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Introduction

In order to solve the current situation of water shortage and achieve sustainable agricultural development, micro-sprinkler water-saving irrigation is one of the effective methods to improve water use efficiency (WUE) compared with flood irrigation. However, the effects of water content on wheat grain weight and plant hormone content under micro-sprinkler water-saving irrigation, and the potential mechanism of different water content on plant hormone-mediated grain grouting under micro-sprinkler water-saving irrigation are still largely unknown. 





Methods

Therefore, this study conducted extensive monitoring of wheat grain weight and plant hormone content under different water content in a typical winter wheat field (wheat) in the North China Plain from 2019 to 2021 by 13C isotope tracer technology through a field experiment based on micro-sprinkling water-saving irrigation.





Results

The results showed that under micro-sprinkler water saving irrigation, the lateral development of wheat roots after anthesis was promoted by W3 treatment in the deep soil depth (0-60 cm), which was the basis for efficient absorption of water and fertilizer, as well as efficient formation of photosynthate. Meanwhile, W3 treatment significantly promoted the transfer of photosynthetic products from leaves, stems and sheaths to grain. Compared with other treatments, W3 treatment significantly increased the average grain filling rate and grain filling time. Compared with W1, W2 and W5 treatments, W3 and W4 treatments significantly improved the number of grains per ear, 1000 grain weight and grain yield. From the perspective of water saving, W3 treatment had the highest effect. Compared with W1, W2 and W5 treatments, W3 treatment significantly increased the average grain yield of the two seasons by 19.69%, 6.30% and 8.07%, respectively.





Discussion

In this study, optimizing micro-sprinkler water saving irrigation can improve root development, promote photosynthetic product transport, and increase average grain filling rate and grain filling time, thereby increasing grain yield.This study provides valuable insights into improving sustainable wheat production in micro-water-saving irrigation agricultural cropping systems, and it may provide a practical framework for striking a balance between groundwater protection and food security.
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1 Introduction

The North China Plain (NCP) is the primary food-producing region, and provides about 61% of the nation’s wheat with less than 8% of the total water resources in China (Liu et al., 2022). However, the annual rainfall is uneven and mainly concentrates in the summer maize season, while only 20%-30% falls in the winter wheat growing season, which meets only 25%-40% of winter wheat requirements (Kang et al., 2017). Meanwhile, water shortages are becoming increasingly serious. To achieve expected wheat grain yield, farmers in NCP usually irrigate three to five times via flood irrigation throughout the wheat growing season. This irrigation regime improves grain yield, but reduces water use efficiency due to supplying too much water. The extensive use of groundwater for irrigation has results in groundwater table dropping continuously, compromising both hydrological balance and sustainable agricultural production (Sun et al., 2015). Therefore, deficit irrigation is critical for maintaining high wheat production, and an optimal irrigation water management scheme must be developed for ecological security and sustainable development of winter wheat production in this region.

Compared with traditional flood irrigation, micro-sprinkler water-saving irrigation affected the infiltration and redistribution of water and fertilizer in soil, resulting in the temporal and spatial distribution differences of water and nutrients. As a result, soil physiological and biochemical characteristics will change significantly, which will affect the wheat root growth, development and metabolism, and affect the aboveground plant through the root system (Li et al., 2019). Therefore, understanding root system’s adaptive responses specific to soil environments will provide important opportunities to reveal the mechanism of micro-sprinkler water-saving irrigation to promote efficient utilization of water. However, the current studies on water-saving irrigation mainly focus on the water-saving effects, irrigation system selection, and soil nutrient migration, etc (Wan et al., 2022), and the researches on the physiological response of root system to micro-sprinkler water-saving irrigation and its regulation effect on the grain yield components is relatively insufficient.

Grain filling is a pivotal stage for yield components in wheat. Formation and redistribution of photosynthates after anthesis is the major component of wheat grain, which comprises 80% of the dry weight of wheat grain (Yang and Zhang, 2010). In general, pre-anthesis assimilate in wheat vegetative organs contributes to 20%-35% of the grain weight. Under water stress, the contribution increased up to 80%. Water stress during early grain-filling curtails the grain sink potential by reducing both the rate and duration of grain filling, but increases the remobilization of carbon reserves in stem to grains. These results suggest that promote grain filling could be an effective way to grain yield.

