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Water limitation is a major concern in rice production. It has been suggested that with adapted genotypes, aerobic rice production offers the maintenance of grain yield while saving water. However, there has been limited exploration of japonica germplasm adapted for high-yield aerobic environments. Therefore, three aerobic field experiments with different levels of relatively high-water availability were conducted across two seasons to explore genetic variation in grain yield and physiological traits that contributed to high yield. In the first season, a japonica rice diversity set was explored under well-watered (WW20) conditions. While in the second season, a well-watered (WW21) experiment and an intermittent water deficit (IWD21) experiment were conducted to examine the performance of a subset of 38 genotypes selected for low (mean of −6.01°C) and high (mean of −8.22°C) canopy temperature depression (CTD). In WW20, CTD explained 19% of the variation in grain yield which was similar to the variation explained by plant height, lodging, and leaf death response to heat. In WW21, a relatively high average grain yield (9.09 t ha−1) was achieved, while a 31% reduction was achieved in IWD21. Compared with the low CTD group, the high CTD group had 21% and 28% higher stomatal conductance, 32% and 66% higher photosynthetic rate, and 17% and 29% higher grain yield in the WW21 and IWD21, respectively. This work demonstrated the advantage of higher stomatal conductance and cooler canopy temperature which resulted in higher photosynthetic rate and higher grain yield. Two promising genotypes with high grain yield, cooler canopy temperature, and high stomatal conductance were identified as donor genotypes for use by the rice breeding program when aerobic rice production is a target. Field screening for cooler canopies within a breeding program with high-throughput phenotyping tools would be of value for genotype selection for aerobic adaption.
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1 Introduction

Australian temperate rice (Oryza sativa L.) production is traditionally based in the Riverina and grown under permanent water conditions from irrigation from river water and sometimes groundwater (Meyer, 2005). Riverina rice growers achieve the highest grain yield (GY) in the world at approximately 10 t ha−1 (ABARES). In the past 15 years, water productivity in Australian rice production, which is one of the most efficient rice industries in the world, has increased by 60% and the rice crop uses 50% less water than the global average (R. G. A, 2022). The high water productivity in Australian rice production was mainly achieved by the development of new cultivars with high yield and improved crop management (Humphreys et al., 2006). However, due to drought, water supply restrictions, and costs associated with irrigation water, there is a need for further improvement in water productivity. To minimize water use and maximize water productivity and GY, it has been suggested that water management strategies such as aerobic rice production should be considered.

Aerobic rice production is a system in which rice is grown in well-drained, non-flooded, and unsaturated, but well-watered conditions, and has been shown to improve water productivity (Bouman et al., 2005). In Northern China, Yang et al. (2005) found that in the aerobic experiments with 400-650 mm water input, the GY of the aerobic rice genotypes HD297 and HD502 was approximately 3 to 5.7 t ha−1. Fukai and Mitchell (2022a) in their review revealed that the standard aerobic production from 18 different studies had an average GY at 6.9 t ha−1. In Japan, the rice genotype Takanari produced similar or higher GY above 10 t ha−1 under aerobic conditions (10 mm of irrigation every other day) compared with flooded conditions (Kato et al., 2009). The studies mentioned above highlight that relatively high GY in aerobic production systems is a reality. As is observed in most annual cereal crops, plant height, days to heading (DTH), and harvest index are known to be large determinants of GY (Vergara et al., 1966; Kawano, 1990; Sakamoto and Matsuoka, 2008). However, aerobic rice production is a relatively new system, and the understanding of the traits contributing to the maintenance of high GY under different levels of relatively high-water availability is limited.

