MA, USA) at an absorbance of 254 nm.



Co‐expression network analysis for construction of modules of transcriptomics genes

Root RNA extraction, cDNA library construction, Illumina sequencing, read mapping, and differential gene expression analyses have been described previously (Yang et al., 2022). Gene co-expression networks were constructed using the WGCNA package in R software. Network construction and module detection were implemented using the blockwiseModule function. The soft thresholding power was 14. The ‘maxBlockSize’ is ‘nGenes’. The networkType parameter is set to ‘unsigned’. The ‘mergeCutHeight’ was 0.25, and ‘minModuleSize’ was 30. The other parameters were kept at their default values. Modules significantly associated with root physiological traits (root weight, O2-, MDA, and ABA content) were identified using Pearson’s correlation between eigengene expression profiles and physiological traits. The gene significance (GS) of a gene is defined as the absolute value of the correlation between a gene and a certain clinical parameter, and the module membership (MM) of a gene is defined as the correlation between the module eigengene and the gene expression profile. Genes with higher GS and MM were defined as hub genes in the module. Module networks were visualized using Cytoscape (v3.9.1).



Statistical analysis and processing

Data for root number and biomass, O2-, MDA, IAA, ABA content, and SOD activity were processed using DPS v. 7.05. Multiple comparisons were performed using a preliminary F-test. The means were tested using the least significant difference test, and the significance was set at a probability level of 0.05. Graphs were plotted using OriginPro 2017 software (OriginLab Inc., USA).




Results


Effect of increasing nitrate supply on root biomass and number

In the present study, we investigated the effects of different NH4+/NO3- ratios on root biomass and primary and lateral root numbers. The results showed that the sole ammonium supply treatment (Na) significantly decreased root biomass, but increased nitrate increased biomass (Figure 1A). There was no significant difference in the number of primary roots among treatments (Figure 1B). But, 42-d of treatment of wheat roots with ammonium significantly increased the lateral root number and total root number. Increasing the nitrate supply decreased the lateral and total root numbers. These results suggest that ammonium can elicit root emergence but inhibit root dry matter accumulation. Increasing the nitrate supply could improve root dry matter accumulation.




Figure 1 | The effects of different NH4+/NO3- ratios on root biomass (A) and number (B) of wheat root at 42 days after sowing. Segments represent the standard error of the mean (mean ± SE, n = 3). Different letters indicate significant differences among each treatment, P < 0.05.





Changes in ROS, MDA content, and antioxidant enzyme activity

The results showed that root O2- and MDA contents gradually and significantly decreased with increasing nitrate supply (Figures 2A, B). The Na treatment had the highest O2- and MDA content, while the sole nitrate supply treatment (Nn) yielded the lowest value. Compared with the Nr1 treatment, root O2- and MDA contents under the Nr3 treatment decreased by 33.12% and 22.21%, respectively. These results suggest that increasing the NO3- -N ratio or sole nitrate supply could alleviate ammonium-induced oxidative stress. Roots of ammonium-treated wheat plants had much higher SOD activity, whereas Nn treatment had the lowest antioxidant enzyme activities (Figure 2C). SOD activity was significantly decreased by increasing nitrate supply. For example, compared to Nr1 treatment, SOD activity under Nr3 treatment decreased by 57.72%.




Figure 2 | The effects of different NH4+/NO3- ratios on root O2- (A), MDA content (B), and SOD(C) of wheat root at 42 days after sowing. Segments represent the standard error of the mean (mean ± SE, n = 3). Different letters indicate significant differences among each treatment, P < 0.05.





Transcriptomic genes expression and gene ontology enrichment

Next, we analyzed the number of differentially expressed genes (DEGs) under different NH4+/NO3- ratios. For example, 449 upregulated and 293 downregulated genes were identified in the Na/Nr1 group, whereas 4570 upregulated and 4474 downregulated genes were identified in the Na/Nr3 group (Figure 3, Table S1). A total of 2066 upregulated and 768 downregulated genes were identified in the Nr3/Nn group, whereas 5618 upregulated and 4634 downregulated genes were identified in the Nr1/Nn group.




Figure 3 | The effects of different NH4+/NO3- ratios on the differentially expressed genes (DEGs) in the wheat root samples.



GO enrichment analysis revealed that 558 significant GO terms were identified in the Na/Nn transcriptome comparison group, which was the highest group (Figure 4A, Table S2). Only 177 GO terms were identified for the Na/Nr1 group. 31 significant GO terms were unique to Na/Nn, including 16 GO terms enriched in molecular functions, such as glutamate-cysteine ligase activity, and 15 enriched in biological processes, such as the glutathione biosynthetic process (Table S3). Additionally, 21 GO terms were shared among all groups, including plant-type cell wall (GO:0009505), peroxidase activity (GO:0004601), nitrate transport (GO:0015706), and phenylpropanoid biosynthetic process (GO:0009699) (Figure 4B; Table S3).




Figure 4 | (A) Functional enrichment analysis of differentially expressed genes (DEGs) in the wheat root samples of different NH4+/NO3- ratio treatments. (B) Venn diagrams represent the number of shared and unique GO terms in each comparisons.





Weighted co-expression network analysis

To understand the regulatory network of increasing nitrate under ammonium stress, we performed WGCNA using the expression data of 85570 genes from the transcriptome data (Table S4). The top 75% of the most varying genes selected by a robust covariation estimator relative to median absolute deviation were used as inputs to construct the weighted network. 47861 genes were considered for downstream analysis (Table S5). Results showed that a total of 23 distinct modules were identified for the five NH4+/NO3- ratio treatments (Figure 5). A total of 23 genes were identified and subsequently defined as hub genes based on the principle of the highest KME (Tables 1 and S6). For example, TraesCS7B02G271400 was coded as a 40S ribosomal protein in the brown module. TraesCS6A02G178000 is a plastidic ATP/ADP transporter in the blue module. TraesCS2B02G056300 was annotated as a WRKY62 transcription factor in the turquoise module. TraesCS7A02G549000 was annotated as an NAC domain-containing protein 22 in the yellow module.




Figure 5 | WGCNA of genes (A) and modules (B) were identified under different NH4+/NO3- ratios treatments.




Table 1 | Description of hub genes in the modules.



Correlation between the modules and root physiological traits, including root biomass, O2-, MDA, SOD activity, IAA, and ABA content (Figure 6). The results showed that the turquoise module was highly related to root biomass. The blue module (with 13160 genes) was highly related to O2-, MDA, SOD activity, and ABA content. Based on the correlation coefficients, we selected the blue and turquoise modules to perform functional analysis and construct gene networks. According to the TOM values calculated by WGCNA, we constructed a gene co-expression network for the blue and turquoise modules. The top 20 interacting genes were mapped using the weight values (Figure 7). The results showed that there were downregulated genes with increasing nitrate supply, which encoded indolin-2-one monooxygenase, Stress responsive gene 1 (SRG1), laccase, ATP/ADP-transporter, Beta3GalT1, DETOXIFICATION, and wall-associated receptor kinase interacting with hub genes in the blue module (Figure 8A; Table 2). Four upregulated gene transcription factors were identified under nitrate supply conditions: WRKY24, WRKY22, JAMYB, and MYB30 in the turquoise module (Figure 8B; Table 2). Genes encoding the CSC1-like protein ERD4, xylan arabinosyl transferase, WD40 protein, NRT1/PTR FAMILY 4.3 were up-regulated by nitrate supply and interacted with hub genes in the turquoise module. In addition, nitrate induced the upregulation of TraesCS5B02G236900 and TraesCS2D02G198200 in the turquoise module, which were related to ethylene and gibberellin signal response, respectively.




Figure 6 | Module‐trait associations. Each row corresponds to a module eigengene, column to a trait. Each frame contains the corresponding correlation and p‐value. The table is color‐coded by correlation according to the color legend.






Figure 7 | Co-expression network analysis of the hub gene in the blue (A) and turquoise (B) module.






Figure 8 | Heatmaps represent the candidate genes expression abundance in the blue (A) and turquoise (B) module under different NH4+/NO3- ratios treatments. The gene expression was scaled using the fragment per kilobase of transcript per million mapped reads (FPKM) based on a mean value of three biological replicates. Different colors represent the upregulation and downregulation difference of genes among treatments.




Table 2 | Genes associated with hub gene in blue and turquoise modules and their function annotations.






Discussion


The physiological effects of increasing nitrate supply on alleviation of ammonium toxicity

Nitrate and ammonium are the main inorganic forms of nitrogen absorbed by plants, but ammonium nutrition often represents an important growth-limiting stressor (Sarasketa et al., 2016). In a previous study, we found that ammonium supply resulted in lower wheat leaf photochemical efficiency and root uptake capacity, thereby reducing plant biomass and leading to stunted growth (Yang et al., 2022). Investigating agronomy management practices and underlining their regulation and signaling processes may contribute to alleviating ammonium inhibition. In the present study, we found that increasing nitrate supply and reducing the NH4+/NO3- ratio inhibited lateral root number, but increased root biomass (Figure 1). On the one hand, this may be due to the lower O2- content under sole nitrate supply and the low NH4+/NO3- ratio condition (Figure 2A). Reactive oxygen species (ROS) are toxic molecules that can cause protein, membrane, and DNA damage. Malondialdehyde (MDA) is a widely used marker of oxidative lipid injury (Davey et al., 2005). Our study showed that the lower NH4+/NO3- ratio treatment significantly decreased MDA content in wheat roots (Figure 2B). Furthermore, in the current study, ammonium treatment (Na) induced the highest SOD activity, while SOD activity decreased with decreasing NH4+/NO3- ratio (Figure 2C). SOD catalyzes the conversion of O2- to H2O2 (Mittler, 2002), which accumulates under ammonium supply and inhibits primary root elongation (Liu et al., 2022). These results indicate that increasing the nitrate supply could alleviate the oxidative stress elicited by ammonium in wheat roots.

On the other hand, nitrate and ammonium supply regulate root system architecture through related hormones, such as auxin and ABA (Patterson et al., 2010; Li et al., 2014; Meier et al., 2020; Liu and von Wirén, 2022). Di et al. (2018) found that high NH4+ decreased free IAA content in rice roots. Consistent with this result, we found that sole ammonium or high NH4+/NO3- ratio treatment decreased the IAA content of wheat roots (Figure 9A). In contrast, increasing the nitrate supply could increase the IAA content. Nevertheless, a previous study stated that high-NH4+ stress decreased free IAA in roots by increasing IAA inactivation but not by decreasing IAA biosynthesis (Di et al., 2021). Elevated NH4+ levels can significantly accelerate ABA accumulation in rice tissue ABA accumulation (Sun et al., 2020). ABA plays a direct role in mediating the inhibitory effects of nitrate on lateral root development (Signora et al., 2002). In our study, both sole ammonium and high NH4+/NO3- ratio treatments increased wheat root ABA content, while increasing nitrate supply reduced root ABA content (Figure 9B). These results suggest that increasing nitrate supply alleviated ammonium toxicity by regulating root physiological indicators, including SOD activity, ROS, and hormone content.




Figure 9 | The effects of different NH4+/NO3- ratios on IAA (A) and ABA content (B) of wheat root at 42 days after sowing. Segments represent the standard error of the mean (mean ± SE, n = 3). Different letters indicate significant differences among each treatment, P < 0.05.





The molecular regulation networks of increasing nitrate supply on alleviation of ammonium toxicity

The wheat root is the first organ to be exposed to high NH4+ concentrations. Previous studies have demonstrated some physiological response mechanisms of ammonium stress from the aspect of transamination ability and oxidative metabolism and identified techniques to alleviate NH4+ toxicity (Wang et al., 2016; Liu et al., 2021). Molecular adjustment of roots to excess ammonium nutrition may determine the capacity of plants to cope with ammonium stress. In the present study, we combined the transcriptome with physiological responses and used WGCNA to explore functional hub genes and detect the key regulatory factor of nitrate that alleviates NH4+ toxicity and contributes to root development under ammonium stress. We found that the Na/Nn comparison group had the most DEGs (Figure 5). The results of GO enrichment analysis showed that DEGs were mainly related to plant-type cell wall, peroxidase activity, nitrate transport, and phenylpropanoid biosynthetic processes among all treatments. Further, conjoint analysis of physiological indicators as well as transcriptome data was used to identify root growth-specific gene modules, such as blue and turquoise modules (Figure 6). The blue module was strongly related to the ROS and MDA content, SOD activity, and ABA content. The gene encoding the plastidic ATP/ADP-transporter was the hub gene in the blue module (Table 1), which was upregulated by the sole ammonium treatment but downregulated with increasing nitrate supply (Figure 8A). The main function of plastidic ATP/ADP transporters is to supply ATP to storage plastids (Reiser et al., 2004). Previous studies have suggested that high energy costs of carbohydrate transport and metabolism or futile transmembrane NH4+ cycling are induced by high ammonium stress (Britto et al., 2001; Ren et al., 2020). In this study, we selected genes that were highly associated with hub genes via weight values. For example, TraesCS6A02G178000 was highly related to the downregulated genes encoding indole-2-monooxygenase, SRG1, DETOXIFICATION 27, CASPL protein, and ABC transporter G family member 42 (Figure 7A; Table 2). The molecular function of indole-2-monooxygenase shows that it has oxidoreductase activity and can incorporate or reduce molecular oxygen. SRG1 appears to act as a transcriptional repressor and contributes to the engagement of plant defense response (Cui et al., 2018). DETOXIFICATION is also known as a multidrug and toxic compound extrusion protein that is involved in a wide variety of physiological functions throughout plant development. It transports a broad range of substrates, such as organic acids, plant hormones, and secondary metabolites (Takanashi et al., 2014). A previous study found that overexpression of CASPL in Arabidopsis significantly decreased primary root growth, indicating that CASPL negatively regulates plant growth (Yang et al., 2015). In our study, TraesCS6D02G172700 encoded the CASPL protein, which was upregulated by ammonium treatment alone and downregulated by increasing nitrate supply (Figure 8A). ABC transporters might be a detoxifying mechanism to protect against ammonium stress through the accumulation of N compounds in the root vacuole (Vega-Mas et al., 2017).

In addition, the gene encoding the transcription factor WRKY62 was the hub gene in the turquoise module and was upregulated by increasing the nitrate supply. Previous studies have reported that WRKY transcription factors are among the largest families of transcriptional regulators and play a pivotal role in modulating various signal transduction pathways during biotic and abiotic stresses (Wani et al., 2021). For example, Gao et al. (2018) found that TaWRKY2 enhances drought tolerance and increases grain yield in wheat. WRKY62 has been previously reported to be related to disease resistance in rice and Arabidopsis (Kim et al., 2008; Fukushima et al., 2016). In the present study, we found that the turquoise module was highly correlated with root biomass and IAA content (Figure 6). As its hub gene, this suggest that WRKY62 may positively regulate wheat root growth under increasing nitrate supply condition. Previous studies have suggested that hormones and transcription factors cooperate to regulate root growth (Vega et al., 2019; Ortigosa et al., 2021). Ding et al. (2015) reported that WRKY46 contributes to the feedforward inhibition of osmotic/salt stress-dependent lateral root inhibition via the regulation of ABA signaling and auxin homeostasis.

In this study, we constructed correlation networks for WRKY62 gene (Figure 7B). The results showed that TraesCS2B02G056300 was highly related to the genes that encoded ERD4, ERF109, CIGR2, WD40 proteins, and transcription factors that include WRKY24, WRKY22, MYB30, and JAMYB, which were all up-regulated by increasing nitrate supply (Figure 8B). Overexpression of the ERD4 gene could mitigate tobacco plant physiology by enduring stress tolerance (Jha and Mishra, 2021). Cai et al. (2014) reported that ERF109 integrates JA signalling into auxin pathways to regulate root architecture. CIGR2 is correlated with the bioactivities of GA and has been reported to play a role in stress responses (Yuan et al., 2016). WD40 interacts with MYB and bHLH to form a ternary regulatory complex (MYB-bHLH-WD40) and could improve tolerance to abiotic stress by regulating root growth and development (Ramsay and Glover, 2005; Kong et al., 2015; Tan et al., 2021). WRKY24 and WRKY22 have been identified in the response to salt stress in rice at the seedling stage (Zhou et al., 2016). JAMYB overexpression in transgenic Arabidopsis improves tolerance to high-salinity stress during root elongation (Yokotani et al., 2013). MYB30 is downstream of ROS signalling and regulates root development (Mabuchi et al., 2018). Sakaoka et al. (2018) showed that MYB30-regulated root cell elongation is mediated by ROS production under ABA signaling. These studies suggest that increasing the nitrate supply could improve root growth and alleviate ammonium toxicity through molecular regulation networks, including ROS, hormonal crosstalk, and transcription factors.