The plant hormones, which are minor chemicals in wheat, play critical roles in regulating plant growth and stress responses (Yu et al., 2020). It has been well demonstrated that the hormones are involved in regulating grain filling in wheat (Panda et al., 2018). The abscisic acid (ABA) content in wheat grains was found to be significantly correlated with grain-filling rate (Wang et al., 2015). In addition, ABA content was found to be significantly higher in superior spikelets than in inferior spikelets (Nonhebel and Griffin, 2020). Moderate soil water deficit can increase the ABA level in inferior spikelets, which thus promotes grain filling of inferior spikelets (Teng et al., 2021). Furthermore, the indole acetic acid (IAA) content was much higher in superior spikelets than in inferior spikelets during grain filling in wheat (Chang et al., 2020; Nonhebel and Griffin, 2020). These studies suggested that the plant hormones content were of great importance in regulating both panicle development and grain filling.

Plant hormones were well demonstrated to play key roles in regulating wheat grain filling, especially in promoting the middle and last grain filling (Teng et al., 2021). However, whether plant hormones are involved in regulating grain filling in response to different micro-sprinkler water-saving irrigation is still ambiguous. The purpose of this study was to investigate the functions of plant hormones in regulating grain filling at the grain-filling process under different micro-sprinkler water-saving irrigation conditions. A two-year field experiment was conducted to reveal the effects of micro-sprinkler water-saving irrigation on wheat grain weight and plant hormone contents, as well as the underlying mechanisms of plant hormone-mediated grain filling under micro-sprinkler water-saving irrigation. The outcomes of this study provide useful information for wheat production to achieve higher grain yield and provide insight into the mechanisms underlying the interactions between irrigation and plant hormones on wheat growth.




2 Materials and methods



2.1 Experimental site

In 2019 and 2021, field experiments were conducted in an experimental field (35°40′ N, 116°41′ E) (Figure 1) at Yanzhou Academician Work Experimental Station in Shandong Agricultural University, Ji’ning, Shandong Province, China. The site is characterized with temperate monsoon zone climate with mean annual precipitation of 600 mm and average annual temperature of 14.1°C. The meteorological data were obtained from Ji’ning meteorological station. Weather details of experimental duration in both years are given in Figure 2. According to the Food and Agriculture Organization of the United Nations classification, the site soil at the experimental site is loam, with the following properties: 14.20 g·kg-1 the content of organic carbon, 1.13 g·kg-1 total nitrogen, 122.60 mg·kg-1 available nitrogen, 129.44 mg·kg-1 available potassium, and 38.11 mg·kg-1 available phosphorus.
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Figure 1 | The study site map.
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Figure 2 | Effective precipitation and temperature during wheat growth period.






2.2 Experimental design

Based on previous studies (Zhang et al., 2023; Man et al., 2014a), we established five irrigation regimes. Five irrigation regimes i.e. wherein supplementary irrigation brought soil water content in the 0~40 cm profile to 65% (W1) field water capacity (FC), 70% (W2) FC, 75% (W3) FC, 80% (W4) FC or 85% (W5) FC at the joining and anthesis stages, were established in split plot arrangement (20 m long and 2 m wide) under randomized complete block design with three replications. There are two irrigation events in the growing season: the first at jointing and the second at anthesis. Soil water content was determined by drying method before irrigation at jointing and anthesis. The amount of supplemental irrigation matched the treatment irrigation requirement, which was calculated from the relative soil moisture content in the 0–140 cm soil depth. Field water capacity is defined as the water content of a soil following saturation with water when free drainage is negligible. The supplemental irrigation amounts were calculated according to the method of Man et al. (2014b). All irrigation treatments were conducted using a micro-sprinkling hose, it’s length was 20 m, and it’s flow rate was 6 m3·h-1 under the working pressure of 0.02 MPa. The supplemental irrigation amount were controlled by water meter at the head of micro-sprinkling hoses, and the sprinkling angle of hose was 80°. In this study, the micro-sprinkling hoses had folded diameters of 6 cm, and were perforated with 58 groups of orifices. There were six orifices in each group, and with a group, the diameter of the first and the sixth orifices was 1.2 mm, while the diameter of the other four orifices was 0.8 mm. The distance between two adjacent groups of orifices was 20 cm (Man et al., 2014a).