A recent review exploring the role of canopy temperature depression (CTD) in rice noted that genotypic variation in stomatal conductance (gs) and CTD were closely related to photosynthesis and were identified as key determinants of GY under flooded and drought conditions (Fukai and Mitchell, 2022b). Joshi et al. (2018) and Zaman et al. (2018) demonstrated that genotypes with higher gs had higher GY under flooded and drought conditions; however, they only evaluated four and two genotypes, respectively. Examining 27 rice genotypes, lower canopy temperature was found to be associated with increased GY (r2 = 0.63**) under drought conditions (Garrity and O'toole, 1995). Also under heat stress conditions at the flowering stage, it was found that heat-tolerant rice genotypes with lower canopy temperature achieved higher photosynthesis, higher spikelet fertility, and higher GY compared with heat-sensitive genotypes (Karwa et al., 2020). While the above studies have highlighted that high gs and cooler canopy temperature resulted in advantages in flooded, drought, and heat stress conditions, there have been limited studies conducted under aerobic field conditions that have evaluated a large number of japonica germplasm. Most studies have also been conducted in regions with much lower GY potential compared with the high GY achieved in temperate Australian production. In aerobic rice production, frequent irrigation events are required, where water supply is guaranteed to maintain plant growth (Fukai and Mitchell, 2022a), and it may be hypothesized that genotypes which can maintain high CTD and gs between irrigation events would be ideal in ensuring high GY.

Genetic variation for potential adaptation to an aerobic target environment has not been explored in rice germplasm pertinent to the Australian breeding program. Hence, the objectives of this study were to 1) evaluate the importance of CTD in determining GY in comparison to other characteristics in a predominantly japonica rice diversity set and 2) determine the effect of selection for high and low CTD on gs, other gas exchange parameters, and GY in aerobic conditions under different water availabilities.




2 Materials and methods



2.1 Research location

Three field experiments were conducted at the University of Queensland Research Farm at Gatton, Queensland, Australia (17°33′S, 152°17′E). One well-watered experiment (WW20) was conducted from October 2019 to April 2020 (year 1). Two experiments were conducted from November 2020 to May 2021 (year 2): well-watered (WW21) and intermittent water deficit (IWD21).




2.2 Genetic material and experimental designs

A japonica rice diversity set consisting of 241 genotypes including a mix of lowland and upland genotypes compiled by the New South Wales Department of Primary Industries was used in the WW20 experiment. The genotypes were from 35 countries, with 63 genotypes from Australia and 10 genotypes of unknown origin. The WW20 experiment was arranged in a partially replicated design with 44 genotypes replicated once while the remaining had two replications. The R package DiGGer was used to generate a partially replicated row-column design (Coombes, 2009).

Year 2 experiments utilized 35 genotypes consisting of the highest and lowest CTD genotypes based on WW20 following the selection strategy described below (Supplementary Table 1). The selection was conducted to remove the confounding effect of plant height and DTH. There were also three check genotypes included. A row-column design with three replications was utilized for WW21 and IWD21. The 35-genotype selection was based on the genotypes which were shorter than 120 cm, yielded higher than 4.5 t ha−1, and reached the heading stage between 80 and 110 days after sowing (DAS). Of the remaining 113 genotypes, the high CTD group consisted of 19 genotypes with CTD <-7.3°C, and the low CTD group consisted of 16 genotypes with CTD >-6.5°C. Apo, Takanari, and 55A were included in year 2 as checks. Apo was an aerobic standard genotype (Vijayaraghavareddy et al., 2020). Takanari is a well-known standard for high gs and high yield (Adachi et al., 2019), and 55A is a breeding genotype derived from Reiziq/Tachiminori and had been observed to have high CTD (pers. comm. C. Proud).

Furthermore, in year 2, among the 38 genotypes, a subset of 15 genotypes was selected to measure the photosynthetic rate and transpiration rate. To further narrow the selection window, for genotypes that reached the heading stage between 80 and 105 days after sowing, the high CTD group had seven genotypes with CTD <-7.7°C and the low CTD group had five genotypes with CTD >-6.5°C. In total, there were five and seven genotypes from the low and high CTD groups, respectively. Apo, Takanari, and 55A were included as checks in the subset.




2.3 Crop management and irrigation

In all experiments, seeds were drill sown using a tractor-mounted cone seeder and consisted of 7 rows by 2 m with an inter-row spacing of 0.22 m. A seeding rate of 130 kg ha−1 at a depth of 3–4 cm was used in year 1. Due to the high plant density in WW20 which exceeded our target establishment and in which lodging occurred, a lower seed rate at 60 kg ha−1 at a depth of 5 cm was used in year 2. WW20 was sown on 17 October 2019, and WW21 and IWD21 were sown on 6 November 2020. In WW20 and WW21, irrigation was applied thrice weekly with 32 and 20 mm, respectively, via an overhead boom. In IWD21, the irrigation was applied mostly twice weekly with 20 mm via an overhead boom.