Conclusion

In the present study, wheat seedling roots responded to ammonium stress by increasing ROS, MDA, and ABA contents and decreasing root biomass. WGCNA revealed two-hub genes, TraesCS6A02G178000 and TraesCS2B02G056300 encode the plastidic ATP/ADP-transporter and transcription factor WRKY62, which is related to root growth and ammonium stress, respectively. Increasing nitrate supply alleviated the physiological effects of ammonium toxicity such as a decrease in ROS and ABA content and an increase in IAA content. Further, an increase in nitrate supply down-regulated genes that encoded the CASPL protein and the ABC transporter, and up-regulated genes that encoded ERD4, ERF109, CIGR2, WD40 proteins, and transcription factors including WRKY24, WRKY22, MYB30, and JAMYB, which enhanced ammonium tolerance.
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2019 2020 2019 2020 2019 2020 2019 2020

A-Nitrogen fertilization levels (kg/ha)

N1 245.0 250.1 16.7 19.6 70.6 73.2 39.7 39.2
No 262.5 265.2 17.0 17.1 85.2 88.5 40.2 39.9
N3 276.5 2791 17.5 17.8 99.1 101.2 441 41.0
N4 286.3 285.5 17.9 18.1 100.6 103.3 45.8 42.2
LSD (0.05) 9.5 6.1 0.3 0.2 4.2 4.4 1.4 1.0
B-Nitrogen fertilization time (split)

T4 265.8 267.2 16.9 17.0 78.2 84.3 4041 40.3
To 270.3 2755 18.4 18.1 85.3 90.5 43.2 43.0
Ts 275.5 279.3 19.6 19.0 99.1 99.6 44.9 441
LSD (0.05) 4.3 3.5 il 0.7 1.2 25 1.0 1.1

N1 = nitrogen application at the rate of 192 kg/ha, N2 = 240 kg N/ha, N3 = 288 kg N/ha, and N4 = 366 kg N/ha. T1 (60% of N at each of sowing and 1st irrigation), T
(50% of N at each of sowing and 2nd irrigation) and T3 (560% of N at each of 1st and 2nd irrigation).
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Treatments Number of grains/rows Number of grains/ears Grain yield (t/ha) NUE

2019 2020 2019 2020 2019 2020 2019 2020

A-Nitrogen fertilization levels (kg/ha)

N4 38.0 39.1 4171 425.3 3.5 3.4 22.9 19.3
N2 38.3 39.2 418.6 431.4 3.8 4.1 15.4 17.0
N3 40.0 421 440.0 458.3 4.3 45 13.5 15.6
N4 43.7 44.3 477.7 487.3 4.7 4.8 12.6 1841
LSD (0.05) 1.4 1.8 15.2 16.3 0.43 0.3 0.8 1.1
B-Nitrogen fertilization time (split)

Ty 39.0 39.8 428.6 436.1 3.7 3.9 14.0 14.8
Ty 39.3 40.3 4291 440.9 4.0 4.2 14.3 16.3
T3 42.7 43.6 467.3 474.8 4.3 4.5 16.6 17.5
LSD (0.05) 2.1 1.4 31.5 15.2 0.1 0.3 1.4 0.8

N1 = nitrogen application at the rate of 192 kg/ha, N2 = 240 kg N/ha, N3 = 288 kg N/ha, and N4 = 366 kg N/ha. T1 (60% of N at each of sowing and 1st irrigation), T
(50% of N at each of sowing and 2nd irrigation) and T3 (560% of N at each of 1st and 2nd irrigation).
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Reserve liquid Composition Take the Amount of nutrient
amount solution per culture
(mg/L) plate (ml)
A NH4NO3 16,500 10
KNO3 19,000
KH2PO4 1,700
MgSQO4-7H, O 3,700
CaCp 3,330
B FeS04-7H, O 5,570 2
Nao-EDTA 7,450

When preparing reserve liquid A, finally add calcium chioride; when preparing
reserve liquid B, dissolve FeSO,4-7H>0O and Naz-EDTA in their respective 450 ml
distilled water, heat properly and stir continuously. Then mix the two solutions
together, pH 5.5, and finally add distilled water to 1,000 ml. The pH value was

adjusted to 5.8 £ 0.5.
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Reserve liquid Composition Take the Amount of nutrient

amount solution per culture
(mg/L) plate (ml)
A NH4NO3 16,500 50
KNO3 19,000
KH2PO4 1,700
MgSO4-7H,O 3,700
CaCjp 3,330
B FeSO4-7H, O 5,570 2
Nay-EDTA 7,450
C Kl 830 0.6
NasMoO4-2H, O 250
CuSQ4-5H,O 25
CoCly-6H,O 25
MnSO4-4H,0 22,300
ZnS04-7H,O 8,600
H3BO3 6,200

When preparing reserve liquid A, finally add calcium chioride; when preparing
reserve liquid B, dissolve FeSO,4-7H>0O and Naz-EDTA in their respective 450 ml
distilled water, heat properly and stir continuously. Then mix the two solutions
together, pH 5.5, and finally add distilled water to 1,000 ml. The pH value was
adjusted to 5.8 £ 0.5.
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Reserve liquid Composition Take the Amount of nutrient

amount solution per culture
(mg/L) plate (ml)
A NH4NO3 16,500 100
KNO3 19,000
KH2PO4 1,700
MgSO4-7H,O 3,700
CaCp-2H,0 3,330
B FeSO4-7H, O 5,570 6
Nay-EDTA 7,450
C Kl 830 1
NasMoO4-2H, O 250
CuSQ4-5H,O 25
CoCly-6H,O 25
MnSO4-4H,0 22,300
ZnS04-7H,O 8,600
H3BO3 6,200

When preparing reserve liquid A, finally add calcium chioride; when preparing
reserve liquid B, dissolve FeSO,4-7H>0O and Naz-EDTA in their respective 450 ml
distilled water, heat properly and stir continuously. Then mix the two solutions
together, pH 5.5, and finally add distilled water to 1,000 ml. The pH value was
adjusted to 5.8 £ 0.5.
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Variety Selenium

concentration
(mg/L)

Shangshu19 0
0.2
0.5

20
40
20167-6 0
0.2
0.5

5
10
20
40

Height (cm)

4.83Aa
4.22BCbc
4.96ABa
4.44ABCab
2.70Ee
3.11DEde
3.54CDEcd
4.09BCDbc
3.27DEde
5.43Cc
5.25C¢
6.62Bb
7.56Aa
5.27Cc
5.14Ccd
5.30Cc
4.94Ccd
4.44Cd

Stem thick
(cm)

3.34ABabc
4.06Aa
3.45ABab
3.32ABabc
3.27ABabc
4.02Aa
3.57ABab
2.62Bc
3.20ABbc
2.33Aa
1.87Ab
2.11Aab
2.01Aab
2.14Aab
2.22Aab
2.25Aab
2.20Aab
1.97Aab

Root length
(cm)

10.80Aa
10.82Aa

9.64ABb
9.34Bb
6.37Cc
5.61Cc
2.02Dd

12.44Aa
12.11ABab
11.00ABCbc
10.64BCc
10.17Cc
9.90Cc
2.99Dd

Internode

6.8Aa
6.6Aab
6.4Aabc
5.9Abc
5.8ABc
6.8Aa
6.3Aabc
4.9BCd
4.6Cd
5.9Aab
5.4Ab
5.7Aab
6.1Aa
5.7Aab
5.9Aab
5.7Aab
5.3Ab
5.3Ab

Number of

buckets

7.8Aa
7.6Aab
7.4Aabc
6.9Abc
6.8ABc
7.8Aa
7.3Aabc
5.9BCd
5.6Cd
6.8ABabc
6.4ABbc
6.7ABabc
71Aa
6.7ABabc
6.9ABab
6.7ABabc
6.2Bc
6.3ABbc

Fresh weight Dry weight of Fresh weight

of stemand stem and leaf

leaf (g)

2.948Aa
2.192BCbc
2.671ABab
2.243BCbc
1.421Dd
1.961CDc
1.936CDc
1.957CDc
1.903CDc
1.171Dd
1.529CDcd
2.230ABab
2.483Aa
1.912BCbc
1.902BCbc
1.852BCbc
1.561CDcd
1.384CDd

()]

0.24Aab
0.19ABbc
0.23Aab
0.19ABbc
0.15Bc
0.20ABab
0.22Aab
0.26Aa
0.25Aa
0.120Dd
0.172CDc
0.237ABCabc
0.266Aa
0.232ABCabc
0.246ABab
0.233ABCabc
0.209ABCbcd
0.191BCbc

of root (g)

1.119Aa
0.909Bb
1.035ABab
0.882Cb
0.365CDc
0.296DEc
0.099Ed

0.599BChb

0.809ABa
0.939Aa
0.922Aa
0.5673Cc
0.439Cc
0.105Dd

Dry weight of Stem and leaf Root dry fresh

root (g)

0.058Aa
0.050Aa
0.057Aa
0.049Aa
0.027Bb
0.023Bb
0.008Cc

0.039Cc
0.051ABCbc
0.062ABab
0.064Aa
0.047BCc
0.041Cc
0.010Dd

dry fresh
weight ratio
(%)

8.14Dd
8.565CDd
8.68CDd
8.67CDd
10.51BCc
10.46BCc
11.80ABbc
13.65Aa
13.13Aab
10.14Dd
11.28BCDcd
10.78CDd
10.67CDd
12.17ABCbc
12.92ABab
12.87ABab
13.47Aab
13.75Aa

weight ratio
(%)

5.21Bb
5.47ABb
5.52ABb
5.65ABb
7.51Aa
7.47Aa
7.51Aa

6.62BCc
6.39Cc
6.67BCc
6.96BCbc
8.21ABCab
9.20Aa
8.37ABa

Different lowercase letters on the same column indicate a significant difference between Se treatments (Sig < 0.05). Different capital letters in the same column indicated that there were significant differences between

Se treatments (Sig < 0.01).
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Variety

Shangshu19

20167-6

Male parent

Yushu7

Group
hybridization

Female parent

sl-01

Xushu27

Approved time

2003

Breeder

Shusheng, Lei,
Gaimei, Yan,
Yuanhua, Li

Qun, Cheng,
Yi, Xu,
Yong, Qu

Breeding unit

Shanggiu Institute of
Agriculture and Forestry
Sciences

Academy of Agricultural
Sciences of Enshi Tujia and
Miao Autonomous
Prefecture

Variety characteristics

The tuber is spindle shaped, with
dark red skin and white flesh. The
drying rate is 36-38% and the
starch content is 23-25%

The tuber is long spindle shaped,
with red skin color and purple flesh
color. The sun drying rate is
26-28.79%, and the starch content
is 17-20%
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Crop DAT (d) Treatments

Wheat 4 NN
LN

8 NN

LN

Cotton 4 NN
LN

8 NN

LN

TRL (cm/plant)

401.96 £ 20.91a
408.75 + 57.99a
1232.42 + 173.05a
945.95 £ 111.17b
404.36 + 49.41a
388.24 + 45.44a
635.17 £+ 104.60b
899.24 + 82.29a

RSA (cm?/plant)

34.61 +1.2a
36.57 + 4.67a
97.65 + 11.05a
73.77 £ 7.96b
45.00 + 5.48a
44.80 + 468a
70.10 £ 9.97b
96.87 + 10.63a

RV (cm?/plant)

0.24 £+ 0.02a
0.25 £ 0.03a
0.64 £ 0.06a
0.47 £ 0.07b
0.40 £ 0.05a
0.41 & 0.06a
0.62 £ 0.08b
0.83 £ 0.12a

RAD (mm plant-1)

0.27 £0.01a
0.28 £0.01a
0.86 + 0.08a
0.76 £0.03a
0.35 £0.01a
0.37 £0.03a
0.35 £0.01a
0.34 £0.01a

SRL/PRL (cm/plant)

105.78 £ 9.84a
101.70 £ 9.47a
142.45 £ 9.52a
172.73 £ 34.64a
23.90 + 1.00a
25.98 + 4.39a
24.54 + 3.44b
32.42 £ 0.87a

LRD (No. cm~1)

6.51 £ 1.564a
6.05 £ 1.13a
8.29 &+ 1.02b
9.65 4+ 0.23a
5.94 £ 1.59a
5.73 £1.19a
9.30 &+ 1.88a
7.00 £0.17b

Different lowercase letters in same column mean significant differences between the control treatment and N deficiency on the same time in wheat and cotton according
to the LSD test (p = 0.05). TRL, Total root length; RSA, Root surface area; RV, Root volume; RAD, Root average diameter; SRL, Seminal root length; PRL, primary root

length; LRD, Lateral root density.
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Rotation Nitrogen Ear number  Grain number AGB DMa DMpa

system fertilization m?) (ear) TeW (9) (Mgha-) H (Mgha-) (Mgha-) OR (%)

2018/2019

W NO 573.8ab 2932 40.3a 10.6bc 0.46ab 6c 45ab 4222
N1 597.0a 301a 38.8a 13.3a 04300 6900 64a 47.5a
N2 59352 30.4a 389 97¢ 054a 7.9ab 180 18.1b
N3 546.0b 28.5a 39.5a 12.7a 0.37¢ 6.3c 6.5a 50.9a
N4 567.7ab 30.9a 37.7a 11.3ab 0.44abc 8.5a 2.8bc 24.40
Mean 57368 20.8A 39.0A 11.5A 0.49A 7.8 4.4A 36.6A

MW No 64630 35.5a 416a 12,50 053 7.9 46a 36.5a
N1 640.70 35.0a 40.2ab 13.6ab 047a 8.1bc 55a 403a
N2 687.580 35.4a 3850 13.9ab 047a 83bc 56a 39.9a
N3 65000 335a 38.7b 13,520 051a 99 36a 26.4a
Na 723.0a 36.5a 38.80 14.6a 047a 9.4ab 52a 328a
Mean 669.5A 35.2A 39.6A 13.6A 0.45A 87A 49A 3524

2019/2020

Sw No 779.5a 308a 419 18.52 0430 630 12.2a 65.4a
N1 811.5a 31.9a 40.2bc 14.9b 0.50a 7.4a 7.5b 49.40
N2 83350 32.1a 413a 16,520 0.45ab 80a 86b 51.4b
N3 85250 31.0a 39.7c 16.2ab 0.43ab 82a 80b 49.4b
Na 832.0a 33.1a 40.9ab 18.4a 0420 7.0ab 11.4a 61.3a
Mean 821.8A 31.8A 40.8A 16.9A 0.45A 7.4A 9.5A 55.4A

MW No 81758 32.8a 41.0a 15.6ab 0.48a 60b 9.6ab 61.9a
N1 888.0a 295a 40.7a 17.7ab 044a 7.8a 99 55.6ab
N2 858.3a 296a 3860 15.7ab 043 7.5 8.2ab 52.0bc
N3 869.52 300a 39.4bc 15.50 043 81a 7.4b 47.40
N 86750 52.6a 39.98b 18.2a 0370 86a 9.6ab 52.7bc
Mean 8602 309A 39.9A 16.5A 0.43A 76A 89A 53.9A

2020/2021

W No 457.7ab 38.7a 46.0b 93b 043a 5.6ab 38b 3990
N1 424.28b 37.2a 4808 880 0452 5.4ab 34b 3820
N2 486.7a 38.5a 483 10.7a 034c 60a 470 43.1ab
N3 438580 3958 47.9 11.52 0.36b0 470 69 58.6a
N4 406.0b 402a 45.0b 10.92 0.42ab 63a 45b 41.1b
Mean 44268 38.8A 47.0A 103A 0.40A 56A 6.8A 4427

MW NO 454.20 37.90 4482 9.4c 041a 420 520 56.3a
N1 507.3bc 38.3b 46.0a 13.1b 0.36ab 5.6a 7.5ab 56.4a
N2 563.7ab 39.6ab 44.2ab 13.1b 0.32bc 6.2a 6.9abc 52.3a
N3 581.8a 39.58b 437 12,00 0.40a 6.4a 5.6bc 46.6a
N4 568.8ab 419a 4200 16.0a 027¢ 71a 89 56.2a
Mean 533.2A 39.4A 44.18 12.7A 0.35A 5.9A 4.7A 53.5A

Values are means (n=3). Diflerent lowercase letters indicate significant differences (p<0.05) among five fertization treatments within the same rotation system in the same year.
Different uppercase leters indicate significant diferences (0<0.05) between summer soybean-winter wheat and summer soybean-winter wheat rotation systems in the same year.
TGW, thousand grain weight; AGB, aboveground biomass; Hi, harvest index. NO, OkgNha™'; N1, 60kgNha-'; N2, 120kgNha~'; N3, 180kgNhar"'; and N4, 240kgNha’

Bold values represent means of different N fertilization treatments within the same rotation system.
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*; % ns: significant difference at p < 0.05; high significant difference at p < 0.01; not significant difference.
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Mechanical analysis Chemical analysis

Soil properties 1st Season 2nd Season Soil properties 1st Season 2nd Season
Clay (%) 40.4 40.0 Available N (ppm) 29.3 325

Silt (%) 243 24.0 Available P (ppm) 10.6 1.3
Sand (%) 35.3 36.0 Available K (ppm) 265.5 267.5
Organic matter (%) 1.5 1.4 pH 7.9 7.8

Texture Class Clay EC (dS/m) 2.6 2.8





OPS/images/fpls-13-941343/fpls-13-941343-t002.jpg
Month Temperature Relative Humidity Rainfall
Min. Max. Aver.