The variety of wheat for the trial was Jimai 22, respectively. The wheat seeded on October 12, 2019 and harvested on June 11, 2020 seeded on October 8, 2020 and harvested on June 13, 2021. The planting density was 1800000 plants per hectare. All treatments had the identical fertilization scheme. The basal fertilizer consisted of single superphosphate and potassium sulphate, providing 150 kg P2O5 ha−1 and 150 kg K2O ha−1. Nitrogen fertilizer was also applied at 135 kg·ha−1 and 105 kg·ha−1 as a basal fertilizer and topdressing fertilizer at the seedling and jointings, respectively. Before sowing, the base fertilizer was spread onto the soil surface and immediately mixed with a rotary cultivator to a depth of 20 cm. At jointing, a furrow was opened to apply nitrogen fertilizer, and then covered immediately. Pesticides and herbicides were applied as necessary.




2.3 Root weight density and root surface area density

The root samples of 0-20, 20-40, 40-60 cm soil depths were collected in wheat planting rows and between rows with a root drill at anthesis and 10 and 20 days after anthesis. The diameter of the root drill was 10 cm. The mixture of root and soil was put into a 100 mesh nylon bag and washed with tap water. After washing, the mixture of root and organic debris was carefully separated. The separated root samples were stored in a -40°C refrigerator. Place the root sample in an 80 °C oven and dry it to constant weight to measure the dry weight of root system and calculate the dry weight density of root system. The root surface area was measured by WinRHIZO2013 system and EpsonV700 root scanner (Gleason et al., 2019).




2.4 Carbon isotope analysis

We conducted a leaf isotope tagging experiment with 13CO2 in both wheat growing seasons. Ten representative single stem in each wheat cultivation plot were selected at the anthesis stage. We encased the flag leaf of each selected single stem in a 0.1-mm-thick Mylar plastic bag, which permitted sunlight to pass at levels up to 95% of the natural intensity. The bags were sealed at the base with adhesive tape and subsequently injected with 3.5 mL of 13CO2. After allowing photosynthesis to proceed for 30 min, the 13CO2 in each bag was extracted through a KOH washer to absorb the remaining 13CO2 and the bag was removed. This experiment was conducted from 09:00–11:00 a.m. on sunny days. At 72 h after procesing from anthesis and maturity stages, the wheat plants were randomly sampled from each plot by cutting at the ground level. All plants were separated into stems and sheaths, leaves, glumes (spike axis and kernel husks), and grains (only at maturity), and oven-dried to a constant weight at 70 °C to determine the aboveground biomass. All samples were milled to a fine powder using a ball mill, for use in the carbon isotope analysis. The carbon isotope content of milled samples (5 mg) was determined using an online system composed of an elemental analyzer, a TripleTrap, and a mass spectrometer(Carlo Erba 2100, Milan, Italy). The distribution of 13C photosynthates among different organs was determined (Gao et al., 2017). The formula for calculating relevant indicators is as follows:

	

Where Rs is 13C/12C in the measured sample, and R is a fixed value of 0.0112372.

	

Where CA is 13C abundance.

	

Where CD is 13C distribution for each organ, CAL is 13C abundance in labeled sample, CAU is 13C abundance in un-labeled sample, OW is organ weight, CCO is carbon content of organ.

	

Where CT is 13C transhipment, CAAL72 is 13C accumulation amount after label 72 h, CAAM is 13C accumulation amount at maturity.