2.4 Measurements



2.4.1 Plant density

A 33-cm ruler was randomly placed between rows in two positions per plot, and the number of seedlings on either side of the ruler (i.e., 4 rows in total) was counted to determine the number of seedlings m−2. Plant density was measured between 18 and 23 DAS for the three experiments.




2.4.2 Canopy temperature depression

The canopy and air temperature were measured from 60 to 78 DAS in WW20 (six times) and from 60 to 70 DAS in WW21 (two times) and IWD21 (three times) coinciding with the pre-heading period (before 80% of genotypes reached 50% heading). Canopy temperature was measured by a handheld infrared thermometer AGRI­THERM II™ (100L, Everest Interscience, USA) between 12:00 and 14:00 by pointing at the canopy at an angle of 20°–45° of each plot on consistently sunny days. Air temperature and relative humidity were recorded by a handheld thermohygrometer (RS PRO, Australia) every five plots. Canopy temperature depression (°C) was the difference between canopy temperature to air temperature: CTD = Tcanopy − Tair.




2.4.3 Stomatal conductance (gs4)

An AP4 Porometer (Delta-T Devices, Cambridge) was used to measure stomatal conductance (gs4, mmol m−2 s−1) from 60 to 70 DAS in WW21 (three times) and IWD21 (five times) coinciding with the pre-heading period. The porometer measured the gs4 of the abaxial side of the youngest fully expanded leaf by clipping the sensor head onto a leaf on clear sunny days between 10:00 and 12:00. On each measurement occasion, the mean of two plants was used to determine gs4 for each plot.




2.4.4 Other gas exchange parameters

Measurements of leaf photosynthetic rate (A, µmol m−2 s−1), transpiration rate (TR, mmol m−2 s−1), and stomatal conductance (gs68, mmol m−2 s−1) were recorded on 15 genotypes using a portable photosynthesis meter LI-6800 (LI-COR, USA) which was set at a CO2 concentration of 410 µmol mol−1, light intensity at 2,000 µmol mol−2 s−1, air temperature at 30°C, relative humidity at 85%, and flow at 500 µmol s−1. Intrinsic water use efficiency (WUEi, μmol mol−1) was calculated by dividing A by gs68 (Condon et al., 2002). The LI-6800 measured the gas exchange parameters of both the adaxial and abaxial sides of the leaf. Measurements were conducted at 92 DAS in WW21 and at 72 and 73 DAS in IWD21.




2.4.5 Leaf death score

Leaf death was first observed at 54 DAS after a heat wave in WW20. There was no obvious leaf death in WW21 and IWD21. Leaf death score (LDS) was visually recorded based on the Standard Evaluation System for drought score (IRRI, 2010). The score ranged from 0 to 9, with 0 indicating no leaf death and 9 indicating that all leaves were dead. LDS was recorded between 12:00 and 14:00 on three occasions between 64 and 82 DAS in WW20, and the mean across three measurements was used.




2.4.6 Phenology, plant height, grain yield, and yield components

The days required for 50% of the heads to reach 50% extrusion were determined on a plot basis. Plant height (PH, cm) was measured at maturity. Plant lodging score was recorded at maturity only in WW20, as there was barely any lodging in year 2. The lodging score ranged from 1 to 5, where a score of 1 indicated that plants were not lodged and a score of 5 indicated that plants were fully lodged. Grain yield (t ha−1) was determined as each plot reached physiological maturity. The panicles of the middle 4 rows × 1 m of each plot were harvested manually for GY determination (expressed at 14% moisture). All panicles were put through a Wintersteiger thresher (LD350) to separate the grains which were oven-dried at 35°C. A representative grab subsample of approximately 30 tillers was taken at the ground level and subsequently partitioned into panicles and stems. Panicle harvest index (PHI) was determined by dividing panicle weights with the sum of the panicle and stem weights in WW20. Panicles were threshed and the harvest index (HI) was determined as the proportion of grain weight to total biomass (30 tillers) in WW21 and IWD21. Stem and panicle numbers were quantified. Spikelets per panicle and the thousand grain weight were determined by counting grain number with a Contador 2 seed counter (PFEUFFER GmbH, Germany). Grain number m−2 was calculated by dividing GY by the thousand grain weight.