Season 2019

May 17.0 342 256 43.7 0.0
June 17.8 34.5 26.2 850 0.0
July 19.6 34.1 26.9 62.0 0.0
August 20.0 34.3 27.2 65.0 0.0
September 17.9 32.3 25.1 69.7 0.0
October 16.5 30.0 26.7 68.0 0.0
Average 18.1 38.2 184 60.0 0.0
Season 2020

May 16.2 31.8 235 48.0 0.0
June 18.1 34.6 26.8 56.0 0.0
July 20.0 34.2 27.2 61.0 0.0
August 20.1 34.4 27.3 65.0 0.0
September 19.0 32.6 255 70.0 0.0
October 17.0 30.3 231 67.0 0.0
Average 18.4 33.0 257 61.2 0.0
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Source of variance (SOV) Degree of freedom (df) Plant height Ear length Kernels weight/ear 100-kernel weight
2019 2020 2019 2020 2019 2020 2019 2020
Replicate 2 ns ns ns ns ns Ns ns ns
A) N- levels 2 . . " * . . . .
B) N- times 3 . . " * . . . .
A xB 6 i o ns ns ns Ns ns ns
Error 18 — — — — — — - -
cv - 2.14 2.1 4.7 4.45 5.83 6.01 3.82 3.22
R? — 0.89 0.86 0.86 0.83 0.85 0.84 0.70 0.75
RMSE — 5.82 5.77 0.80 0.82 1.2 1.9 1.61 1.39

*; **: ns: significant difference at p < 0.05; high significant difference at p < 0.01; not significant difference.
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Crop DAT (d) Treatments Chlorophyll Chlorophyll Total chlorophyll 0O, consuming rate of leaf Plags
a (mg/g) b (mg/g) content (mg/g) (nM/min/g FW)
Wheat 4 NN 1.55 + 0.56a 0.88 £0.73a 2.42 +1.26a 179.75 + 13.54a 3.33 +£0.13a
LN 1.34 +£0.79a 0.88 + 0.96a 221 +£1.73a 126.17 £ 20.61b 2.63 +0.12b
8 NN 1.83 +£0.32a 0.85 £ 0.42a 2.68 £ 0.71a 738.12 £ 26.27a 352 4+ 0.15a
LN 1.03 £ 0.34b 0.79 £ 0.46a 1.82 £ 0.80b 473.11 £ 83.02b 1.32 £ 0.15b
Cotton 4 NN 0.07 £ 0.01a 0.59 +0.01b 0.67 +£ 0.01b 483.88 + 50.97b 2.41 £ 0.30a
LN 0.08 £+ 0.02a 0.75 £ 0.02a 0.83 £+ 0.03a 679.72 £ 79.08a 1.18 £ 0.36b
8 NN 0.13+0.01a 0.71 £0.01a 0.84 £+ 0.03a 179.14 £10.97a 2.37 £ 0.34a
LN 0.12 £ 0.04a 0.67 £+ 0.08a 0.79 £ 0.12a 74.87 £19.27b 0.32 &+ 0.04b

Different lowercase letters in same column mean significant differences between the control treatment and N deficiency on the same time in wheat and cotton according

to the LSD test (p = 0.05).
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Treatments Boll weight (g) Lint cotton (%) Seed cotton yield Lint cotton yield Seed index Lint index
(ton/ha) (ton/ha)

2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020
Plant space (P)
20cm 341b 3.50b 40.26 b 39.90 b 4.05¢ 391b 517b 4.45Db 10.56 ¢ 10.32¢ 710¢c 7.43a
30cm 3.64 ab 3.77a 41.81a 42.32a 4.09 b 4.01b 5.13b 4.68 ab 11.16b 1117b 7.62b 7.22b
40 cm 3.73a 3.78a 4213 a 4190 a 4.29a 419a 543 a 4.89a 1214 a 11.97 a 8.16a 7.57 a
LSDg.05 0.299 0.26 0.58 0.68 0.18 0.16 0.25 0.36 0.13 0.25 0.23 04186
N fertilization (N)
75% 3.12¢ 3.35¢ 40.39b 4041 b 4.05¢ 3.74 ¢ 5.30b 4.64b 10.58 ¢ 10.37 ¢ 6.77b 6.40¢c
100% 3.46Db 3.64b 41.82a 41.83a 444 a 4.01b 597 a 523a 11.27b 11.33b 8.022a 7.45b
125% 420a 4.07 a 42.00 a 4187 a 410b 426 a 4.73¢c 414¢c 12.02 a 11.76 a 8.08a 8.38a
LSDg.0s5 0.199 0.13 0.63 0.57 0.08 0.21 0.19 0.23 0.26 0.36 0.18 0.21
Interaction
PxN o o o ok o o o o o o o ok

Different lowercase letters indicate statistically significant differences between treatments (p < 0.05), as performed by the least significant difference (Fisher’s LSD) test.
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(100—Lint%)(Khan et al., 2010).
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Source of variance Plant height First fruiting No. of vegetative No. of fruiting No. bolls/fruiting No. of bolls/plant

node branches/plant branches/plant branch

2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020

Plant spacing (P) ox ns o - ns

N fertiizer (N) His e o ns x x
cv 1.05 0.91 3.02 3.48 16.42 19.62 4.29 4.92 7.66 7.68 812 4.29
R? 0.96 0.97 0.75 0.74 0.69 0.74 0.65 0.82 0.85 0.89 0.91 0.95
RMSE 1.71 1.49 0.22 0.25 0.42 0.42 0.87 0.99 0.092 0.090 1.41 0.93
Boll weight Lint cotton Seed cotton yield Lint cotton yield Seed index Lint index

Plant spacing (P) o o x x

N fertiizer (N) - *x
cv Bi25 3.64 1.49 1.33 2.41 5.87 3.58 4.98 2.28 3.19 2.35 257
R? 0.94 0.96 0.89 0.92 081 0.77 0.93 0.90 0.96 0.93 0.97 0.97
RMSE 0.18 0.13 0.61 0:55 0.27 0.62 0.50 0.61 0.25 0.35 0.17 0.19

ns, **, **indicate not significant, significant at 5% (p < 0.05), significant at 1% (p < 0.01) and significant at 0.1% (p < 0.001) probability level, respectively.
CV, coefficient of variation; RMSE, root mean square error; R2, coefficient of determination.
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Treatments Plant height (cm)

First fruiting node

No. of vegetative

No. of fruiting

No. bolls/fruiting

No. of bolls/plant

branches branches/plant branch

2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020
Plant space (P)
20cm 162.16b 161.34b 7.71a 7.63a 2.63a 231a 19.61b 20.04 a 1.10c 1.61a 21.70b 21.97b
30cm 162.54b 161.74b 7.48ab 7.45 ab 2.70a 1.77b 19.86 b 20.14 a 1.21ab 1.55a 20.88b 19.80 b
40cm 165.67a 165.69a 7.31b 7.26b 2.36a 2.38a 21.41a 20.43a 1.30a 1.26a 2452 a 23.35a
LSDg.05 2.75 2.25 0.28 0.25 ns 0.48 1.32 ns 0.13 ns 1.79 0.53
N Fertilization (N)
75% 156.93¢ 156.07¢ 7.39a 7.54a 2.22b 201a 19.81b 19.78 b 1.04c 0.98¢c 20.75b 1917 b
100% 16343b 163.855b 7.52a 7.43a 2.49b 211a 20.35 ab 20.01 ab 1.20b 1.13b 2274 a 23.10a
125% 169.02a 169.14a 7.62a 7.38a 2.99a 235a 20.72a 20.93a 1.38a 1.41a 23.61a 23.85a
LSDg.05 1.75 1.583 ns ns 0.46 ns 0.84 0.99 0.091 0.094 117 0.95
Interaction
PxN o *x *x *x *x *x *x *x " *x *x *x

** indicate significant at 1% probability level. Different lowercase letters indicate statistically significant differences between treatments (p < 0.05), as performed by the
least significant difference (Fisher’s LSD) test.
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Year PH EC* Organic matter% Total N (mg/100 g) CaCO;3 (%) Available P (mg/100 g) Available K (mg/100 g) Texture class

2019 7.8 1.34 1 35 4.8 1.4 30 Loam

2020 7.92 1.29 1.14 37 4.32 1.36 31 Loam

*EC, Soil electrical conductivity.
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Rotation system Nitrogen

ANOVA Year (¥) 7 fertilization 1) YxR YxN RxN YxRxN
Grain yield - - ns - ns ns ns
Ear number - - ns ns ns ns ns
Rate of effective ear * = * * ns ns ns
Grain number ** ns ns ns ns ns ns
TGW * ns * ns ** ns ns
AGB «x . P ns B P «
HI - ns * ns ns - ns
DMa * * - ns ns * ns
DMpa * ns ns ns ** w *
CR * ns ns ns ns w ns

9<0.05; **p<0.01.

ns, not significant difference.

TGW, thousand grain weight; AGB, aboveground biomass; Hi, harvest index. DM, dry matter accumiation at anthesis. DMpa, dry matter accumulation during post-anthesis. CR,
contribution ratio of DMpa to grain yield.
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Tem PGR TZ9G ZR DIHZR DIZ z IPMP IP9G IPA IP

(ngg~")
IR-64 HHZ IR-64 HHZ IR-64 HHZ IR-64 HHZ IR-64 HHZ IR-64 HHZ IR-64 HHZ IR-64 HHZ IR-64 HHZ
HNT Ve + Br + MeJA Ve 421.3 458.4 574.8 696.6 1.38 1.73 0.62 0.85 348.4 371.5 116.2 156.8 68.0 90.5 41.4 62.9 10.2 16.7
Br+ MeJA + Tr 429.2 465.6 570.2 690.6 1.32 Taf2 0.60 0.85 346.0 368.6 109.4 150.3 72.0 94.0 38.5 60.9 72 15.0
Ve + Ve 442.4 472.5 565.9 683.2 1.13 1.65 0.58 0.82 341.9 365.7 101.1 145.2 76.3 97.1 35.1 57.8 5.3 13.3
MeJA 450.3 477.7 557.4 676.8 112 1.61 0.56 0.80 338.3 362.6 94.6 141.7 79.8 100.3 32.0 56.3 3.4 11.4
AC 455.7 482.3 552.8 670.4 1.11 1.58 0.56 0.79 335.4 359.6 90.5 138.7 75.5 103.0 29.4 53.2 2.3 10.1
HDT Ve + Br + MeJA Ve 4141 452.2 594.2 707.2 1.50 179 0.69 0.88 363.2 375.9 125.2 167.4 57.4 86.6 49.5 68.6 12.4 18.9
Br + MeJA + Tr 421.2 458.1 588.1 7011 1.43 1.7¢ 0.66 0.87 350.1 373.2 120.4 161.4 61.3 89.8 47.7 66.6 11.0 16.9
Ve + Ve 430.5 466.0 580.8 691.2 1.38 1.76 0.64 0.85 347.5 369.9 112.5 1566.1 66.5 93.7 44.2 63.2 8.6 15.2
MeJA 437.5 471.7 573.8 685.0 1.27 1.74 0.60 0.83 343.9 366.7 106.1 161.1 70.2 96.1 40.8 60.0 7.4 13.5
AC 445.2 476.5 569.0 678.7 1.25 1.73 0.59 0.81 341.2 364.8 102.1 147.5 66.4 98.3 38.3 58.3 6.1 122
AT Ve + Br + MeJA Ve 405.1 445.6 609.6 713.0 1.61 1.95 0.75 0.98 362.2 379.5 134.8 172.7 51.4 83.0 54.2 70.5 17.2 20.8
Br+ MeJA + Tr 410.5 452.6 607.2 708.3 1.60 1.95 0.75 0.94 360.0 377.8 131.9 168.1 53.3 84.7 52.4 68.6 15.9 19.2
Ve + Ve 419.5 459.2 604.3 705.2 1.56 1.94 0.70 0.90 357.6 375.1 128.2 164.3 55.8 86.7 50.9 66.7 14.2 17.3
MeJA 425.9 464.0 600.3 700.2 1.51 1.93 0.67 0.87 354.4 372.7 1241 159.6 58.7 90.1 49.2 64.8 12.4 16.9
AC 4291 468.2 596.4 693.6 1.50 1.90 0.65 0.85 352.3 371.3 116.6 154.5 60.6 92.9 47.4 62.8 10.8 14.3
Temperature . . o « o - « « « o . . wx . . o . «
PGR " « « « « « « . . « « - o « « . « «
Temperature x PGR NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
cv 9.3 8.8 10.3 11.3 7.9 6.7 9.4 13.3 8.4 10.3 10.5 14.5 9.5 10.7 9.5 9.9 11.8 121

PGR; CV: HHZ; IR-64; NS; ** and *; IP9G; Z; TZ9G; TZ9G; DIZ; ZR; IPA; DIHZR; IP; IPMP; HDT; HNT and AT stand for plant growth regulators; coefficient of variation; heat tolerant (HZZ); heat susceptible (IR-64); non-
significant; significantly different at a« = 0.07 and 0.05, Isopentenyl adenine 9-glucoside, Zeatin, Trans-zeatin 9-glucoside, Dihydrozeatin, Zeatin riboside, Isopentinyl adenosine, Dihydrozeatin riboside, Isopentenyl adenine,
Isopentenyl adenosine 5’-monophosphate, high day; high night and ambient temperature, correspondingly. Vc; MeJA; Ve, Tr; Br, and AC represent vitamin C, methyl jasmonates, vitamin E, triazoles; brassinosteroids
and control applied at the rate of 1.4, 1.8, 6.9, 0.55, 4.0, and 0 mg L=, respectively.





OPS/images/fpls-13-911846/fpls-13-911846-t005.jpg
Tem PGR TZ9G ZR DIHZR DIZ z IPMP IP9G IPA IP

(pg mi—1 XS)
IR64 HHZ IR64 HHZ IR64 HHZ 1IR64 HHZ IR64 HHZ IR64 HHZ 1IR64 HHZ |IR64 HHZ |IR64 HHZ

HNT Ve + Ve + MeJA + Br 664.3 717.9 522.5 724.5 24.4 37.4 13.0 23.2 218.5 297.2 43.9 58.1 36.8 52.0 59.5 93.0 21.6 29.6

Br + Tr + MeJA 683.0 737.6 518.7 718.5 18.5 30.8 11.0 212 210.1 291.5 39.3 51.6 42.0 56.0 52.3 82.4 19.1 26.8
VC + Ve 705.2 757.3 514.4 7111 10.2 25.7 8.6 18.1 200.9 287.3 30.9 46.5 48.6 60.6 43.8 73.3 16.0 23.9
MeJA 723.8 774.9 506.9 704.7 6.0 22.3 2 16.6 192.3 282.3 26.8 43.0 54.5 66.6 35.7 65.3 1.9 20.5
AC 738.5 794.0 501.3 698.4 5.6 19.2 6.7 13.6 184.5 278.8 23.4 40.0 59.8 72.2 28.9 58.6 6.8 17.7
HDT  Vc + Ve + MeJA + Br 602.6 693.4 543.9 735.1 34.3 48.0 211 28.9 230.7 3156.3 551 68.7 30.6 46.8 79.6 107.9 25.6 31.5
Br + Tr + MeJA 615.4 707.9 537.7 729.0 29.5 42.0 19.3 27.0 223.5 309.2 50.2 62.7 34.7 51.1 72.3 99.5 222 29.1
VC + Ve 634.0 725.5 530.3 719.1 2.7 36.6 16.8 23.6 219.0 302.9 42.4 57.4 39.8 56.7 65.6 88.3 19.3 26.7
MeJA 650.8 740.2 522.8 712.9 16.3 31.6 12.4 20.4 212.7 293.4 36.0 52.4 44.2 62.6 54.7 781 156.8 23.7
AC 672.4 755.5 517.5 706.6 1.2 28.0 9.9 18.6 205.0 286.5 32.0 48.8 49.9 66.1 44.7 68.6 12.7 21.6
AT Ve + Ve + MeJA + Br 540.9 656.6 568.2 740.9 43.9 53.2 25.8 30.8 244.3 323.2 64.7 74.0 261 43.0 931 114.0 34.3 34.4
Br + Tr + MeJA 5562.3 666.1 556.7 736.2 411 48.7 24.0 29.0 237.5 317.2 61.8 69.4 28.8 47.4 84.5 107.5 30.4 32.6
VC + Ve 565.0 682.2 552.8 733.1 37.4 44.8 225 27.0 232.2 310.8 58.1 65.6 311 51.5 .2 100.3 27.2 30.7
MeJA 580.6 694.0 548.8 7281 33.2 401 20.8 25.2 229.9 307.3 54.0 60.8 35.7 55.1 701 89.9 222 28.6
AC 599.3 709.2 544.9 721.5 25.7 35.0 19.0 231 229.3 303.5 46.5 55.8 40.6 59.6 62.0 83.1 17.8 26.2
Temperature - - NS NS - wx - x " x . x - x - x - x
PGR " * NS NS - x - x NS NS - x - * - x - x
Temperature x PGR NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
cv 5.6 4.9 16.9 11.2 171 8.8 16.2 141 13.4 7.3 10.5 71 14.3 13.8 16.9 8.1 16.1 1.4

PGR; CV: HHZ; IR-64; NS; ** and *; IP9G; Z; TZ9G; TZ9G; DIZ; ZR; IPA; DIHZR; IP; IPMP; HDT; HNT and AT stand for plant growth regulators; coefficient of variation; heat tolerant (HZZ); heat susceptible (IR-64); non-
significant; significantly different at a« = 0.07 and 0.05, Isopentenyl adenine 9-glucoside, Zeatin, Trans-zeatin 9-glucoside, Dihydrozeatin, Zeatin riboside, Isopentinyl adenosine, Dihydrozeatin riboside, Isopentenyl adenine,
Isopentenyl adenosine 5’-monophosphate, high day; high night and ambient temperature, correspondingly. Vc; MeJA; Ve, Tr; Br, and AC represent vitamin C, methyl jasmonates, vitamin E, triazoles; brassinosteroids
and control applied at the rate of 1.4, 1.8, 6.9, 0.55, 4.0, and 0 mg L=, respectively.
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Temperature PGR TSS (g kg™ ) Total proteins Proline H0; (nmol g~ 1) MDA (nmol g~ )

(gkg™") contents
(gkg™")
IR-64 HHZ IR-64 HHZ IR-64 HHZ IR-64 HHZ IR-64 HHZ
HNT Ve + Br + MeJA Ve 14.88 30.13 6.22 12.53 1.16 1.52 77.35 74.50 7413 57.50
Br + MeJA + Tr 12.50 28.50 4.47 10.28 1.1 1.46 82.33 78.83 79.34 62.22
Ve +Vc 13.50 29.50 5.22 11.40 1.14 1.49 79.33 75.33 76.91 60.00
MeJA 11.25 27.50 372 9.40 1.09 1.4 85.17 81.00 82.12 64.58
AC 10.13 26.88 3.10 8.78 1.06 1.4 87.83 83.17 84.72 66.67
HDT Ve + Br + MeJA Ve 22.63 32.75 10.10 14.90 1.28 1:55 72.67 63.33 61.28 52.64
Br + MeJA + Tr 19.50 31.63 8.22 13.15 1.22 1.51 77.67 68.67 66.67 57.08
Ve +Vc 18.63 32.63 9.22 13.90 1.25 1.53 BT 66.00 64.06 55.00
MeJA 18.25 29.38 7.22 12.03 1.2 1.49 80.17 7117 69.10 59.17
AC 17.38 28.63 6.60 11.28 1.17 1.46 82.33 73.67 71.18 60.97
AT Ve + Br + MeJA Ve 26.38 34.00 14.50 16.03 1.42 1.67 40.79 62.65 42.50 51.67
Br + MeJA + Tr 24.63 31.75 13.38 15.15 1.37 1.6 42.89 65.15 44.85 54.31
Ve + Ve 25.50 32.63 13.88 15.65 1.39 1.63 41.84 63.97 43.68 53.06
MeJA 23.88 30.88 12.75 14.65 1.35 1.57 43.95 66.18 46.03 55.42
AC 23.13 30.25 12.38 14.15 1.33 1.55 45.00 67.35 47.21 56.39
Tmperefis - s - - - # - ¥ i i
PGR ” . - - # # # - - §
Temperature x PGR NS NS NS NS NS NS NS NS NS NS
(V) 9.91 8.42 8.44 9.84 6.27 7:52 6.62 713 9.91 7.34