2.5 Determination of endogenous hormones in seeds

The root of 0-20, 20-40, 40-60 cm soil depths were sampled at anthesis and 10 and 20 days after anthesis, and immersed in liquid nitrogen and then maintained in a -80°C freezer for measurement of endogenous hormones. Hormones were determined by liquid chromatography-mass spectrometry (LC-MS/MS). First, the hormone components in the sample are separated by liquid chromatography, and then the separated components are qualitatively and quantitatively analyzed by mass spectrometry. Operation process, sample pretreatment: Weigh an appropriate amount of plant samples, such as rice seedlings, extract with 80% methanol at 4°C for 12h after liquid nitrogen grinding, collect the supernatant by centrifugation, blow dry with nitrogen, redissolve with 95% acetonitrile, and then centrifuge the supernatant for LC-MS/MS analysis.

Instrumental analysis: Appropriate chromatographic column and mobile phase system, such as Waters Acquity UPLC HSS T3 C18 column, water (0.1% acetic acid) -acetonitrile (0.1% acetic acid) as the mobile phase for depth elution. Mass spectrometry uses electrospray ion source, detected in positive ion mode, and selected reaction monitoring (MRM) mode to monitor specific ion pairs of each hormone.




2.6 Grain weight and grain filling

The grain sample were taken at 7, 14, 21, 28, 35 days after anthesis in both growth season. The formula for calculating grain filling rate (G) is provided below (Wu et al., 2020).

	

Where ΔW is the difference in 1000-grain weight between two sample time points, and Δd is the number of days between two sample time points, and Δd in this experiment is 7.

The grain-filling process was fitted by logistic growth equation as described by Liu et al. (2021).

	

Where kernel weight (mg), A is final kernel weight (mg), t is time after anthesis (d), B, k and N is coefficients determined by regression.




2.7 Grain yield, yield components, and harvest index

At maturity, a sample of 4 m2 sampling plot was harvested by hand to estimate the yield and spike number per plot. Threety representative plants were chosen to measure the grain number per spike. Subsequently, the grain yield was calculated at 12.5% water content. The 1000-grain weight was calculated by weighing 1000 grains.




2.8 Statistical analysis

A statistical analysis software (SPSS 12.5, Chicago, IL, USA) was used for data analysis. The mean values for different treatments were compared using Duncan’s multiple-range test at a probability level of 0.05.





3 Results



3.1 Root dry weight density and root surface area density

The root in the soil was primarily distributed in the 0-60 cm soil depth. As the depth of the soil depth increased, the root dry weight density and root surface area density gradually deceased (Figure 3). The irrigation levels had significant effects on the root dry weight density and root surface area density at anthesis, 10 and 20 days after anthesis. At anthesis stage and 10 days after anthesis, the root dry weight density of 0-20 cm soil layer in W3 treatment was significantly higher than that in W1 and W2 treatment, but significantly lower than that in W4 and W5 treatment. The root dry weight density of 20-40 cm soil layer showed that W3 treatment was significantly higher than W1 treatment, but there was no significant difference between W2, W4 and W5 treatment. The root dry weight density of 40-60 cm soil layer showed no significant difference between W3 treatment and W2 treatment, but was significantly higher than other treatments. At 20 days after anthesis, the root dry weight density of 0-20 cm soil layer showed that W3 treatment was significantly higher than W1 treatment, but significantly lower than W4 and W5 treatment, and the root dry weight density of 20-40 cm soil layer showed that W3 treatment was significantly higher than W1 and W2 treatment, but had no significant difference from W4 and W5 treatment. The root dry weight density of 40-60 cm soil layer in W3 treatment was significantly higher than that in other treatments. The root surface area density and root dry weight density showed a similar trend (Figure 4). This results indicated that the W3 treatment improved the root distribution, which was conducive to increase the absorption of soil water and nutrients.


[image: ]

Figure 3 | Dry weight density of root in 0-60 cm soil depth after anthesis under different treatments (mg·cm-3). (A, D) are the anthesis, (B, E) are the 10 after anthesis, (C, F) are the 20 days after anthesis. Lowercase letters represent that the data difference between processing is greater than 0.05.