2.5 Statistical analysis

For year 1, a multiplicative linear mixed model was used for the analysis and was implemented in ASReml-R in the R environment (V4.0.3) (Butler et al., 2009). The best spatial model was fitted for each trait (Gilmour et al., 1997). For year 2, the SpATS package was used for the analysis and was implemented in the R environment (V4.0.3) (Rodríguez-Álvarez et al., 2017). In both years, genotype was treated as both a random effect to estimate heritability and a fixed effect to obtain the best linear unbiased estimates (BLUEs). According to Gong et al. (in preparation), genotypes performed relatively consistent in physiological traits across different measurement days. Therefore, in this study, a repeated measures analysis was undertaken to obtain BLUEs across measurement events using the lme4 package (Bates et al., 2015) in the R environment (V4.0.3) for CTD in all experiments, gs4 in WW21 and IWD21, and other gas exchange parameters in IWD21, with measurement events treated as a random factor.

An independent sample t-test model was used for the t-test analysis for CTD, gas exchange parameters, GY, and yield component traits between the low and high CTD groups using the Statistical Tool for Agricultural Research (V 2.0.1).

Principal component analysis (PCA) by singular value decomposition using the scaled and centered BLUEs per environment was conducted. A PCA biplot was generated using the tidyverse (Wickham, 2017), ggrepel (Slowikowski, 2020), and ggpubr (Kassambara, 2020) packages in the R environment (V4.0.3).





3 Results



3.1 Weather

In year 1, the maximum temperature was high from 30 to 60 DAS, with 16 days in total that had a maximum temperature higher than 38°C. The heading stage was between 62 and 136 DAS in WW20, and during this period, the maximum temperature varied from 23.1°C to 40.7°C. Of a total rainfall of 263 mm during the growing period, 194 mm fell between 90 and 120 DAS (Figure 1A). In year 2, the highest maximum temperature was 43.5°C at 30 DAS. The total rainfall was 383 mm (Figure 1B) with an average daily solar radiation during a growing period of 21.6 MJ m−2 (data not shown).




Figure 1 | Rainfall and maximum and minimum temperatures (°C) during the experimental periods: (A) the well-watered experiment in the 2019–2020 (WW20) season and (B) the well-watered (WW21) and intermittent water deficit (IWD21) experiments in the 2020–2021 season [the heading period was indicated by a line: green (WW20), blue (WW21), and orange (IWD21)].






3.2 Total water input and evapotranspiration

Total irrigation was 1,410 mm in WW20, 896 mm in WW21, and 648 mm in IWD21. Total water input (irrigation + rainfall), calculated until 10 days before the last harvest, was 1,647 mm in WW20, 1,280 mm in WW21, and 1,032 mm in IWD21 (Figure 2A). As a measure of soil water deficit during crop growth, the daily crop evapotranspiration (ETc) was calculated using reference evapotranspiration (ETo) from SILO (2022), which is a database of Australian climate data, and the crop coefficients (k), which were determined by Lal et al. (2012) in irrigated rice (ETc = ETo × k). The crop coefficient was 0.4, 0.86, and 1.17 from 0 to 30 DAS, from 31 to 60 DAS, and from 61 to 100 DAS, respectively. It was assumed that soil water was lost at potential ETc every day and rain/irrigation reduced soil water deficit to zero. The cumulative inter-rainfall/irrigation evapotranspiration (CETc) was set to zero on the day of rainfall/irrigation, and ETc was added from the following day to determine CETc. The CETc was mostly less than 10 mm in the first 50 days in all three experiments (Figure 2B). In WW21, the maximum CETc was mostly under 10 mm. In WW20, there were four occasions where CETc was greater than 28 mm during the heading period. In IWD21, there was an increasing CETc from 40 to 60 DAS, with relatively high CETc exceeding 60 mm approximately 60 DAS which coincided with the pre-heading period. Thereafter and coinciding with the heading period, the maximum CETc of 30 mm was maintained except at 120 DAS when it reached 40 mm.