PGR; CV; HHZ; IR-64; NS; ** and *; HDT;, HNT, and AT stand for plant growth regulators; coefficient of variation; heat tolerant (HZZ); heat susceptible (IR-64); non-significant; significantly different at o = 0.01 and 0.05,
high day; high night, and ambient temperature, correspondingly. Vc; MeJA; Ve, Tr; Br, and AC represent vitamin C, methyl jasmonates, vitamin E, triazoles; brassinosteroids, and control applied at the rate of 1.4, 1.8,
6.9, 0.55 4.0, and 0 mg L=, respectively.
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Temperature PGR TSS (mg mi~1) Total proteins Proline H0; (nmol mi~1) MDA (nmol mi~1)

(mg mi-1) contents
(mg mi~")
IR-64 HHZ IR-64 HHZ IR-64 HHZ IR-64 HHZ IR-64 HHZ
HNT Ve + Br + MeJA Ve 6.25 12.33 4.95 8.70 0.74 1.16 60.67 59.29 61.25 44.56
Br + MeJA +Tr 7.70 11.35 4.70 6.95 0.69 1.1 66.17 64.82 67.50 48.82
Ve + Vc 8.75 12.18 4.08 7.83 0.72 1.13 63.33 62.37 64.58 46.76
MeJA 6.88 10.75 3.45 6.08 0.66 108 67.50 67.68 68.13 50.59
AC 5.38 10.13 3.41 5.33 0.63 1.06 70.00 70.18 70.83 52.35
HDT Ve + Br + MeJA Ve 14.05 17.38 7.95 10.95 0.90 1.22 54.00 48.93 48.13 39.26
Br + MedA +Tr 11.83 16.13 5.83 B8.95 0.85 1.18 59.17 54.11 53.96 43.68
Ve +Vc 12.88 16.08 6.74 10.08 0.87 1.18 56.50 51.61 51.25 41.47
MedA 10.63 14.87 4.97 7.95 0.81 1.16 61.67 56.79 5529 45.59
AC 9.88 12.82 4.09 7.33 0.79 1.14 63.67 58.75 58.97 47.50
AT Ve + Br + MeJA Ve 18.38 24.63 10.45 11.70 1.00 1.32 52.06 32.36 32.38 36.62
Br + MedA +Tr 16.50 23.38 9.20 10.45 0.94 1.27 54.50 34.72 34.67 38.97
Ve + V¢ 17.38 24.00 8.70 11.08 0.95 1.29 b8.17 33.47 33.33 37.79
MeJA 15.63 22.50 8.70 9.83 0.92 1.24 556.83 35.83 86.50 40.05
AC 15.00 21.63 8.33 9.33 0.90 1.21 57.33 36.94 36.33 41.47
Temperature o o ox o o o ox o ox *x
PGR o o ox o " * ox o ox *x
Temperature x PGR ns ns * ns ns ns ns ns ns ns
cVv 14.94 10.33 10.74 15.68 5.48 583 5.02 815 7.94 4.88

PGR; CV; HHZ; IR-64; NS; ** and *; HDT;, HNT, and AT stand for plant growth regulators; coefficient of variation; heat tolerant (HZZ); heat susceptible (IR-64); non-significant; significantly different at o = 0.01 and 0.05,
high day; high night, and ambient temperature, correspondingly. Vc; MeJA; Ve, Tr; Br, and AC represent vitamin C, methyl jasmonates, vitamin E, triazoles; brassinosteroids, and control applied at the rate of 1.4, 1.8,
6.9, 0.55 4.0, and 0 mg L=, respectively.
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Tem PGR TZ9G ZR DIHZR DIZ z IPMP IP9G IPA IP

(ngg~")
IR-64 HHZ IR-64 HHZ IR-64 HHZ IR-64 HHZ IR-64 HHZ IR-64 HHZ IR-64 HHZ IR-64 HHZ IR-64 HHZ

HNT Ve + Br + MeJA Ve 379.3 413.9 419.3 536.9 1.08 1.32 0.40 0.56 237.1 255.3 1156.0 144.8 93.8 111.8 56.4 79.6 23.7 29.7

Br + MeJA +Tr 387.2 4211 416.0 530.8 1.03 1.31 0.39 0.55 234.8 252.3 105.7 138.6 98.0 1156.2 8358 77.6 20.7 28.0
Ve + Ve 400.4 428.0 409.4 5235 0.84 1.23 0.37 0.58 230.7 249.4 94.8 135.6 102.6 118.4 50.1 74.5 19.6 26.3
MeJA 408.3 433.2 400.1 517.0 0.83 1.20 0.35 0.51 227.1 246.3 83.6 130.5 106.0 121.6 47.0 72.0 18.6 24.4
AC 413.7 437.8 394.8 510.7 0.82 117 0.35 0.50 224.2 243.4 78.5 127.4 108.8 124.2 44.4 70.0 18.2 231
HDT Ve + Br + MeJA Ve 37241 407.7 436.4 547.5 1.21 1.38 0.48 0.58 242.0 259.6 118.8 160.3 83.6 107.8 64.5 85.3 25.9 319
Br + MeJA +Tr 379.2 413.6 430.4 541.3 1.18 1.36 0.45 0.57 238.8 257.0 116.5 1563.2 86.7 1113 62.7 83.4 24.5 209
Ve + Ve 388.5 4215 423.8 531.4 1.08 1.34 0.42 0.56 236.3 2537 105.7 147.3 92.5 114.9 59.2 80.0 221 28.2
MeJA 395.5 427.2 415.3 525.2 0.98 1.33 0.39 0.53 232.6 2505 98.4 138.2 96.4 117.4 56.6 76.8 21.0 26.5
AC 403.2 432.0 410.0 519.0 0.96 1.32 0.38 0.52 230.0 248.6 92.4 135.1 99.9 119.6 541 780 20.0 25.2
AT Ve + Br + MeJA Ve 363.1 4011 453.1 553.2 1.31 1.54 0.54 0.69 251.0 263.3 134.4 163.0 77.4 104.2 69.2 87.2 30.2 33.8
Br + MeJA +Tr 368.5 408.1 450.7 548.6 1.31 1.54 0.54 0.64 248.7 261.5 130.2 168.5 80.0 105.9 67.4 85.4 28.9 322
Ve + Ve 377.5 414.7 447.8 545.4 1.27 1.53 0.48 0.60 246.3 258.9 127.3 153.8 82.1 108.0 65.9 83.4 27.2 30.3
MeJA 383.9 419.5 443.8 540.5 1.22 1.52 0.46 0.58 2431 256.4 1241 148.3 85.2 111.4 64.2 81.6 254 28.9
AC 387.1 423.7 439.9 533.9 121 1.49 0.43 0.56 241.0 255.0 1171 141.2 87.6 1141 61.9 79.5 23.8 27.3
Temperature " x o * o o o ox " " o ox o o x o o *x
PGR % " - * N o - * ns ns - * N % x - N %
Temperature x PGR ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
cV 45 5.8 9.8 10.4 11.5 a2 109 124 12.4 10.8 9.4 8.3 9.5 8.6 12.3 9.7 13.3 10.3

PGR; CV: HHZ; IR-64; NS; ** and *; IP9G; Z; TZ9G; TZ9G; DIZ; ZR; IPA; DIHZR; IP; IPMP; HDT; HNT and AT stand for plant growth regulators; coefficient of variation; heat tolerant (HZZ); heat susceptible (IR-64); non-
significant; significantly different at a« = 0.07 and 0.05, Isopentenyl adenine 9-glucoside, Zeatin, Trans-zeatin 9-glucoside, Dihydrozeatin, Zeatin riboside, Isopentinyl adenosine, Dihydrozeatin riboside, Isopentenyl adenine,
Isopentenyl adenosine 5’-monophosphate, high day; high night, and ambient temperature, correspondingly. Vic; MeJdA; Ve; Tr; Br, and AC represent vitamin C, methyl jasmonates, vitamin E, triazoles; brassinosteroids
and control applied at the rate of 1.4, 1.8, 6.9, 0.55, 4.0, and 0 mg L=, respectively.
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Shoot fresh

Light colors biomass plant*
(@

White Light (control) 23.9+1.10°

Blue Light 27.5:1.00°

Red Light 14.4£0.74¢

Red Blue Light 18.4£0.21°

Shoot dry
biomass plant '

@

4.48+0.090°
569£0.14°
2.44x007°
3.10£0.05°

Plant height
(cm)

95.2+3.75°
97.4+4.05"
57.9+1.84°
75.6+3.34"

Values in the table are means +SD (n=3). Different letters within a column indicate
significant diference between treatments (o <0.05).
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Number of

Light colors leaves plant '
White Light 5022147
(control)

Blue Light 57.1+1.02°

Red Light 23.9:0.84%

Red Blue Light 39.4x1.84°

Stem diameter
(mm)

5.76£017"
6.35+0.29°

3.69+0.15°
4.15£0.16°

Root length
(em)

17.7£1.70°
18.9+3.53"

16.122.25°
16.8+2.54°

Values in the table are means +SD (n=3). Different letters within a column indicate
significant diference between treatments (o <0.05).
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stress NPs
mgg™ DW
Control
sp
ES
SP+FS
6dsm ~ CK
sp
FS
SP+FS
12dsm ~' CK
sp
FS
SP+FS

Root-Mg

40.70d£0.36

45.83b+0.93
43.03¢£0.82
49432049
3447g+064
40.43d£0.55
37.70ef£0.40
43.63¢£047
3227h£0.76
36.10fg+0.64
3450061
39.47de£0.92

Shoot-Mg

50.77c+0.42

56.23b+1.22
54.27b+0.91
59.10a:£0.82
40.17F£0.88
46504£0.55
43.37¢£099
5151c£0.66
35.47h£0.56
40471062
37.80g+036
45.47de£055

Root-N

8.60d£0.077

9.94b+0.12
9.29¢£0.14
10.68a£0.29
6.70gh+0.10
7.27f£0.18

7.05fg£0.078
7.97¢£027
530k£0.15
594ij£0.13
5.59jk£0.41
6.26hi£0.12

Shoot-N

1450cd£0.63

16.70ab+0.60
15.53bc£0.56
17.73a£043
1188fg0.22
13.85de £0.33
12,87¢f£0.30
14504 £0.63
8290021
1072gh £035
9.73hi£0.29
12.70¢f£0.49

Root-P

6.24c£0.071

6.93b+0.14
647¢£0.62
7.29£0.13
5.27efg+0.09
5.78d£0.043
545¢£0.026
6.28¢£0.14
487h£0.11
5.17fg£0.044
4.99gh+0.046
5.42f£0.12

Shoot-P

8124£0.015

8.61b£0.032
8.41¢£0.09
9.122£0.092
7.07££0.060
7.48¢£0.043
7.30e£0.078
7.95d£0.026

5.96j£0.023
6.60h0.097

6.231£0.045
6.80g£0.087

Root-Zn

17.83b£0.28

21.40a:+0.64
21430£052
22400127
14.03d£0.45
1607¢£0.56
16.17c£0.34
17.46bc 0.4
10.80e£0.35
13.70d+0.55
13.80d+0.40
14474 £0.68

Shoot-Zn

24.13c£097
27.60b£0.64
27.70b40.25
32.67a£0.67
2037d£038
23.17¢£0.19
23.28c£0.58
2437¢£0.67
15.60£0.78
17974038
18.106£0.89
18.80de+0.49

CK, control; SP,seed priming (40 ppm); and P, folar application (20 ppm). Mg, magnesium; N, nitrogen; and P, phosphorus. Data reported indicate means + SE (11=4). Different letters

indicate significant differences at p<0.05.
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Zn-NPs

stress

mgg™ DW
Control  CK
sp
BS
SPHES
6dsm ~' CK
sp
S
SPHES
12dsm ~' CK
sp
S
SP+ES

Root-Na*

257240083
219240022
229240057
2152£0.026

20.15b:£0.078
15.60d+0.871
18.53bc£0.33
13.00e£0.75
2483123
2040b%1.12
229724067
17.40¢d £0.49

Shoot-Na*

278(£0.11
234(£0.049
2.58(£0.059
229f£1.22
24.60bc£0.54
21.23de£0.72
23.07cd£138
19.83¢£1.49
311322092
24.07bc+038
2603b+ 111
2233cde£0.73

Root-K*

21.34bc£049
2483124
2263b+0.87
2683094
13.40fg £0.64
17.53de£0.58
15.10££0.32
2247b2115
1257027
15.50¢f£0.50
13.67fg£043
1937cd£048

Shoot-K*

26.63c£0.58
347722091
3043b£053
3687a£0.93
19970038
23.47d£0.58
22.30f0.62
2687c£0.85
162084070
21.20f£1.15
17.50£0.43
23434061

Root-Cl~

319g40.13
266g+0.11

286840064

260840029
20.40d+0.38
17.13e£0.72
1847de£0.23
14.70f£0.50
327324036
23.03¢£0.43
2643b+0.54
17.73e£0.77

Shoot-CI~

271540032
242840015
261540026
225g+0023

16504057
13.87F£0.23
15.63de£0.15
12.90f£0.63
25.60a:£030
1890048
2130b£0.58
1531e£0.42

Root-Ca

55.90de £0.90
60.80b1.00
58.77bc£038
6333111
47878052
54.80e£123
5055032
57.80cd £0.41

47.77g+087
43.10h£0.91
51271055

Shoot-Ca

66.13cd+ 1.11
71.43b0.58
68.50bc£0.51
7647a+1.32
56.67gh£0.52
63.14de £ 1.26
59.30fg+0.63
68.40bc:£1.33
48.53i£0.67
5557h+1.18
50.93i£0.74
60.47¢f+0.46

CK, control; SP, seed priming (40 ppm); FP,foliar application (20 ppm); Na, sodiun; K, potassium; Cl,chloride; and Ca, calcium. Data reported indicate means:+SE (1=4). Different
letters indicate significant differences at p<0.05.
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Sal
stress

ty

Control

6 dSm -

12dSm -

Zn-NPs

CK
SP

BS
SP+FS
CK

P

ES
SP+FS
CK

sP

BS
SP+FS

TSP

7.86¢£0.054
8.29b£0.068
8.08bc£0.044
884220014
6.83¢££0.080
7.24d£0054

060,089
7.93¢£0.036
620h£0.017
663150076
6.40gh 0,092
6.92¢£0.075

FAA

119d£0.046
1

2640023
1.26bc£0.017
14320014
1.08£0.009
111e£0.001
1.08¢£0.017
120cd 0039
0880021
0.96+0.023
0.89££0.045
1.10e£0.017

$S

1051j£0.16
11

i£0.09
11.10i£0.05
1197h£0.12
11.99h£0.10
14.17£0.28
13.13g20.14
1483¢0.18
1597d£0.14
17.32b+0.14
16.75¢ 04

18.332£0.29

Proline

06410037
0.68¢f+0.017
06410013
0.71ef£0023
0.74de:+0.039
0.81cd+0.034
0.76de+0.020
0.85bc+0.017
0.82¢d+0.029
0.92ab:+0.049
0.85bc£0.017
09920037

TIAA

18738039
2137ef£0.58
2047fg£052
23.43de£0.60
21.53¢f£0.67
25534113
22.10ef£0.86
28.37¢£098
30.07¢£020
3443b£052
33.03b2 118
36870%148

GA

45.83h£0.66
48.77fg+0.44
46.30gh+0.68
50.30ef£0.96
48.17fgh1.01
5263e+1.04
49.17£0.86
58.60cd 158
57.73d£0.63
64.17b£0.97
60.60c£052
67.97a%1.44

ABA

0cd£0.59
32.17de 093
34.13dex 128
3143e 101
41.23b£138
34.90cde+0.83
38.53bc+ 112
32.20de+025
474025116
4193b+1.29
.79
39.53b+0.44

45.700%

CK, control; SP. seed priming (40 ppm); FP,foliar application (20 ppm); TSP, total soluble proteins; FAA, free amino acids; S5, soluble sugars; IAA, indole-3-acetic acids GA, gibberellic

acid; and ABA, abscisic acid. Data reported indicate means £ SE (s

). Different letters indicate

ficant differences at p<0.05.
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Salinity stress ~ Zn-NPs Chlorophyll a Chlorophyll b Carotenoids Anthocyanin

(mg/g FW) (mg/g FW) (mg/g FW) (mg/g FW)
Control CK 0.38d+0.012 1.41d+0.021 0.52d+0.0054 831d+0.45
SP 0.54b+0.019 1.70b+0.029 0.60b +0.0064 9.83b+0.72
FS 0.46¢£0.012 1.56¢+0.026 0.56¢ +0.0042 9.16c£0.21
SP+FS 0.62a+0.014 1.85a0.016 0.64a+0.0039 10.51a+0.56
6dSm - CK 0.17g+0.0056 0.73i£0.014 0.27k:£0.0043 445j£0.49
SP 0.22f+0.017 1.12f+0.010 0.45f+0.0026 6.95(+0.92
FS 0.14g+0.021 0.97g+0.091 0.418+0.0028 6.28g+0.44
SP+FS 0.30e£0.0031 1.26e0.022 0.49¢£0.0032 7.63e£0.71
12dSm CK 0.03hi £0.0037 0.47j£0.010 0.241£0.0054 2.89k+0.69
sP 0.04hi£0.0012 0.68i£0.014 i+0.0042 4.92i10.44
FS 0.021£0.0019 0.52j£0.016 0.30j£0.0032 4.50j+0.48
SP+FS 0.05h£0.0011 0.83h£0.018 0.37h+0.0043 5.60h£0.32