[image: ]

Figure 4 | Root surface area density in 0-60 cm soil depth after anthesis under different treatments (mm2·cm-3). (A, D) are the anthesis, (B, E) are the 10 after anthesis, (C, F) are the 20 days after anthesis. Lowercase letters represent that the data difference between processing is greater than 0.05.






3.2 13C photosynthate distribution in different organs of wheat

The amount and ratio of C allocation into various organs were calculated based on the variation in N content and 13C isotope in different organs. In 2019-2020, the 13C photosynthate in leaf, stem and sheath of W3 treatment were significantly higher than that of W1 treatment after 72 h labeling, whereas we detected no significant differences between W2, W3, W4 and W5 treatments. No significant differences in spike axis and husk 13C photosynthate were observed between treatments 72 h after labeling. The 13C photosynthate in leaf of W3 treatment was significantly lower than that of W4 and W5 treatments, and there was no significant difference between W1, W2 and W3 treatments. The 13C photosynthate in stem and sheath of W3 treatment was significantly lower than that of W5 treatment, and significantly higher than that of W1, W2 treatment, there was no significant difference between W4 treatment. The 13C photosynthate in spike axis and husk of W3 treatment was significantly lower than that of W5 treatment, and there was no significant difference between W1, W2, W3 and W4 treatments. The 13C photosynthate in grain under the W3 treatment was higher by an of 20.78%, 7.21% and 8.66% than W1, W2 and W5, respectively, there was no significant difference between W4 treatment. Similar responses to treatments were observed in both growth seasons. This indicated that the W3 treatment significantly increased the assimilation of carbohydrate after anthsis and for the distribution of those carbohydrate from vegetative organs to grains. This was probably a key reason for the W3 treatment effect of high grain weight. The differences in the allocation of 72 hleaf, Stem and sheath, Spike axis and husk 13C after marking were extremely significant between treatments and between years, while the differences in the allocation of Year×Treatments were not significant. The differences in the allocation of leaf, Spike axis and husk and Grain 13C between treatments and between years were extremely significant, and the differences in the allocation of Stem and sheath 13C between treatments were significant, and the differences between years were extremely significant. Year×Treatments were significantly different in leaf at maturity, Spike axis and husk 13C were extremely significant, and the differences in the allocation of Stem and sheath and Grain 13C were not significant.




3.3 13C Photosynthate translocation after anthesis

Changes in the amount of 13C distribution in different organs after anthesis are shown in Figure 5. In both growth seasons, irrigation treatments had significantly effect on the translocation amount of different organs. W3 treatment significantly improved the transport of leaf, stem and sheath 13C photosynthate to grains (Table 1). In 2019-2020, the translocation amounts of leaf, stem and sheath 13C photosynthates under the W3 treatment were significantly higher than that of W1, W2, W4 and W5 treatments. The translocation amounts of spike axis and husk under W3 treatment was significantly higher than that of W1 treatment, and there was no significant difference between W2, W4, and W5 treatments. Collectively, these results indicated that the W3 treatment substantially promoted the translocation of photosynthates to the grain, especially from the leaf, stem and sheath.


[image: ]

Figure 5 | Effects of different treatments on 13C translocation amount in different organs at 72h after labeling and maturity in wheat plants.






3.4 The endogenous hormone of grain after anthesis

Fluctuations in endogenous hormone of grain were observed under different treatment conditions over the two-season study (Figure 6). The IAA content at 7 day under W1 treatment was significantly higher than that of W2, W3, W4 and W5 treatments. W1, W2 and W3 treatments produced the highest levels at 14 day, with W4 and W5 treatments producing the lowest levels. The IAA content from 21 to 35 day under W3 treatment was significantly higher than that of W1, W2, W4 and W5 treatments. Over the 2-year measured period, ABA content after anthesis significantly decreased with increasing irrigation levels. The ZR content was not significantly different between treatments at 7 day. The ZR content from 14 to 21 day under W2, W3, W4 and W5 treatments were significantly higher than that of W1 treatment. And the W3, W4 and W5 treatments produced the highest levels from 28 to 25 day, followed by W2, with W1 producing the lowest levels. The two growing seasons had similar results, suggesting that endogenous hormone of grain at the middle and late growing stages was improved by W3 treatment.