Figure 2 | (A) Cumulative water input (irrigation and rainfall, mm) and (B) cumulative inter-rainfall/irrigation crop evapotranspiration (CETc) at different days in the well-watered (WW20—green, WW21—blue) and intermittent water deficit (IWD21—orange) experiments; the straight lines above the graph indicate the heading period of each experiment.






3.3 Traits of importance in year 1

There was significant (P < 0.01) genotypic variation for all measured traits in WW20 (Table 1A). The mean GY was 7.16 t ha−1 in WW20, and 51% of the genotypes had GY between 7 and 11 t ha−1. Most genotypes had CTD from −6°C to −8°C. Leaf death was observed in WW20; however, more than half of the genotypes had low LDS between 1 and 3. LDS was positively associated with CTD (r = 0.47**). GY was mostly associated with grain number m−2 and PHI in the traits measured in WW20 (Table 1B). Correlation coefficients were similar varying from −0.38** to −0.47** between GY and various traits including CTD (Figure 3A), lodging score, LDS, and plant height (Figure 3B). While the correlation coefficient between GY and DTH was not significant (r = 0.10 ns), there was a quadratic relationship between them in the full diversity set in WW20 (Figure 3C). To remove the effect of plant height and DTH and to further evaluate the importance of CTD in relation to GY, a subset of contrasting CTD genotypes was selected (criteria described in the methods). The mean GY for the subset was 8.57 t ha−1. The subset consisted of 19 genotypes with the highest CTD of −8.22°C on average and 16 genotypes with the lowest CTD of −6.01°C on average. Based on this WW20 subset, there was no significant relationship between GY and plant height, nor DTH, while a significant negative relationship between GY and CTD (r = −0.47**) remained. In the subset, there was a highly significant group difference for GY with the high CTD group 16% higher than the low CTD group, and the high CTD group had significantly higher grain number m−2 and lower LDS than the low CTD group (Table 1A).


Table 1 | (A) The high canopy temperature depression (CTD, °C) group mean, low CTD group mean, subset including the low and high CTD group genotype mean, the full set mean, and heritability (H2) of grain yield (GY, t ha−1), grain number m−2 (GNM), lodging score (LS), panicle harvest index (PHI), plant height (PH, cm), days to heading (DTH), leaf death score (LDS), CTD, and plant density (PD, no. plant m−2); (B) the correlation coefficient between different traits in the well-watered experiment (WW20) of 241 genotypes (ns, not significant; *,P < 0.05; **,P < 0.01).






Figure 3 | The relationship between grain yield and (A) canopy temperature depression (CTD), (B) plant height, and (C) days to heading of the full diversity set genotypes (n = 241) and high and low CTD group genotypes (n = 35); the black vertical lines in each graph showed the selection criteria thresholds for the high and low CTD groups. (**, P<0.01; ns, not significant).






3.4 CTD and gas exchange parameters in year 2

Significant (P < 0.01) genotypic variation existed for all CTD and gas exchange parameters in year 2 (Table 2). There were significant group differences for CTD and gas exchange parameters in the two experiments except for WUEi. The mean CTD was −6.01°C and −4.84°C for WW21 and IWD21, respectively. The mean CTD in the high CTD group was 18% and 22% higher than the CTD in the low CTD group in IWD21 and WW21, respectively. Sherpa, YRF210, and Lemont_(Y2) had high mean CTD averaged across the two experiments from −5.71°C to −6.48°C. The mean gs4 in the high CTD group was 21% and 28% higher than in the low CTD group in the two experiments. The well-known high gs genotype Takanari was among the highest mean gs4 across the two experiments, which was similar to YRF210, 55A, and Lemont_(Y2) which had the highest gs4 from 275 to 323 mmol m−2 s−1 across WW21 and IWD21. The mean A was 21.85 and 17.15 µmol m−2 s−1 for WW21 and IWD21, respectively. In each experiment, there was a significant difference in the mean A between the high and low CTD groups, with the mean A in the high CTD group 32% and 66% higher than the mean A in the low CTD group in WW21 and IWD21, respectively. A similar trend was also found in TR and gs68. The high CTD group had significantly higher mean TR (41% and 76%) and mean gs68 (46% and 86%) than the low CTD group in the two experiments. The above-identified high CTD and high gs4 genotypes YRF210 and Lemont_(Y2) had consistently high mean A, TR, and gs68 and low WUEi across the two experiments. Hence, the selection of high CTD showed consistency in maintaining higher gs, higher A, and higher TR in different water availabilities.