CK, control; SP, seed priming (40 ppm); and EP, foliar application (20 ppm). Data reported indicate means £ SE (1 =4). Different letters indicate significant differences at p<0.05.
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Salinity Zn-NPs SL (cm) SFW (g) SDW (g) RL (cm) RFW (g) RDW (g) LPP

stress

Control CK 71.97d£0.94 6.24cd+0.47 3.45d+0.015 17.73¢£0.57 3.88cd+0.038 1.86¢+0.030 9.33bc+0.33
SP 78.12b+0.49 7.02b+0.26 5.45b+0.018 21.03b+0.95 4.22b+0.050 2.142+0.032 10.00b£0.16
FS 75.07c£0.45 6.58bc+0.29 4.45c£0.014 19.80b+0.31 4.01bc+0.045 1.96b+0.023 10.00b£0.17
SP+FS 8337a1.19 8.642+0.50 5.75a+0.012 227721092 4.53a+0.16 2.22a+0.024 11.332+0.21

6dSm CK 59.65i£0.55 3.60gh+0.14 1.75j£0.021 13.17fgh +0.45 3.47e+0.058 1.57e+0.044 8.67cd+0.25
SP 68.67 £0.65 5.58de+0.21 2.65{£0.025 15.90de £0.30 3.75d£0.045 1.69d+0.038 9.33bc+0.27
FS 63.77fg+0.32 5.15e+0.12 2.25g+0.019 14.67ef+0.38 3.71d£0.139 1.61de+0.04 9.33bc+0.22
SP+FS 72.75d+0.54 594cd+0.34 3.25e+0.039 17.30cd £0.90 3.80cd+0.036 1.81c+0.036 9.67b+0.41

12dSm ' CK 50.02j+1.25 3.27h+0.28 1.451£0.029 10.09i+0.28 2.75h+0.025 1.28g+0.039 833d+0.24
SP 62.66gh £0.90 4.95¢f+0.39 1.95]0.034 12.17gh+034 3.08fg+0.039 143(£0.020  9.33bc£0.29
FS 61.40hi £0.81 430fg+0.28 1.65k+0.036 11.73h£0.65 2.86gh +0.060 1.36fg+0.032 833d+035
SP+FS 65.50{0.72 5.05ef+0.32 2.15h+0.039 13.50fg+0.59 3.16f£0.035 1.53e0.017 9.33bc+0.21

CK, control; SP,seed priming (40 ppm); FP, foliar application (20 ppm); SL, shoot length; SEW, shoot fresh weight; SDW, shoot dry weight; RL, root length; RFW, root fresh weight; RDW,
root dry weight; and LPP, leaves per plant. Data reported indicate means £ SE (n=4). Different letters indicate significant differences at p<0.05.
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Salinity stress  Zn-NPs SL (cm) SLPS GPS TGW (g) GY/pot (g)

Control K 68842018 2850d0.57 3650c£0.74 34.50d£0.79 35.83¢£092
sp 797b£0.15 36.50b+0.88 467522129 50 ~0.88 40.27b+1.03
FS 8922021 3250c£092 40506088 4150b+1.22 38.40b+ 1.06
SPHES 9902056 405002 112 48502 146 165022145 127002096
6 dsm ! CK 592gh£0.19 12502120 2050££0.88 2495gh£0.75 25.630+0.43
sp 7.35de£0.22 24.50ef£1.76 28500+ 1.66 31.50¢£0.68 2937e£0.62
FS 6.55¢fg £0.32 25.00def£0.88 2450¢£126 27626105 27576052
SPHES 7774030 27.00de £0.59 3450c+ 158 33.00de£0.86 3257d£085
12dsm CK 552h£0.48 1050h+1.08 13258173 2287h£0.58 16.10i£0.46
sp 6.20igh+0.26 1825g2152 21.75¢f£1.25 2590fg£072 21.03h£0.74
ES 6.12fgh+0.24 1425h£0.66 21.25f£1.28 2522g+165 18.77)£0.49
SP+ES 6.92¢f+0.17 21.756g+ 114 2225¢f+1.49 25.65fg£1.41 2347g20.60

CK, control; SP,seed priming (40 ppm); and P, foliar application (20 ppm). SL, spike lengths SLPS, spikelets/spike; GPS, grains/spikes TGW, 1,000 grain weight; and GY, grain yield. Data
SE (1 = 4). Different letters indicate significant differences at p <(0.05.

reported indicate means &
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Crop

Wheat

Rice

Rice

Wheat

Wheat

Rice

Soybean and mungbean

Rate of
sulfur-coated urea

130 kg/ha
270 kg/ha

160 kg N/ha
130kg N/ha

140 kg/ha
60 kg/ha

60kg N/ha

Major effects

Application of $-coated urea improved crop growth and yield traits

“The application of §-coated urea improved the growth, amylose,
amylopectin, and starch contents and teste value

S-coated urea improved chlorophyll contents, grain weight, and grain yield
S-coated urea increased hlorophyll contents, net leaf photosynthetic rate
and leaf area index; and grain yield

S-coated urea increased the grain yield and NUE of wheat crop

S-coated urea improved dry matter production, grain yield and NUE of rice
crop

Coated urea improved the growth, yield traits, and grain production of

soybean and mungbean crops

References

Adil etal, 2021
Hai-yan etal., 2018

Haseeb-ur-Rehman et al,, 2022

Gafoor etal, 2021

Malakouti et al., 2008
Khan etal, 2015

Essa etal, 2021
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Fertilizer application
(FA)

FO
Fl

F2

F3

Fi

Significance levels
FA

PP

FAxXPP

Planting pattern
(PP)

SM
SI
SM
SI
SM
SI
SM
SI
SM
SI

2750 + 1.3 fg
2575+12g
30.75 + 1.7 de
3550 + 1.3 be
29.00 + 1.1 ef

3275+ 1.7 d
27.75+ 15 fg

30.75 + 1.7 de
36.00 + 1.8 b
4375+ 42a

0,00
0,004
0,00+

No of pods plant™ Grain yield

(g plant™)

7257 +53d
6297 £59 e
7412 45 cd
81.35+47b

7572 £5.6
bed

80.65+23 b

7635 +3.3
bed

79.90 + 3.4 be
80.95 +3.8b
93.67 £2.5a

0,00+
0.01%*
0.00%*

100-grain weight
(®

1485+ 0.5 f
1385+ 1.0g
1632 + 0.4 de
1825+ 13 b
1587+ 03¢

17.07 £ 0.5 cd
1637 £ 0.4 de

17.52 £ 0.2 be
17.67 £ 1.2 be
2095+ 14a

0.00%*
0,00
0,00

Biomass dry

matter
(g plant™)

8285+58e
74.15£3.1f
90.40 + 4.1 cd
99.33+33b
86.55 + 4.5 de

93.67 £ 3.5 bc
84.85 + 4.1 de

90. 00 £ 5.1 cd
94.75 + 6.4 bc
11075+ 24 a

0,004
0,004
0,004

LER

0.86

091

0.96

0.94

1.03

The means with + standard deviations (SD) having different lower-case letters (down the column) differ significantly at the LSD test p < 0.05 level of probability. FA; fertilizer application,
PP; planting patterns, p; no fertilization, g;; nitrogen fertilization, g»; nitrogen fertilization combined with foliar application of Fe, g3; nitrogen fertilization combined with foliar application
of Mo, gy nitrogen fertilization combined with foliar application of Fe and Mo. ***p < 0.001, **p < 0.01.
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Fertilizer application = Planting pattern  Plant height Leat area Stem diameter Stem Internode length

(FA) (PP) (cm) (cm?) (mm) strength (cm)
(g pot™")
o M 54.15 £ 8.0 ¢ 24665 + 128 ¢ 1040 0.1 f 34505+ 43 g 1115 % 1.1 be
N 6595+85bc 25520 % 125 de 1067 + 0.2 f 36248 + 3.1 d 1020 £ 1.0 ¢
B M 57.20£7.7bc 25095 + 10.7 de 1107+ 03 e 35192 + 5.1 gf 1220 + 1.2 ab
SI 62.35 8.9 be 27035+ 9.7 ¢ 1175+ 03 d 37593 + 4.1 ¢ 1150+ L1 b
- M 60.02 + 8.1 be 25252 +9.9 de 1170 +03 d 354.70 + 4.1 ef 1240 + 1.0 ab
St 67.80 + 6.6 ab 286.80 £ 4.5 b 1265+02b 39395 +5.8b 11.90 = 1.1 ab
- M 59.15 + 8.1 be 256.15 + 7.4 de 1162+0.1d 356.98 + 3.5 ef 1237 £ 0.8 ab
St 6572 £ 7.2 be 2852336 b 1215+ 02 ¢ 387.92£52b 11.90 = 0.8 ab
e M 639595bc 26170 = 10.1 cd 1195+ 02 cd 367.17 + 8.1 od 12.65+10a
SI 79.02 £ 13.8a 30203 + 94 a 1357 +03a 42645+ 1352 1235 1.0 ab
Significance levels
FA 001+ 0.00%* 0.00%* 0.00%+* 0.01%%
PP 0017+ 0.00%* 0.00%* 0.00%+* 0.04**
FAxPP 070" 0.02%% 0.00%* 0.00%+* 0.97™

The means with + standard deviations (SD) having different lower-case letters (down the column) differ significantly at the LSD test p < 0.05 level of probability. FA; fertilizer application
regime, PP; planting patterns, ro; no fertilization, r,; nitrogen fertilization, ; nitrogen fertilization combined with the foliar application of Fe, ¢3; nitrogen fertilization combined with foliar
application of Mo, ; nitrogen fertilization combined with foliar application of Fe and Mo. ***p < 0.001, ™p > 0.05.
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Crop

Rice

Rice and wheat
Wheat

Pasture

Rice

Rate of
zinc-coated urea

120 kg/ha

120 kg/ha

180 kg/ha

217 kg/ha

120 kg/ha

Major effects

Zn-coated urea increased the physiological use efficiency and grain yield of
rice crop

Zn-coated urea increased the partial factor productivity, agronomic
efficiency, apparent recovery, and grain yield of rice and wheat crops
Zn-coated urea effectively enhanced the growth, growth, photosynthesis,
physiological and yield, parameters of wheat

Coated urea significantly improved the pasture production and nutrient
uptake

Coated urea increased the rice productivity, kernel weight, and kernel

quality of rice crop

References

Shivay and Prasad, 2012

Shivay and Prasad, 2012

Nazir et al, 2021

Junejo etal., 2011

Irshad etal, 2021
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PNUE (mol mol' s') = Pn x Nyrea

(4)
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Leaf N content per unit area (Narea, mg. cm?) = Nynass, X LMA
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Leaf N content per unit dry mass (Nmass, g- kg')

= leaf N content x leaf dry mass

(2)
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e = (L000Az - 2.05Ca-114Cb)/245  (Eq. 3)
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(Eq. 2)
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Plant species

Wheat

Tobacco

White clover

Date Palm

Soybean

Orange

Sorghum

Tea

French bean

Ryegrass

Drought stress

50% FC

30% FC

55% FC

25% FC

DS was imposed by

skipping irrigation and pod
and seed development

stage
55% FC

DS was imposed by
skipping irrigation
55% FC

DS was imposed by

withholding irrigation for

5 days
25% FC

Effects

AMD reduced the ROS and improved the activities of CAT,
APX, GR, and SOD

AMF reduced MDA contents and improved APX, CAT,
POD, SOD, GSH, and AsA activities

AMD decreased the MDA accumulation and significantly
increased the CAT, POD, and SOD activities

AMF improved membrane stability, reduced EL, and
increase activities of CAT, POD, SOD and GSH

AMF reduced the ROS, MDA accumulation and increased
activities of POD, CAT, and expression of P5CS, P5CR,
PDH, P5CDH, GmSPS1, GmSuSy, and GmC-INV

AMF improved the expression of PtMn-SOD, PtCAT1, and
PtPOD and activities of SOD and CAT and reduced the EL,
MDA, and HoO, accumulation

AMF reduced the MDA accumulation and EL and increased
the activities APX, POD, and CAT

AMD significantly decreased the MDA accumulation, and
activities of CAT and SOD and expression of CsCAT and
CsSOD genes

AMF reduced the MDA contents increase activities of CAT,
POD, SOD, and GSH

AMF significant reduced the MDA accumulation, EL and
increased the activities of CAT, POD, and SOD

References

Tereucan et al.
(2022)

Begum et al. (2021)

Liang et al. (2021)

Harkousse et al.
(2021)

Sheteiwy et al.
(2021)

He et al. (2022)

Kamali and
Mehraban (2020b)

Liu et al. (2020)

Prabha and
Sharadamma
(2019

Yang et al. (2019)

FC, field capacity.
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Ca = 139544 ~- 688Ag0 (Eq. 1)
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Plant species

Drought stress

Effects

References

Soybean

Rice

Soybean

Tobacco

Sorghum

Wheat

Strawberry

Maize

Soybean

40% FC

50% FC

DS was imposed by
skipping irrigation and pod
and seed development

stage
30% FC

DS was imposed by
skipping irrigation
22% FC

35% FC

40% FC

55% FC

AMF improved the RWC, proline contents, chlorophyll contents, pods,
grain weight, grain, and biomass

AMF improved the RWC, plant height, chlorophyll contents, panicles
per plant, root and shoot dry matter, grain weight, grain yield, and WUE
AMF improved the plant biomass, chlorophyll contents, IAA contents,
branches per plant, nodules/plant, and grain yield

AMF improved leaves/plant, plant height, plant biomass, chlorophyll
contents, Fv/Fm, free amino acids, proline, total phenols, and essential
oils

AMF inoculation improved chlorophyll contents, N contents, proline
contents, panicles per plant, and 1000 grain weight

AMF inoculation improved the RWC, chlorophyll contents, chlorophyll
fluorescence, efficiency of PS-I and PS-II

AMF improved the root and shoot biomass, RWC, stomata
conductance, photosynthetic rate, WUE, free amino acids, soluble
sugars, proline, and uptake of Mn, Fe, Si, and Zn

AMF inoculation increased the root and shoots growth, N, P, K, Ca, and
Mg uptake and WUE of maize plants

AMF increased the plant height, root length, root surface area and
soluble sugars

Igiehon et al. (2021)

Das et al. (2021)

Sheteiwy et al.
(2021)

Begum et al. (2021)

Kamali and
Mehraban (2020a)
Mathur et al. (2019)

Moradtalab et al.
(2019

Zhao et al. (2015)

Liu et al. (2013)
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Variable? SE T T/ET GY PFPN NHI

NTQs —0.629+*b 0.120 0.612** 0.610** 0.248 0.321
NTQI —0.668** 0.351* 0.718** 0.614** 0.641** 0.558**
NTRs —0.343*> 0.133 0.121 0.101 0.281 0.235
NTRIL —0.355* 0.371* 0.448** 0.132 0.775** 0.690**
NTCs —0.537** 0.288 0.360* 0.139 0.252 0.259
NTCl —0.448** 0.435* 0.337* 0.258 0.626** 0.517**

ANTQs and NTQI represent N translocation quantity from stem and leaf, NTRs and NTRI represent N translocation ratio from stem and leaf, and NTCs and NTCI represent N translocation
contribution of stem and leaf, respectively.

b*xCorrelation coefficient was significant at P < 0.01.

*Correlation coefficient was significant at P < 0.05.
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Plant species

Faba bean

Cotton

Chinese fir

Maize

Maize

Brassica

Wheat

Wheat

Barley

Drought stress

40% FC

60% FC

50% FC

DS was imposed by skipping
irrigation at reproductive stage
20-25 % FC

DS was imposed by skipping
irrigation from flowering stage
20% FC

DS was imposed by skipping
irrigation from heading to grain
filling stages

10% FC

Effects

DS decreases the chlorophyll contents, soluble sugars, APX, CAT, SOD, and
increased the MDA and H»O» accumulation

DS decreased membrane stability, RWC, chlorophyll contents, yield
components, fiber quality, and increased antioxidant activities, electrolyte
leakage, phenalic, and proline contents

DS reduced the RWC, root and shoot growth, chlorophyll synthesis, chlorophyll
fluorescence, stomata conductance, Fv/Fm, and starch contents

DS decreased the plant height, cob diameter, RWC, grain and biomass, and
harvest index

DS reduced the biomass production, root shoot ratio, chlorophyll contents,
stomata conductance, photosynthetic and transpiration rate, WUE, and
increases, APX and SOD activity and accumulation of total soluble protein and
proline

DS reduced the chlorophyll contents, RWC, stomata conductance, grain yield
and increased the proline contents

DS reduced the time to heading, anthesis and maturity, RWC, chlorophyll
contents, canopy temperature, assimilations production, grain yield and
increase proline accumulation and oxidative stress

DS reduced the grain filling period, yield traits, grain weight, biomass yield, and
harvest index of wheat

DS decreased the chlorophyll contents Fv/Fm ratio, WUE, plant height, tillers
grain weight, and grain yield

References

Kenawy et al.
(2022)

Eid et al. (2022)

Zhao et al. (2021)

Mehmood et al.
(2021)
Bian et al. (2021)

Shafighi et al.
(2021)

Chowdhury et al.
(2021)
Pour et al. (2020)

Istanbuli et al.
(2020)

FC, field capacity.
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Tillage practice® N fertilizer rateb GY (tha™l) PFPy NHI
2019 2020 2019 2020 2019 2020
CT N1 5.78 5.87 42.8 435 0.64 0.56
N2 6.52 6.17 36.2 343 0.55 0.48
N3 7.10 6.91 31.5 30.7 0.57 0.50
NT N1 6.66 6.06 49.3 449 0.70 0.68
N2 8.07 7.13 44.8 39.6 0.74 0.64
N3 7.83 7.77 34.8 345 0.69 0.69
LSD (0.05) 0.24 0.30 1.4 1.9 0.040 0.039
P-value®
Tillage practice (T) <0.001 <0.001 0.001
N fertilizer rate (N) <0.001 <0.001 0.012
TxN 0.002 0.007 0.006

The effects of year x treatment interaction were omitted due to there were no significant difference.

2CT and NT represent conventional tillage without plastic film mulching and no-tillage with previous plastic film mulching, respectively.
YN1, N2, and N3 represent N fertilizer applied at 135, 180, and 225 kg N ha™!, respectively.