[image: ]

Figure 6 | Grain filling rate after anthesis under different treatments (g·d-1). Lowercase letters represent that the data difference between processing is greater than 0.05.






3.5 1000-grain weight

In the growing seasons during 2019 and 2021, the grain weight tended to increase through the days after anthesis. The grain weight were not significantly different between treatments at 7, 14 day (Figure 7). And the W3 and W4 treatments produced the highest levels from 21 to 35 day, followed by W2 and W5, with W1 producing the lowest levels. Similar responses to treatments were observed in both growth seasons.
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Figure 7 | 1000-grain weight after anthesis under different treatments (g). Lowercase letters represent that the data difference between processing is greater than 0.05.






3.6 Grain-filling rate

Figure 8 shows the changes in the grain-filling rate after anthesis. In the growing seasons during 2019 and 2021, the grain-filling rate peaked in the 14-21 days after anthesis before then decreasing. The grain-filling rate in 14-21, 21-28 and 28-35 days after anthesis were affected by the treatment, but the grain filling rate in 0-7 and 7-14 days after anthesis were no affected by the treatment. And the W3 and W4 treatments produced the highest levels from 21 to 35 day, followed by W2 and W5, with W1 producing the lowest levels. Similar responses to treatments were observed in both growth seasons.


[image: ]

Figure 8 | Grain filling rate after anthesis under different treatments (g·d-1). Lowercase letters represent that the data difference between processing is greater than 0.05.






3.7 Grain filling equation

The grain weight of different days after anthesis was used to carry out grouting fitting according to logistics equation (Table 2). In 2019-2020, the W5 treatment produced the highest the time to reach the maximum rate, followed by W2, W3 and W4, with W1 producing the lowest levels. The W3 and W4 treatments produced the highest maximum filling rate, followed by W2 and W5, with W1 producing the lowest levels. The mean filling rate and grain filling duration under the W3 treatment were significantly higher than that of W1, W2, W4 and W5 treatments. The two growing seasons had similar results, suggesting that mean filling rate and grain filling duration were improved by W3 treatment.


Table 1 | Effects of different treatments on 13C distribution amount in different organs at 72h after labeling and maturity in wheat plants.




Table 2 | Grain filling equation and grain-filling parameters for different treatments.






3.8 Yield and yield components

Compared to W1, W2 and W5 treatments, W3 and W4 treatments significantly increased the grain number per spike, 1000-grain weight and grain yield, and from the perspective of water saving, the effect of W3 treatment was the highest (Table 3). In comparison to W1, W2 and W5 treatment, W3treatment significantly increased the two-season average grain yield by 19.69%, 6.30% and 8.07%, respectively. However, the grain yield showed no difference between W3 and W4. Except for the spike number, in comparison to W3 treatment, W5 treatment markedly decreased the two-season average grain number per spike and 1000-grain weight by 11.32% and 11.52%. The differences in Spike number, Grain number, 1000-grain and Grain yield among treatments were extremely significant, and the differences between years were extremely significant, while the differences in Year×Treatments were not significant.


Table 3 | Grain yield and yield components under the different treatments during 2019-2021.







4 Discussion



4.1 Effects of soil moisture on grain yield and yield components

Soil water deficits lead to reduced wheat grain yield, and supplementary irrigation can increase wheat grain yield. In our study, grain yields were lowest in the W1 (low-irrigation) treatment and tended to increase with increasing irrigation level, in agreement with previous reports. The micro-sprinkler water-saving irrigation has been shown to be an effective wheat water-saving irrigation method. In our study, grain yield were higher in the W3 treatment than in other irrigation treatments. We attribute the increase in grain yield to the increase in grain number per spike and 1000-grain weight. Furthermore, our experimental field results revealed that in the W4 treatment, irrigation water use was increased by 6.67% (compared to the W3 treatment) but grain number per spike, 1000-grain weight and grain yield did not decrease significantly. However, the soil water content continued to increase to the 85% treatment level (W5), and grain number per spike, 1000-grain weight and grain yield decreased significantly (compared to the W3 treatment). The spike number of wheat increases with an increase in the soil water level supply, but the grain number per spike, 1000-grain weight and grain yield increases with soil water level act to a certain level and then declines. An soil water level in 75% maintains grain yield at relatively high levels, and further increasing the level has no benefit to increasing grain yields.




4.2 Effects of soil moisture on root morphological pattern

The growth and development of wheat root system have strong plasticity, and can adjust their morphological structure and spatial distribution to adapt to the environment according to soil moisture (Yang et al., 2018). It is of great significance to ensure high grain yield by adopting appropriate irrigation measures to form environmental conditions that are conducive to increasing the proportion of deep roots (Miao et al., 2019). Many researchers believe that root dry weight density and surface area density are important target for studying root distribution (Fang et al., 2021; Chen et al., 2020). The micro-sprinkler water-saving irrigation affected the infiltration and redistribution of water in soil, which affected the size and distribution of roots (Ma et al., 2013). This study showed that with the increase in soil moisture level, the root dry weight density and surface area density increased, while the proportion of root dry weight density and surface area density in deep soil depths decreased, which is because wheat roots do not need to explore deep soil depths under sufficient water conditions. Excessive soil moisture content significantly promoted root system in 0-40 cm soil, while the root dry weight density and surface area density in 40-60 cm soil depth under suitable soil moisture content were significantly greater than those under other soil moisture. Increasing deep roots helps make full use of water storage in deep soil depths (Wang et al., 2014; Thapa et al., 2019), thus reducing the risk of yield loss due to drought. Similar observation also showed that compared with W2, W3, W4 and W5 treatments, wheat under W1 had lower root dry weight density and surface area density in 0-60 cm soil depth (Jha et al., 2017). A suitable soil moisture content optimized the distribution of roots in different soil depths, coordinating the proportion of shallow and deep soil roots. Root dry weight density and surface area density are often used to assess the effects of different environmental and management factors on root distribution patterns (Ahmadi et al., 2018; Zhang et al., 2020). Based on observations of root dry weight density and surface area density, our study showed that suitable soil moisture content optimized the root morphological pattern of wheat by increasing root dry weight density and surface area density of deep roots.




4.3 Effects of soil moisture on accumulation and transport of photosynthetic products

In order to explain the soil moisture of W3 on accumulation, transport and distribution of photocontracides, we use 13C isotope tracer technique to investigate. Plants need to allocate more dry matter to vegetative organs compounds to maximize the productivity of water (Feng et al., 2023). In this study, the amount of 13C photosynthate in vegetative organs at 72h after labeling increased with the increase of soil moisture level, but there was no significant difference between W2, W3, W4, and W5 treatments. As the photosynthetic material production exceeds the respiratory consumption, the excess photosynthetic product is stored in vegetative organs as dry matter, which is transported after anthesis to meet the needs of grain filling (Zhao et al., 2020). In this study, compared with other soil water level treatments, W3 increased the 13C photosynthate in grain at maturity, simultaneously. High soil water level (W5) further increased the 13C photosynthate at maturity but most of those increased 13C photosynthate was allocated to the vegetative organs pools instead of the grain pool, which explained the decrease in grain yield under W5 treatment. Compared with the W1, W2, W4 and W5 treatments, the translocation amounts of leaf, spike axis and husk under the W3 treatment had significantly higher pre-anthesis 13C photosynthate. In this experiment, the W3 treatment tended to allocate more 13C photosynthate to grains and less to vegetative organs, compared with other treatments, which explained why W3 had higher 13C photosynthate in grain than other treatments.