“The P values with each indicator were for the two study years.
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Treatments
Stem
2019
Tillage effect (T)?
CT 35.4
NT 42.4
P-value 0.013
LSD (0.05) 56

N fertilization effect (N)°

N1 33.0
N2 443
N3 39.4
P-value 0.001
LSD (0.05) 38

TxN NS¢

NTQ (kg ha™!)

2020

36.0
44.7
0.001
2.9

35.5
46.2
39.4
0.002
35
NS

Leaf

2019

523
65.1
0.003
6.6

53.0
63.9
59.1
0.010
4.7
NS

2020

52.6
64.2
0.011
8.8

55.9
63.0
56.2
0.039
6.1
NS

Stem

2019

60.2
64.7
0.039
4.0

63.7
65.0
58.5
0.004
3.1
NS

NTR (%)
Leaf
2020 2019
61.6 725
64.6 78.0
0.016 0.002
23 26
653 76.6
66.7 76.4
59.5 727
<0.001 0.008
2.0 22
NS NS

The effects of year x treatment interaction were omitted due to there were no significant difference.

2CT and NT represent conventional tillage without plastic film mulching and no-tillage with previous plastic film mulching, respectively.
PN1, N2, and N3 represent N fertilizer applied at 135, 180, and 225 kg N ha~!, respectively.

NS refers to no significant differences between treatments at 0.05 level.

2020

71.4
75.6
0.008
2.8

75.5
74.9
70.1
0.001
2.0
NS

Stem

2019

23.7
27.0
0.046
2.8

24.5
27.4
24.1
0.042
2.6
NS

NTC (%)
Leaf
2020 2019
255 35.1
282 415
0.022 0.012
25 5.0
26.1 39.3
29.3 39.5
25.1 362
0.014 0.041
25 32
NS NS

2020

37.3
40.2
0.049
2.8

41.2
40.0
35.8
0.035
3.8
NS
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Treatments

Tillage effect (T)®
CT

NT

P-value

LSD (0.05)

0-30d?*
2019 2020
1.57 1.80
1.63 1.81
NS¢ NS
0.34 0.18

N fertilization effect (N)4

P-value
LSD (0.05)
TxN

1.45
1.60
1.75
0.001
0.11
NS

1.70
1.80
1.92
0.003
0.11
NS

30-60d
2019 2020
321 2.81
375 3.33
0.005 <0.001
042 0.15
3.06 2.68
3.70 3.23
3.69 3.30
0.008 0.001
037 0.24
NS NS

N accumulation rate (kg N ha=1d~!)

60-90 d
2019 2020
1.62 1.49
1.81 1.63
0.27 0.034
0.16 0.10
1.46 1.36
1.78 1.63
1.91 1.69
0.028 0.009
0.31 0.18
NS NS

The effects of year x treatment interaction were omitted due to there were no significant difference.

20-30, 30-60, and 60-90 day after emergence represents the growth stages from emergence to jointing, jointing to flowering, and flowering to maturity.

0-30 d*
2019 2020
47.2 54.4
48.9 54.2
NS NS
10.3 5.5
43.5 50.9
48.0 54.1
52.6 57.7
0.002 0.005
3.2 31
NS NS

PCT and NT represent conventional tillage without plastic film mulching and no-till with previous plastic film mulching, respectively.

NS refers to no significant differences between treatments at 0.05 level.

dN1, N2, and N3 represent N fertilizer applied at 135, 180, and 225 kg N ha™!, respectively.

30-60d
2019 2020
96.4 84.2
1126 100.0
<0.001 0.001
10.1 8.8
917 80.3
1110 96.9
1108 99.1
0.010 0.002
12.8 7.7
NS NS

N accumulation amount (kg N ha™!)

60-90d
2019 2020
48.7 448
544 4838
0.032 0.026
38 2.0
438 408
534 4838
57.4 50.7
0.023 0.044
12.7 7.3
NS NS
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Year

2019

2020

Item

Mean temperature (°C)
Relative humidity (%)
Rain full (mm)

Mean temperature (°C)
Relative humidity (%)
Rain full (mm)

March

33
31.5
0.0
4.0
38.3
1.8

April

13.2
36.7
75
10.7
25.0
0.0

May

15.2
44.7
26.4
16.4
38.0
114

June

20.2
56.3
61.3
21.4
39.8
10.3

July

21.5
55.8
31.0
22.6
52.8
28.4

Total/average

14.7
45.0
126.0
15.0
38.8
51.0
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Source of urea coating

Neem oil-coated urea

Sulfur-Coated urea

Boron-Coated urea
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Castor oil-coated urea

Agrotain-Coated urea
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Maize
Wheat
Rice
Rapeseed
Maize
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Maize
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Coating %

15
05

Increase in NUE %

63
82
25
58
42
78
36
38

Increase in yield %

75
68
41
16
75
2
40
37

References

Alietal, 2020
Shivay etal, 2019
Shivay etal, 2019
0
Shivay et al, 2019

Liao etal., 2

Wang etal, 2015
Shilpha etal, 2017
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Control release urea NHj3 volatilization % N>O emissions % NOj3 Nleaching % References

Neem-Coated urea 275 12 183 Jadon etal, 2018
Sulfur-Coated urea 50 21 93 Hamadallah et al,, 1988
Zinc-Coated urea 38 30 35.1 Kundu et al, 2016
Boron-Coated urea 256 17 32 Shivay et al, 2016
Carbon-Coated urea 27 24 33 Dawar et al,, 2021
Polymer-Coated urea 62 45 58 Ullah et al, 2019
DMPP-Coated urea 411 50 20 Yang etal, 2016

NBPT-Coated urea 13.35 62 25 Emerson et al,, 2021
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Soil moisture
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Moosa etal., 2021
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Shivay etal, 2019
Zhao etal, 2021

Mathialagan et al. 2017





OPS/images/fpls-13-988211/fpls-13-988211-t002.jpg
Treatments

Tillage effect (T)?

CT

NT

P-value

LSD (0.05)

N fertilization effect (N)°

P-value
LSD (0.05)
TxN

The effect of year x treatment interaction was omitted due to there were no significant difference.

2019

146.1

1144

0.001
10.5

134.6
130.6
125.6
0.021
5.6
NS¢

SE (mm)

2020

131.3

101.0

0.001
10.8

1212
116.8
110.4
0.015
6.2
NS

2019

2343

261.3

0.026
21.7

235.1
249.1
259.4
0.034
16.8
NS

T (mm)

2020

187.6
217.2
<0.001
7.4

193.3
201.1
212.7
<0.001
14.3
NS

2CT and NT represent conventional tillage without plastic film mulching and no-till with previous plastic film mulching, respectively.

PN1, N2, and N3 represent N fertilizer applied at 135, 180, and 225 kg N ha™!, respectively.

NS refers to no significant differences between treatments at 0.05 level.

2019

61.6
69.5
0.003
33

63.6
65.6
67.4
0.019
23
NS

T/ET (%)

2020

58.9
68.2
<0.001
1.7

61.5
63.2
65.8
0.001
2.7
NS
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MPPF MCMF

N form Treatments Annual N Annual N
production production
(mgkg yr.") (mgkg yr.")
Annual NH,*-N LA* 35.99+1.29 Ab 50.99+1.29 Aa
Lc 30.36+1.29 Ba 32.52+1.29 Ba
LR 29.76+1.29 Ba 21.60+£1.29 Cb
Annual NO;™-N LA 233.89+1.29 Ab 283.68+1.29 Aa
Lc 205.78+1.29 Ba 210.01+1.29Ba
LR 144.9611.29 Ca 138.48+1.29 Ca
Annual total LA 269.88+1.29 Ab 334.68+1.29 Aa
inorganic N Lc 236.14+1.29Ba 242.52+1.29 Ba
LR 174.72+1.29 Ca 160.08+1.29 Ca

“LA, litter addition; LG, litter control; LR, litter removal; MPPF, Masson pine pure forests;
MCMF, Masson pine and Camphor tree mixed forests. Values are mean SD. Different
capital letters indicate significant differences among the treatments in the same forest
type column. In conrast, lower-case letters indicate significant differences between the
forest types under the same treatment (o <0.05)
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1536 % 1552
1374 % 142 ab
12.87 2,64 abe

s over the day (9:00-16:00). The

g (mmolm=2 ms™')

202.86 4 37.93a
180.07 &£ 22.61 abc
161.98 £ 22.69 abe
192,64 #3032 ab
188.90  52.02ab

measurement

Means followed by different letters within a column are significantly different at p < 0.05 by DMRT test.

Cifca

0.69 4 0.04ab
0.69 £ 0.03 ab
07440032
07140022
07340042

E(mmolm=2 ms™")

0.88 0.03 bed
058£0.17d
096 % 0.19 bed
1.03 020 be
099 4 0.20 bed

s done at the three-pod stage; plant age was between 120 and 128 d

Rainfed

A (pmol m™2 ms™")

13.06 £ 1.01 abe
894 171d
1122 151cd
9.11£217d
11.74 % 146 be

& (mmolm= ms~")

163.34 £ 7.45abc
174.39  25.41 abe
152,07 £ 47.34 bed
103.06%20.46 d
14084 £21.12¢d

Standard errors of the mean are shown.

Cilca

07240040
0.61£0.05b
0.66 % 0.05 ab
07440062
060 %0.05b
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MPPF MCMF

N form Treatment
Rate (mgkg 'd") Change (%) Rate (mgkg 'd"") Change (%)
Net Ammonification rate ~ LA* 030 8541 0.42 56.801
Lo 026 000 027 000
R 024 1.981 0.18 33.581
Net Nitrfication rate LA 099 13.661 034 35.081
Lc 075 000 025 000
LR 028 29561 015 34.061
Net N mineralization rate LA 129 14.201 076 38.001
o 1.01 000 052 000
R 052 26011 033 33.991

“LA, litter addition; LG, litter control; LR, litter removal; MPPF, Masson pine pure forests; MCMF, Masson pine and Camphor tree mixed forests. Upper 1 indicates a positive change,
and down | indicates a negative change in LA and LR treatments compared to LC treatment.
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N form Treatment

NH, N La*
Lc
LR

NOs~N LA
Lc
LR

Total inorganic N LA
Lc
LR

MPPF

Content (mgkg)

9.66+2.94 Ab
7.84:1.29 Ab
7.79+1.01 Aa
15.23:4.81 Aa
10.16:+4.45 Bb
8.17£3.19Bb
24.89+4.42 Ab
17.67+4.94 Bb
15.97+3.08 B

MCMF

Change (%) Content (mgkg™) Change (%)
23211 14.073.98 Aa 18.241
000 11.90£2.42 Aa 000
0641 7.94+1.88Ba 33.281
49.901 19.08+8.75 Aa 25281
000 15.236.79 Ba 000
19.591 13.006.48 Ba 14,641
40.861 33.1525.95 Aa 22.191
000 27132464 Ba 000
9621 20732522 Ca 23501

“LA, litter adition; LC, litter control: LR, litter removal; MPPF, Masson pine pure forests; MCMF, Masson pine and Camphor tree mixed forests. Values are mean +SD. Different
capital letters indicate significant differences among the same forest type column treatments. In contrast, lower-case letters indicate significant differences between the forest types
under the same treatment (0<0.05). Upper 1 indicates a positive change, and down | indicates a negative change in LA and LR treatments compared to LC treatment.
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Stand density Under crown

Forest type {orees hor) Stand age (year”) ~ Mean DBH (cm)  Average height (m) ight ()
MPPF* 1824 2 16.9.+2.32 12.7£2.23 78+3823
MCMF 1356 25 1624294 1232312 62326

*MPPF, Masson pine pure forests; MCMF, Masson pine and Camphor tree mixed forests.

Canopy density

08
09
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incubation — Soil inorganic N
content before incubation/30 days

of incubation (3)
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Module

Blue

Turquoise

Gene_id

TraesCSU02G110100
TraesCS6A02G320700
TraesCS6B02G074200
TraesCS6D02G166400
TraesCS6B02G260400
TraesCS7D02G129700
TraesCS6A02G269100
TraesCS6D02G210100
TraesCS7A02G353500
TraesCS6D02G172700
TraesCSU02G049400
TraesCS7A02G407500
TraesCS6D02G007400
TraesCS7D02G439400
TraesCS7B02G088100
TraesCS6A02G331400
TraesCS7A02G238900
TraesCS6D02G255200
TraesCS7D02G366500
TraesCS7D02G212000
TraesCS2B02G271900
TraesCS3A02G343900
TraesCS7D02G443400
TraesCS6B02G339100
TraesCS7D02G150200
TraesCS3A02G418100
TraesCS4D02G110000
TraesCS2B02G326200
TraesCS5B02G236900
TraesCS3B02G336500
TraesCS2B02G298200
TraesCS4A02G208900
TraesCS6D02G211400
TraesCS7D02G336400
TraesCS7D02G067500
TraesCS2D02G198200
TraesCS6B02G151500
TraesCS4A02G242800
TraesCS5D02G294600
TraesCS5D02G134500

‘Weight

0.3376
0.3359
0.3355
0.3341
0.3302
0.3292
0.3288
0.3287
0.3274
0.3272
0.3268
0.3263
0.3259
0.3255
0.3253
0.3249
0.3248
0.324
0.3237
0.3237
0.3224
0.3218
0.3213
0.3213
0.3213
0.3208
0.3207
0.3204
0.3202
0.3200
0.3197
0.3195
0.3193
0.3192
0.3190
0.3180
03179
0.3178
0.3176
03175

Description

Indole-2-monooxygenase
SRG1
laccase-15
ATP/ADP-transporter
Beta-1,3-galactosyltransferase Beta3GalT1
DETOXIFICATION protein
Ubiquinol oxidase 1c
‘Wall-associated receptor kinase 5
Aspartate aminotransferase
CASP-like protein CASPL
Metallothionein-like protein type 2
Benzyl alcohol O-benzoyltransferase
Pathogen-related protein-like
Cyanidin 3-O-rutinoside 5-O-glucosyltransferase
Sodium/calcium exchanger NCL2
Flavonol synthase/flavanone 3-hydroxylase
Pyruvate dehydrogenase E1 component subunit alpha-2
Formate dehydrogenase 2
ABC transporter G family member 42
UDP-glycosyltransferase 90A2
CSCl-like protein ERD4
WRKY24 transcription factor
Carbonic anhydrase
Xylan arabinosyl transferase
Receptor-like protein kinase
JAMYB transcription factor
ROHI protein
NRT1/ PTR FAMILY 4.3
Ethylene-responsive transcription factor ERF109
Uncharacterized gene
Uncharacterized gene
ROHI protein
MYB30 transcription factor
'WRKY?22 transcription factor
Uncharacterized gene
Chitin-inducible gibberellin-responsive protein 2 CIGR2
Uncharacterized gene
‘WD40 protein
L-ascorbate oxidase

Cationic amino acid transporter 6
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Fertilizers Planting  No of leaves Leaf area Leaf dry Specific Leaf leaf N NMass Narea

application patterns (cm?) mass Mass (LMA) content (%) (gkg™1) (mg cm?)

(FA) (PP) (gleaf™")  (gplant™!)

NO-Fe0 MM 9.70 +0.82 ¢ 279.12 £ 6.72d 1.99 +0.08 ¢ 0.71 2.81£0.08d 560 £0.19¢ 401£036e
M 1100 £0.70bc  288.35+6.47 ¢ 2.08£0.09 b 0.72 3.00 = 0.12 be 626 +£0.33 cd 4534033 cd

N1-Fe0 MM 1100 +1.01bc  288.81 +3.44c 2.0340.10¢ 0.70 29240.11cd 595 = 0.26 de 4.20 £ 039 de
M 12254+0.82ab  296.81 £329b 2.18£0.05b 0.73 3.100.12ab 6.79+0.24b 5004 0.23b

N1-Fel MM 11254082b 291404 151bc  2.15+005b 0.74 3.010.11 be 6.50 == 0.28 be 4.81+ 029 be
M 13504+ 051a  310.13£526a 23240042 0.75 3.254+0.06a 7.6240.14a 576+0.12a

Significance

FA 0.00%* 0.00%* 0,004+ 0.13" 0.00%+* 0.13m 0.00++

PP 0.00* 0.00%* 0.00%* 0.14™ 0.00%* 0.14™ 0.00%*

FA x PP 0.47™ 0.08™ 0.46 " 0.73™ 0.83™ 0.21™ 0.38™

The means in the table with = standard deviations (SD) having different lower-case letters are significantly different from each at the LSD test p < 0.05 level of probability. FA, fertilizers application;
PP, planting patterns; NO-Fe0, no nitrogen and iron application; N1-Fe0, nitrogen fertilizer without iron application; N1-Fel, nitrogen fertilizer with the iron application. ***p < 0.001, "*p > 0.05.
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Module Gene_id Description

Black TraesCS1A02G370100 Alcohol dehydrogenase ADH3D
Blue TraesCS6A02G 178000 Plastidic ATP/ADP-transporter
Brown TraesCS7B02G271400 408 ribosomal protein $24-2
Cyan TraesCS1B02G100100 Hydrophobic protein LTI6B
Darkgreen TraesCS2B02G205200 Hypothetical protein PELPK1
Darkred TraesCS6D02G148000 Nicotianamine synthase
Darkturquoise TraesCS3A02G519700 Hypothetical protein F775_07164
Green TraesCS2A02G498600 Amylogenin
Greenyellow TraesCSU02G039900 Paired amphipathic helix protein Sin3
Grey60 TraesCS3A02G056000 GID2 protein

Lightcyan TraesCS1B02G432700 Chloroplast light-harvesting chlorophyll a/b binding protein
Lightgreen TraesCS3A02G440100 Glucuronosyltransferase
Lightyellow TraesCS2D02G113000 Universal stress protein YXiE
Magenta TraesCS5A02G449500 Putative chloride channel-like protein CLC-g
Midnightblue TraesCS5B02G189500 Aminopeptidase