4.4 Grain-filling in wheat grain is regulated by plant hormones

Water is an essential condition for plant growth, development, and production. The hormones play key roles during plant growth and development and in response to environmental factors and water deficit. In this study, we found that both IAA and zeatin riboside (ZR) were significantly reduced by excessive low or high soil moisture level after anthesis in grain. However, with the increase of soil moisture level, the content of ABA in grain decreased gradually. These results indicated that increasing soil moisture content could significantly delay plant senescence. The relationship between hormones and irrigation management has also been intensively studied in vegetative organs. In tea plants, Drought stress was found to reduce cytokinin content by inhibiting the biosynthesis of ZR and IAA (Hu et al., 2020). In rice, the application of irrigation increased the expression of ZR and IAA biosynthesis genes and thus promoted ZR and IAA content in roots and leaves (Zhu et al., 2018). However, under excessive irrigation conditions, a high level of ZR and IAA will lead to “staygreen” and delayed whole plant senescence (Gregersen et al., 2013). In this study, IAA was inhibited by high or low soil moisture level, suggesting that inhibition of IAA biosynthesis by high or low occurs in grains. In addition, low soil moisture level also suppressed the content of ZR, But high soil moisture level did not significantly promote grain ZR content. These results suggest that ZR content might was regulated by catabolism rather than biosynthesis in response to high soil moisture level treatment. Under moderate water stress, ABA establishes and maintains root meristem function and stimulates root elongation, and ABA response and auxin transport play key roles in root elongation under water stress (Li et al., 2024). Under drought conditions, local accumulation of root auxin is consistent with its role in inhibiting root aquaporins and reducing vascular cell size, limiting vascular diameter and limiting root radial aquaporin-mediated water transport (Walid and Rémy, 2019).

The grain-filling process is the conversion between dry matter that involves photoassimilate translocation and accumulation in grains. Previous studies have shown that a low irrigation amount leads to premature senescence and (Zhang et al., 2016) reducing the grain-filling time (Wang et al., 2009). However, irrigation can be expected to postpone the premature senescence of plants and prolong the grain-filling time (Yang and Zhang, 2010). The grain-filling rate and grain-filling time are critical parameter affecting wheat grain weight. In our study, the grain filling was inhibited by high or low soil moisture, and the grainfilling rate and grain weight showed similar trends. And the grain filling parameters results indicate that the inhibitory effect of high or low soil moisture on grain weight is caused mainly by the reduction in the grain-filling rate and grain-filling time. In agreement with a previous finding (Hamner et al., 2017), high soil moisture markedly delayed the time to reach the maximum filling rate. Balotf et al. (2018) stated that irrigation promotes the synthesis of carbohydrates and their transport to the grain by promoting photosynthesis. However, Liang et al. (2017) showed that the amount of carbohydrates transported to the grain decreased under high soil moisture conditions, owing to the large amount of carbohydrates consumed for the vigorous growth of vegetative organs such as stems and leaves under high soil moisture conditions (Sun et al., 2019). Thus, the effects of irrigation on carbohydrate transport can vary. In the present study, high soil moisture delayed the time to reach the maximum filling rate. However, high soil moisture also promotes the growth of vegetative organs such as stems, and this consumes many carbohydrates and may reduce their transport to the grain.





5 Conclusion

This study reported comprehensive measurements from winter wheat fields under five micro-sprinkler water-saving irrigation practices (i.e. W1, W2, W3, W4 and W5) in the North China Plain during 2019–2021. The results showed that under the condition of micro-spray water-saving irrigation, W3 treatment promoted the development of wheat roots after anthesis in deep soil (0-60 cm). At the same time, W3 promoted the transfer of photosynthetic products from leaves, stems and sheaths to grains by increasing endogenous hormones in grains, and improved the average filling rate and grain filling time, and finally increased the yield through carbon redistribution. The study revealed the mechanism of optimizing micro-sprinkler water-saving irrigation for improving grain yield and provided a new perspective for improve wheat grain yield. In future experiment, endogenous hormone of leaf and photosynthetic rate can be observed simultaneously, so as to quantify the effect of micro-sprinkler water-saving irrigation on photosynthetic material production and provide more sufficient evidence for the results. The results also implied that ensuring water supply throughout the winter wheat growth period, especially during critical growth periods, could mitigate the negative effects of water scarcity. Whether the shift in irrigation modes will have a positive impact on other crops in future climate scenarios requires further exploration.
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Different letters in the same column meant significant difference at 0.05 level. *: P<0.05; **: P<0.01; ***: P<0.001.
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