Pink TraesCS4A02G401300 Phenylalanine ammonia-lyase
Purple TraesCS3A02G193200 coatomer subunit beta-2

Red TraesCS7A02G155900 60S ribosomal protein L35a-1
Royalblue TraesCS1D02G057600 hypothetical protein F775_28160
Salmon TraesCS2D02G029900 Cytochrome P450 99A2

Tan TraesCS2A02G593300 NDRI/HIN1-like protein 6
Turquoise TraesCS2B02G056300 Transcription factor WRKY62

Yellow TraesCS7A02G549000 NAC domain-containing protein 22
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Fertilizer
application (FA)

NO-Fe0

NI1-Fe0

N1-Fel
Significance levels
FA

PP
FA x PP

Planting
pattern (PP)

MM
M
MM
M
MM
M

Plant height
(cm)

24575 +£2.75¢e
25350+ 341d
253.80+2.64d
264.32+£3.17b
25870 £1.72¢
274.15 +3.84a

0.00%**
0.00**
0.06"°

Stem diameter
(mm)

3432+ 264c¢
3820+1.25b
3712+1.92b
4195+1.30a
38.10+1.32b
4370 +1.92a

0.00*
0.00*
0.63™

Grain yield
(gpot™)

102.75+5.79d
127.18+7.51b
103.90 £ 7.15cd
131.52+2.53b
112.30 £ 5.06 ¢
163.69 +3.29a

0.00***
0.00***
0.00***

Biomass dry
matter (g pot™1)

22385 +£11.05¢
242.15 £+ 4.19 be
228.60 £9.01 de
250.73+3.63b
236.95+ 451 cd
284.67 £7.31a

0.00%**
0.00%**
0.00%**

Land Equivalent
Ratio (LER)

123
126

145

The means with 4 standard deviations (SD) having different lower-case letters are significantly different from each at the LSD test p < 0.05 level of probability. FA, fertilizers application; PP,
planting patterns; NO-Fe0, no nitrogen and iron application; N1-Fe0, nitrogen fertilizer without iron application; N1-Fel, nitrogen fertilizer with the iron application. ***p < 0.001, "p > 0.05.
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Treatment

Fertilizers application

NO-Fe0
N1-Fe0

N1-Fel

Planting pattern

MM

No fertilization

Nitrogen fertilization
without iron foliation

Nitrogen fertilization
with iron foliation

M

No fertilization

Nitrogen fertilization
without iron foliation

Nitrogen fertilization
with iron foliation
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0.28
—0.33
—0.39"

—0.35
0.68"
0.29
—0.15
—0.46™*

AN

—0.62**
0.09
0.34

0.76™

—0.28
0.21
—0.64**
0.58"

AP

0.69"
—0.31
—0.30

0.79*
0.33
—0.47*

AK

—0.14
0.26

0.09
—0.06

pH

0.22

—0.39"

SOM

*P < 0.05; *P < 0.01.
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Index

Anthesis

SOM
Harvest

Crop rotation

33.23
231.81
10.54
8.94
46.42

50.6
286.85
30.5
25.66
24.09

P-value

<0.0001

<0.0001
0.004
0.0072

<0.0001

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

N treatment

F P-value
0.5 0.7342
4.6 0.0085
1.47 0.2473
0.83 0.5224
2.48 0.0769
18.46 <0.0001
2.81 0.0531
3.45 0.0268
22.33 <0.0001
1.55 0.2253

Crop rotation x N treatment

1.52
7.6
6.12
1.38
14.37

7.62
10.52
14.02

2.89
3.04

P-value

0.2353
0.0007
0.0022
0.2755
<0.0001

0.0007
<0.0001
<0.0001

0.0489

0.0416
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N treatment Crop rotation Grain yield (t ha—1) Biomass (t ha=1)

CK DwW 3.8aC 8.1aC
RW 1.3bD 3.9bD

M1 Dw 5.0aB 12.3 aB
RwW 3.9bC 9.8 bC

M2 DwW 5.8 aA 13.3 aAB
RwW 5.2 bB 12.0bB

M3 Dw 5.8 8A 14.2 aAB
RwW 5.7 aB 12.8 bAB

M4 Dw 6.4 aA 15.4 aA
RwW 6.6 aA 13.7 bA

ANOVA

Crop rotation * =

N treatment ** o

Crop rotation x N treatment ** ns

The different lower-case letters indicate significant differences (p < 0.05) between
DW vs. RW in the same N treatment. The different upper-case letters indicate signif-
icant differences (p < 0.05) among the N treatments in the same crop rotation. *P
< 0.05; P < 0.01. ns, not significant.
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Sample
group

CKvs T1

CK vs T2

CK vs T3

T1 vs T2

T1vs T3

T2 vs T3

Up-regulated compounds [Log, (FC)|

Isoquinoline (14.92), o-Solasonine (14.55), 3-Indoleacetonitrile (12.81), 3-
Indolepropionic acid (12.70), 4,8-Dihydroxyquinoline-2-carboxylic acid
(12.62), LysoPE 15:1 (10.08), DL-2-Aminoadipic acid (5.98), 9,12,13-
Trihydroxy-10,15-octadecadienoic acid (5.97), Indole (5.13),
Methoxyindoleacetic acid (4.92)

Chrysin-5-O-glucoside (15.81), 0--Solasonine (15.30), Isoquinoline (14.49),
4,8-Dihydroxyquinoline-2-carboxylic acid (12.23), 3-Indoleacetonitrile (12.10),
3-Indolepropionic acid (11.77), Genistein-7-O-(6"-malonyl) glucoside (9.51),
LysoPE 15:1 (8.95), DL-2-Aminoadipic acid (4.91), Cytarabine (4.72)

Chrysin-5-O-glucoside (15.88), Isoquinoline (14.25), o-Solasonine (13.21),
4,8-Dihydroxyquinoline-2-carboxylic acid (12.63), 24,30-Dihydroxy-12(13)-
enolupinol (12.46), 3-Indoleacetonitrile (12.22), 3-Indolepropionic acid
(11.77), Genistein-7-O-(6”-malonyl) glucoside (9.56), LysoPE 15:1 (9.25), DL-
2-Aminoadipic acid (4.68)

Chrysin-5-O-glucoside (15.81), Genistein-7-O-(6"-malonyl) glucoside (7.65),
Acetryptine (2.43), Scoparone (2.19), Erythorbic Acid (Isoascorbic Acid)
(1.99), D-Glucurono-6,3-lactone (1.87), Luteolin-6-C-glucoside (1.49),
Levopimaric acid (1.40), Pinoresinol-4-O-(6"-acetyl) glucoside (1.37),
Tectochrysin (1.20)

Chrysin-5-O-glucoside (15.88), Genistein-7-O-(6"-malonyl) glucoside (7.69),
24,30-Dihydroxy-12(13)-enolupinol (4.96), Erythorbic Acid (Isoascorbic Acid)
(3.74), D-Glucurono-6,3-lactone (3.73), Acetryptine (2.93), Genistein-8-C-
glucoside (2.40), Esculetin-7-O-glucoside (1.67), Esculin (6,7-
DihydroxyCoumarin-6-glucoside) (1.57), Scoparone (1.47)
24,30-Dihydroxy-12(13)-enolupinol (12.46), Kaempferol-3-O-(6"-acetyl)
glucoside (3.27), Sesquimarocanol B (3.02), Kaempferol-3-O-(6”-malonyl)
galactoside (2.60), Eriodictyol-7-O-(6”-malonyl) glucoside (2.56), Kaempferol-
3-0-(6"-malonyl) glucoside (2.55), Persicoside (2.53), Esculetin-7-O-glucoside
(2.45), 4- Acetamidobutyric acid (2.42), Esculin (6,7-DihydroxyCoumarin-6-
glucoside) (2.32)

Down-regulated compounds [Log, (FC)|

N-Acetyl-L-glutamic acid (-3.75), D-Glucurono-6,3-lactone (-2.65),
Erythorbic Acid (Isoascorbic Acid) (-2.34), 1-(9Z-Octadecenoyl)-2-(9-oxo-
nonanoyl)-sn-glycero-3-phosphocholine (-2.07), O-Acetylserine (-1.65),
Guanosine 5-monophosphate (-1.25), Inosine 5-monophosphate (-1.19), 3-
Guanidinopropionic acid (-1.19), Curcumenol (-1.15), Pinoresinol-4-O-(6"-
acetyl) glucoside (-1.09)

N-Acetyl-L-glutamic acid (-3.75), O-Acetylserine (-1.96), 1-(9Z-
Octadecenoyl)-2-(9-oxo-nonanoyl)-sn-glycero-3-phosphocholine (-1.77), 2-
Deoxyribose-5-phosphate (-1.72), D-Fructose-1,6-biphosphate (-1.55), 2-
Deoxyribose-1-phosphate (-1.53), D-Sedoheptuiose 7-phosphate (-1.30),
Iminodiacetic acid (-1.17), 3-Guanidinopropionic acid (-1.17), 6-
Hydroxydaidzein (-1.10)

N-Acetyl-L-glutamic acid (-4.19), Cyclic 3",5’-Adenylic acid (-2.00), 3-
Guanidinopropionic acid (-1.98), 2-Hydroxycinnamic acid (-1.77), y-Glu-
Cys (-1.76), 2-(4-Hydroxybenzyl)-4-(methoxymethyl) phenol (-1.59), N-
Acetylcadaverine (-1.59), 1-(9Z-Octadecenoyl)-2-(9-oxo-nonanoyl)-sn-
glycero-3-phosphocholine (-1.59), Ferulic acid (-1.56), Glutathione reduced
form (-1.52)

24,30-Dihydroxy-12(13)-enolupinol (-7.50), 9,12,13-Trihydroxy-10,15-
octadecadienoic acid (-3.93), LysoPC 17:0(2n isomer) (-2.54), Caffeoyl(p-
Hydroxybenzoyl) tartaric acid (-2.39), LysoPC 20:0 (-2.32), LysoPC 17:0
(-2.07), LysoPC 16:0(2n isomer) (-1.87), LysoPC 15:0(2n isomer) (-1.67),
LysoPC 20:2(2n isomer) (-1.64), 15(R)-Hydroxylinoleic Acid (-1.54)

9,12,13-Trihydroxy-10,15-octadecadienoic acid (-5.67), LysoPC 18:0(2n
isomer) (-3.61), LysoPC 17:0(2n isomer) (-3.03), 13-KODE; (9Z,11E)-13-
Oxooctadeca-9,11-dienoic acid (-2.97), L-Alanyl-L-Phenylalanine (-2.89),
LysoPC 16:0(2n isomer) (-2.88), LysoPC 20:0 (-2.86), LysoPC 17:0 (-2.76),
LysoPC 19:1 (-2.69), Isopimaric acid (-2.68)

L-Alanyl-L-Phenylalanine (-3.65), L-Valyl-L-Leucine (-3.55), L-Valyl-L-
Phenylalanine (-3.53), L-Leucyl-L-Leucine (-3.29), L-Seryl-L-Isoleucine
(-2.74), Uridine (-2.61), L-Leucyl-L-phenylalanine (-2.31), Crotonoside; 2-
Hydroxyadenosine (-2.31), 1-Oleoyl-Sn-Glycerol (-2.24), 0-Solasonine
(-2.09)
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Dryland wheat (DW)

First Second
topdressing : topdressing

Paddy-dryland rotation Rice stubble wheat (RW)

Base fertilizer

Nitrogen fertilization treatments (timing and amount)

N treatment (kg N ha'!) Total N am_c:unt
; T 5 e (kg N ha'l)
Sowing Wintering Jointing
M1 180 0 0
wa 90 90 0 180
a3 90 0 90

M4 60 60 60
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Capillary porosity (%)  (5)

capillary-holding capacity x bulk density x 100%
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Total porosity (%)  (4)

aturated water capacity x bulk density x 100%
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Treatment Plant height Plant height Shoot Spikelength  Root dry Thousand  Aboveground Grainyield Harvest

vegetative maturity length (cm) weight (g) grain weight biomassyield  (Mgha-1) index
(cm) (cm) (cm) (g) (Mgha-1)

T 408 ¢ 702 ¢ 62.4d 65¢ 1.99¢ 3534d 126b 351¢ 028b
T, 37.1d 65.1d 58.3d 45d 1.28d 31.2d 93d 2.11d 022¢
Ts 439¢ 83.9b 720¢ 7.4b 2.08b 37.7¢ 123¢ 374c¢ 0302
Ty 502b 85.0b 744c 7.4b 229b 423b 129b 491a 0382
Ts 50.5b 86.4ab 738 ¢ 7.0b 2.40 ab 393¢ 132ab 393¢ 029b
Ts 521a 88.5ab 76.1b 84a 297a 43.7b 135a 448b 0332
Ty 544 a 96.5a 81.7a 94a 2.68a 47.3a 133 ab 499 a 0.35a

Ty, without fertilizer application (control), T5: N:P:K (150: 100: 60 kg ha™ L Salinity (10 dS/m), T3: N:P:K (150: 100: 60 kg ha~'), T4: Zinc Bulk (0.06 g) + N:P:K (150: 100: 60 kg ha™ Y4 Salinity
(10 dS/m), Ts: Zinc Bulk (0.12 g) + NPK (150: 100: 60 kg ha= ')+ Salinity (10 dS/m), Ts: Zinc Nano (0.06 g) + NPK (150: 100: 60 kg ha=!) + Salinity (10 dS/m), T7: Zinc Nano (0.12 g) + NPK
(150: 100: 60 kg ha~!) + Salinity (10 dS/m). Different letters indicate the significant difference by Duncan’s multiple range tests at p < 0.05. Values are means & SE (n = 3).
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Texture pH EC (dSm™1) N (%) P (mg~!) K (mg~!) Zn (mg~1)

Sandy loam 72 2.14 0.052 32 160 0.51
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Parameters  Cultivar NH, compensation Apoplastic NH,"

point concentration

NH, compensation  JYH 100 0.86%%
point CBH 100 0.69%%
ApoplasticNH,"  JYH 0.86%* 100
concentration CBH 0.69%* 100
Apoplastic pH value JYH 0.99%% 0.44

CBH 0.92%% 021
Leaf tissue NH,' JYH 0.95%% -007
concentration CBH 0.86%* -0.16

*Significant at the p<0.05 level. **Significant at the p<0.01 level.

Apoplastic pH
value

0.99*
0.92%
033
0.8
1.00
1.00
093
075+

Leaf tissue NH,*

concentration

095+
086+

-007

-0.16
093+
075
100
100

Total
nitrogen
content

~0.66

~002
036
077+
0.65%*
0.83%%
0:

gen

Soluble
protein
content
=0.34%
-0.28%
009
01
0.86%*
L
0.92%%
0.84%%

GS activity

—0.67%*
—0.72%*
—0.84%%
~0.85%*
027
016
-0.26
018

GDH
activity

071
058
0.97%%
0.95%*
049
037
088+

075%%
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Drought stress (% field ~ ABA (ngg™  Proline (ugg
capacity) FW? FW)
100 (WL1) 2302 347209
80 (WL2) 3140 470177
60 (WL3) 4238 6355.27
40 (WL4) 5679 846169
LSD (0.05) 53 974,17
Salinity stress (dS m™")

551 18.46 2668.84
10(s1) 273 507764
15(s1) 5133 541619
20(s1) 6107 9828.14
LSD 705 14302
Interaction (WS x $5) Figure 4 Figure 5

Means with different letters in each category are significantly different at
WS, $5, and LSD stand for non-
significant differ

ignificant, drought stress, salinty stress, and least

P
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Drought stress (% Photosynthetic rate Leaf water Na™" uptake (u

field capacity) (wmolm=2871) potential (MPa) moleg™!)

100 (WL1) 15.42 —47 482 278
80 (WL2) 18.3a —54 475 229
60 (WL3) 29.0b —55 489 179
40 (WL4) 24.9b —52 500 255
LSD (0.05) 10216 26121 13719 45.431
Salinity stress (dS m~")

5(S1) 23.9¢ —55 440 104
10(S1) 25.9bc —48 493 199
15 (S1) 19.0a —56 496 287
20 (S1) 18.8ab —50 518 352
LSD 4.5867 3.6015 17.832 49.458
Interaction (WS x SS) Ns Figure 1 Figure 2 Figure 3

Means with different letters in cach category are significantly different at o = 0.05. NS, WS,
difference, respectively.

S, and LSD stand for non-significant, drought stress, salinity stress, and least significant






OPS/images/fpls-13-1003534/fpls-13-1003534-g004.jpg
<

L
0
=]
=

L
o
@
o

0
3
S

N © 1 % N o
S 8 o © o o o

(4, U | Bw jowy) Aumoe S

40 50 60 70
Leaf age (d)

30

Leaf age (d)





OPS/images/fpls-13-1003534/fpls-13-1003534-g003.jpg
2
8

<

@ c8d
O JyH

o '
2 2 g 8 ©o
5n. 1

8 R
(M4 roww)

uonexusouoD | PN enssy jee

70

60

50

40

30

Leaf age (d)

v o 0 o

(%) 12100 UaBonIu [E10].

50 60 70
Leaf age (d)

40

30

50 6 70
Leaf age (d)

40

30





OPS/images/fpls-13-994306/fpls-13-994306-t001.jpg
Sr. no.

©)
(10)

(11)

(12)

N transporters

NPF2.7/NAXT1

AMT1;1, AMT2;1, NPF6.2/NRT1.4, LHT1
NPF2.12/NRT1.6, UmamiT11, UmamiT14

NRT2.7

NPF7.2/NRT1.8, NPF6.2/NRT1.4, NPF1.2/NRT1.11,
NPF1.1/NRT1.12, AAP6, AAP2

CLCa, AVT3a

DiT2

NPF2.13/NRT1.7, NPF1.2/NRT1.11, NPF1.1/NRT1.12, NRT2.4
NRT2.5, UmamiT18 AAP8
N
A

PF5.5, UmamiT28, UmamiT29, CAT6, AAP8, AAP1

MT1.1, AMT1.2, AMT1.3, AMT1.5, NRT2.1, NRT2.2,
NRT2.4, NRT2.5, NPF6.3/NRT1.1, NPF4.6/NRT1.2, AAP1,
AAPS5, LTH1, LTH6, ProT2, ANR1

NPF7.3/NRT1.5, NPF2.3, UmamiT14, UmamiT18, UPS1-1,
UPS1-2

NPF7.2/NRT1.8, NPF2.9/NRT1.9

Function/s

Root efflux

Leaf import

Phloem unloading, and senescing
Seed vacuole

Xylem and phloem transfer

Leaf vacuole
Chloroplast

Leaf export and phloem loading

Loading to seed

Nitrogen uptake

Movement from root nodule to xylem

Root reimport

References

O’Brien et al., 2016

Noguero and Lacombe, 2016

Noguero and Lacombe, 2016

O’Brien et al., 2016

Fan et al., 2017

Tegeder and Masc!
Tegeder and Masc
Zhang et al., 2018
Tegeder and Masc
Tegeder and Masc!

Tegeder and Masc!

Fiaz et al., 2021

aux-Daubresse, 2018

aux-Daubresse, 2018

aux-Daubresse, 2018

aux-Daubresse, 2018

aux-Daubresse, 2018
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Drought stress (% Survival Root length Shoot length Root dry Shoot dry

field capacity) percentage (cm) (cm) weight (g) weight (g)
100 (WL1) 87.82 40.12 44.37 3.72 18.15
80 (WL2) 77.46 33.56 23.83 1.84 7.43
60 (WL3) 80.96 34.26 20.56 1.62 4.68
40 (WL4) 81.02 31.68 21.22 1.70 6.34
LSD (0.05) NS NS 14.449 1.2453 6.2891
Salinity stress (dS m~!)

5(S1) 88.48 37.89 27.05 1.92 7.70
10 (S1) 77.65 36.77 34.64 2.08 9.56
15 (S1) 77.81 33.26 30.07 2.37 10.61
20 (S1) 82.64 31.70 18.22 2.50 8.74
LSD NS NS NS NS NS
Interaction (WS x SS) NS NS NS NS NS

Means with different letters in each category are significantly different at a = 0.05. NS, WS, SS, and LSD stand for non-significant, drought stress, salinity stress, and least significant
difference, respectively.
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Soil properties

Texture

Sand (%)

Silt (%)

Clay (%)

Total carbonate (%)
EC (dSm™1)

pH

Cations (mqL™!)
Ca™

Mg

Na™

K

Anions (mqL™!)
Cl

HCO3

SO4

Mg:Ca Ratio

87.5

7.5
24.53
9.49
7.58

25
342
53.8
7.52

46.8
20.4
0.64
1.37
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Density Nrate Upper-middle Middle-lower

Ky Kx Kn/Ki Ky Kx Kn/Ki

2019

Ds)s Ny 0.314+0.01a —0.05+0.13a —0.15+0.32a 126+ 0.11a 0.374+0.02a 0.29+£0.01a
Nigo 0.28£0.01b —0.02+001a —0.07 £0.05a 1.07£0.11b 0.20+£0.02a 0.18 £0.03b
N360 026 £0.01b —0.04£0.05a —0.16 £0.20 a 1.20 £ 0.05 ab 029+0.24a 0.24 £+ 0.21 ab

Des Ny 0.254+0.01 a —0.04£0.17a —0.18 £0.26a 1.04£0.09a 0.29+0.01a 0.28 £0.01a
Nigo 023+0.01b —0.01£0.02a —0.05+£0.07a 0.89+£0.11b 0.154+0.02a 0.17£0.03b
N360 021+0.01b —0.03+£0.04a —0.16 £0.20a 1.00 £ 0.05 ab 0.23+0.18a 0.24 £ 0.19 ab

Dag»s Ny 0.28+0.01 a —0.35+0.13b —1.30 £0.23b 1.02+0.03a 0.61 +0.08 a 0.61 £0.09a
Nigo 0.23+0.01b —0.12+£0.05a —0.53+£0.21a 0.80 £0.04 ¢ 0.17£0.04b 0.22 £0.05b
N360 024+0.02b —0.14 £ 0.08 ab —0.59 £0.28 a 0.91+0.06 b 0.53+0.19a 0.59+0.25a

Dyys Ny 0.2540.00 a —0.34£0.11b —1.37 £0.28b 0.934+0.02a 0.53+0.08 a 0.58 £0.09a
Nigo 021+£0.01b —0.10£0.04a —0.48 £0.19a 0.75+0.05b 0.15+0.06 b 0.20 £ 0.03b
N360 0.20 £0.02b —0.12+£0.07a —0.59 £0.17a 0.85 £ 0.08 ab 047 +0.14a 0.57£0.22a

N ot * * ot ot .

D ot #i§ fi§ ot ot ot

N x D ns ns ns ns * ns

2020

Dsys Ny 0.224+0.01a —0.37£0.01b —1.67 £0.11b 1.31 £0.09 ab 0.65+0.03 a 0.50 £0.06 a
Nigo 0.19£0.00b —0.01£0.02a —0.03+£0.10a 1.20 £ 0.07 b 0.28+0.01 ¢ 0.23+£0.02¢
N360 0.19+£0.01b —0.01£0.07a —0.04£0.23a 1.37+£0.02a 0.45+0.07b 0.33 £0.05b

D75 Ny 0.254+0.00 a —0.27£024b —1.07 £1.33b 122+ 0.09a 0.76 £0.40 a 0.62+0.33a
Nigo 0.16 £0.01b —0.05 £ 0.03 ab —0.33+022ab 1.02 £ 0.06 b 0.27£0.18b 0.27 £0.20b
N360 0.14+0.02b 0.01+0.14a 0.06 +0.53 a 1.15+0.02a 0.37 £0.05 ab 0.32+0.04 ab

Dag»s Ny 0.20+0.00 a —0.25+£0.13b —1.27 £0.64b 0.924+0.02a 0.57 £0.07 a 0.61 £0.07a
Nigo 0.17+£0.01b —0.03+£0.05a —0.19+£0.29a 0.68 £0.01c¢ 016 £0.11b 0.23£0.16b
N360 0.17+£0.01b —0.07+£023a —0.41 £0.87a 0.77+£0.04 b 0.394+0.04a 0.50 £0.06a

Dy7s No 0.20+0.00 a —0.23+£0.14b —1.15+0.69b 0.884+0.02a 035+0.21a 0.38+£0.24a
Nigo 0.17+£0.01b —0.08 £0.09a —0.46 £0.53 a 0.70£0.01 b 0.17+0.12b 0.24 £0.35b
Nigo 0.16 £0.00 b —0.09+026a —0.56 £0.40 a 0.78 £ 0.08 ab 0.28 £ 0.05 ab 0.35+0.04a

N * * * ot ot ot

D ot ns ns ot * ot

N x D ns ns ns ns ns ns

*and ** indicate that the yield components are significantly influced by the N rate, plant density and their interactions at 0.05 and 0.01 levels, and ns indicates not significant. Different lowercase
letters following the values in the same column indicate there is a significant difference in the same density level at P < 0.05.
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Density Nrate

ABS/CSy

Dsys No 3669 +3.1c
Niso 381.1+25a
Nseo 375.1+3.1b
Des No 364.54+29¢
Niso 379.1+35a
Nseo 372.1+2.6b
Dags No 356.6 £3.1b
Niso 3664 +27a
Naeo 363.0+13a
Dys No 35424+39c
Nigg 3644+22a
Nigo 360.0 £1.5b

N ot
D ok

N xD ns
2020

Ds)s No 3465+ 14c¢

Niso 3944+25a
Nseo 357.2+12b
De7s No 3432432c
Niso 391.0 £2.0a
Naeo 3539 +24b
Dgys No 2938 +13c
Nigg 3420+17a
Nigo 3338+12b
Dgys No 2905+2.1c
Niso 3387 +16a
Nieo 330.5+22b

N *ok
D *ot
N xD i

Upper
DIy/CSo TRo/CSo
700+22b 2969+ 19¢
7424222 3069+ 13a
708+ 19b  3043+22b
683+24b 2962+ 17c
7354252  3056+19a
695+ 15b  3026+24b
669+20b  289.7+31b
697+13a 2968+ 12a
686+ 11a  2944+21a
662+18b  288.0+32¢
684+20a 2961+ 14a
669+13ab 2931+ 16b
- ox
. -

* Ns
76:3:x£2.2¢ 270.2+2.8b
887+12a 305.7+t14a
86.7+13b 270.5+23b
747 +2.7b 2685+ 1.5b
870+t14a 3040£17a
850+ 18a 2689+ 1.6b
61.3 % L:l¢ 2325k 17 ¢
720+ 13a 270.0£20a
69.1+12b 264.8+23b
59.7:£1.5¢ 2308+ 1.8¢
704+08a 2683+t26a
674+ 14b 263.1+25b

>k

*k

ok

ok

ok

ETy/CSo
1780+2.2c¢
1828 +1.2a
1800+ 1.1b
1773 £ 2.5¢
1855+ 1.5a
1823 +1.4b
1673+1.1c
1762 +2.2a
169.4+19b
166.6 +=1.4b
1749 +£2.8a
167.7 £2.1b

-

-

-
1599 +1.3¢
1785+1.2a
165.5+2.3b
1583 +0.8 ¢
1768 £2.4a
163.8 £1.8b
1382 422¢
1570+19a
1526 +£1.7b
1366 +£2.7c
1553+ 1.6a
1509 £ 1.8b

>k

*k

>k

ABS/CSg

400.0+2.0Db
419.5+£23a
402.3+30Db
3976+220
4175+ 18a
3993:4+25b
376.5 £2.0c
3889+19a
380.7+22b
3741 +22¢
3869+ 1.7a
37T E1Tb

ok
ok

ok

371.0+1.1¢
407.8 £ 14a
38674230
367.7+2.0c
4045+ 34a
383.4+33b
314.0+2.2c
3595+ 16a
3453+1.1b
310.7 £ 1.6¢
356.2+£27a
341.9+30b

ok

ok

ok

Middle

DIy/CSo

7524220
82.3+32a
76.0+3.1b
745+25b
81.0+17a
743+32b
737%+12¢
746+ 14a
742+12b
720+ 15b

739+ 15a
729 £ 1.6 ab

*k
*k

*k

63.7+12c
709+13a
66.0+14b
62.0£0.6¢c
69.2+26a
644+ 14b
58.3+20¢
63.6+33a
619+ 12b
56.7%36¢
62.0+28a

60.3+3.5b

>k
*k

>k

TR(/CSo
3248+ 12c¢c
3373+1.1a
3262 +1.1b
3231 +15¢
3366+t14a
3249 +1.8b
3028+22c
3143+19a
306.5+£2.0b
302.1+25¢
3130+ 15a
304.8 £2.2b

-

-

ns
3074+ 12c
3369+13a
320.7£2.2b
305.7+04c
3353+0.8a
3190+ 1.7b
255.7+ 1.8 ¢
2959+1.7a
2833+2.0b
2540+ 36¢
2943+27a
281.7 £3.3b

*%

*k

*%

ETy/CSo

187.2+22a
1883+ 19a
1874+ 13a
1855+ 24a
187.6+1.7a
186.1+£2.0a
17294130
180.1+2.2a
1740+ 3.1b
1712+ 1.4b
1794+ 2.0a
17274250

*k
>k

*k

173.84+0.7b
181.7+3.6a
1748+ 2.3b
1721+ 16b
180.0+£23a
173142258
131.0+£05¢
162.1+£2.8a
149.6 £ 2.3b
129.3: 37
160.4 +3.8a

147.9+2.4b

*%
%

*%

ABS/CSg

360.3+4.1c
3775427 a
3683 +25b
3589+36¢c
3749+£19a
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343.8+£27c
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%
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%

3452+ 14c
363.1£25a
35554320
3419+24c
359.7+35a
3522+30D
3103+£24c
3229+£22a
3187 +37b
307.0£24c
319.6£3.1a

3154+1.6b

*k
>k

*k

Lower
DIy/CSo TRo/CSo
680+21b  2924+20c¢
7124+10a  3063+13a

706+12ab 2977 +13b
673+18b 2917+ 18¢
699+05a  305.0+20c¢
689+12ab 2960+ 14b
6234+09b  2830+22b
662+10a  2897+3.1a
646+14a  2881+12a
6164+07c  2823+20b
649+05a  2884+25a
6294+04b  2864+15a

ot -

- -

ns -
62.6 £2.3b 282.6+20c
683+32a 2947 +23a
62.7+1.2b 2929+19b
61.0£0.8b 2809+28¢c
66.7 +3.7a 2931+16a
61.0+2.4b 291.2+£0.7b
543+13c 256.0+12c¢
624+1.1a 2605+14a
60.7 £0.3b 258.1£2.0b
52.7+1.8b 2543 +£2.6b
60.8+1.5a 2589+27a
59.0+0.8a 256.4 4+ 1.1ab

*%

%

*%

ok

*ok

ok

ETy/CSo
1746 +£1.3b
186.6 £2.2a
1753 +2.0b
1739+ 1.7b
1853 +2.8a
1736 +£2.2b
1719+ 1.1b
1736+ 1.1a
1719 +£2.2b
169.2 +1.5ab
1723+ 1.6a
1702 +£2.2b

-

-

-
1548+ 1.1c
1785+0.4a
1584 +2.2b
153.1+0.6 ¢
1768 £0.8 a
156.7 £1.4b
1374+1.3b
1539+22a
1388 +1.2b
1357 +£1.8b
1523 +2.7a
1372 +1.4b

*%

*k

*%

*and ** indicate that the yield components are significantly influced by the N rate, plant density and their interactions at 0.05 and 0.01 levels, and ns indicates not significant. Different lowercase letters following the values in the same column indicate

there is a significant difference in the same density level at P < 0.05.
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Density N rate LAI Leaf area (m?/plant) Leaf angle (°)

Upper Middle Lower Upper Middle Lower

2019
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2020

Dsjs Ny 35+0.1b 0.18+0.01b 0.23+£0.02b 0.26 £0.01 b 15.0+1.0b 240+1.0b 23.74+1.5b
Nigo 40+02a 0.234+0.00 a 0.25+0.01a 0.294+0.02a 17.7 £1.54a 273+ 12a 27.3+1.2:a
Ni3e0 3.7+0.2ab 0.21 £ 0.02 ab 0.24 £ 0.00 ab 0.27 £0.01 ab 15.7 £ 0.6 ab 273+15a 263+ 1.5ab

Degrs No 42+0.1b 0.17+£0.02b 0.20 £0.02b 0.23+£0.01b 125+05b 18.0+£26b 163120
Nigo 50+05a 0.224+0.02a 0.25+0.01a 0.28+0.02a 150+ 1.0a 25:,5+20a 213+ 24ab
N30 45+0.2ab 0.21 £ 0.04 ab 0.23 £ 0.00 ab 0.25 £ 0.01 ab 13.7+12ab 233+ 15a 245+23a

Dg»s Ny 50+01c 0.16 £ 0.00 b 0.22+£0.00b 0.22+£0.01b 93+0.6b 233+12b 17.7 £ 0.6b
Nigo 61+02a 0.20+0.02a 0.25+0.01a 0.29+0.01 a 133 %154 253+ 06a 22,7 2.5
Ni3e0 54+02b 0.17 £ 0.02 ab 0.24 £ 0.00 ab 0.26 = 0.02 a 120+ 1.0a 250+ 1.0ab 22.7: 1.5
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*and ** indicate that the yield components were significantly influenced by N rate, plant density, and their interactions at 0.05 and 0.01 levels, and ns indicates ‘not significant’. Different lowercase
letters following the values in the same column indicate a significant difference at the same density level at P < 0.05.
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AMT genes (AMT 1.1, 1.3, 1.5)
HvAlaAT

AtNRT1.1

ENOD93-1

NIA (Nial and Nia2)

DOF1

AGL21

GiInl-3 and GInl-4
OsAMTI;1
OsAMTI;1GS1

TOND1

OsNRT2.1

NRT1.1B and OsNRT2.3b

OsNRT2.3b and NRT1.1B

NLP7, ZmNLP6, and ZmNLP8

GLN1 and GLN2

Direct/Indirect functions

Increased the photorespiration and biomass production
NO, ™ assimilation
Improved plant biomass and seed weight

Upregulation of AfDUR3 plays a putative role in organic N uptake

Increased ammonium assimilation, biomass, and dry weight

A glutamine synthetase gene had higher grain yield, NUtE, and kernel number upon

overexpression

Increased plant biomass and seed yield

Help in ammonium uptake and its transport in plants

As alanine aminotransferase gene increased biomass and grain yield
It can result in better nitrate uptake when acting as a nitrate sensor

Increased plant biomass and seed weight

As nitrate reductase genes significantly increased grain weight, dry biomass, and protein contents
when overexpressed in model crops

Promoted the growth and N uptake

Increased plant biomass and seed weight

Overexpression of these genes improved the yields and enhanced NUE

As an ammonium transporter gene, helped in enhancing NUE

Facilitate in achieving higher seed yield, NUE, and more numbers of seeds
Enhanced tolerance under N deficit condition

Increased biomass production

As nitrate transporter genes helped in increasing the biomass production and seed yield to help in
enhancing NUE

Worked as nitrate transporter genes to enhance NUE

NLP?7 regulates the nitrate content, and ZmNLP6 and ZmNLP8 are helped in nitrate signaling to
increase the productivity of model plants

GLN2 nuclear gene involved in the assimilation and re-assimilation of ammonium produced by
nitrate reduction and from photorespiration, respectively. GLNI helped in the recycling of
ammonium during leaf senescence.
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Alanine aminotransferase
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Cytosolic asparagine synthetase and
carbamoylphosphate synthase enzymes

Roles

nvolved
Involved

ncreased

ncreased

nvolved

in primary N assimilation
in the recycling of organic N

N uptake and photorespiration

NO, ™~ assimilation and reduced the nitrate levels

Plays a putative role in controlling the yield under variable N conditions

biomass and grain yield

in glutamate synthesis to promote the growth of plants; promoted

inorganic nitrogen assimilation notably in the roots

ncreased

ammonium assimilation
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