Table 2 | Mean of the high and low canopy temperature depression (CTD, °C) group mean, overall mean, selected individual genotypes’ value, and heritability (H2) of genotypes for CTD, stomatal conductance measured by AP4 (gs4, mmol m−2 s−1), photosynthetic rate (A, µmol m−2 s−1), transpiration rate (TR, mmol m−2 s−1), stomatal conductance measured by LI-6800 (gs68, mmol m−2 s−1), and intrinsic water use efficiency (WUEi, μmol mol−1) in the well-watered (WW21) and intermittent water deficit (IWD21) year 2 experiments (ns, not significant; **,P < 0.01).






3.5 Grain yield and yield component traits in year 2

There was significant genotypic variation in GY and yield components in year 2 (Table 3; Supplementary Table 2). The mean GY was 9.09 t ha−1 in WW21, with most genotypes achieving between 7 and 11 t ha−1. Compared with WW21, there was a 31% reduction in mean GY in IWD21. There was a significant difference in the mean GY between the high and low CTD groups, with the GY of the high CTD group being 17% and 29% higher than the low CTD group in WW21 and IWD21, respectively. WW21 had a higher grain number m−2 and HI than IWD21. There were also significant group differences between the high and low CTD groups for grain number m−2 with 25% and 35% increases in the high compared with the low CTD group in WW21 and IWD21, respectively. There were significant group differences for HI between the high and low CTD groups in WW21 but not in IWD21. Averaged across the two experiments, the Australian standard genotype Sherpa achieved the highest GY at 10.83 t ha−1, while the previously reported high GY genotype Takanari achieved 9.50 t ha−1. Lemont_(Y2) and YRF210, identified earlier to achieve high CTD and high gs, produced high GY at 9.69 and 9.99 t ha−1 averaged across the two experiments.


Table 3 | Mean of the high and low canopy temperature depression (CTD, °C) group mean, overall mean, selected individual genotypes’ value, and heritability (H2) of genotypes for grain yield (GY, t ha−1), harvest index (HI), and grain number m−2 (GNM) in the well-watered (WW21) and intermittent water deficit (IWD21) year 2 experiments (ns, not significant; *P < 0.05; **P < 0.01).






3.6 Factors determining grain yield in year 2

According to Figure 4, the first and second principal components explained the variance of 51.8% and 15.0%, respectively. The figure showed the consistency of CTD, gs4, GY, HI, and grain number m−2 among the two experiments. The high CTD group clustered together with high gs4, high GY, high HI, and high grain number m−2.




Figure 4 | Principal component analysis (PCA) of canopy temperature depression (CTD), stomatal conductance measured by AP4 (gs4), grain yield (GY), harvest index (HI), and grain number m−2 (GNM) in the well-watered (WW21) and intermittent water deficit (IWD21) experiments of 38 genotypes (individual genotypes are represented in different colors: green, high CTD genotype; orange, low CTD genotype; black, check genotype).



In the two experiments in year 2, gs4 was highly significantly correlated with CTD (r = −0.69** and −0.70**, Table 4). There was a significant and moderate correlation between gs4 in relation to GY and grain number m−2 in the two experiments. There was also a significant correlation between CTD in relation to GY and grain number m−2 in the two experiments. There was an interesting trend that there was no significant correlation between HI in relation to gs4 and CTD in WW21, while the correlation was significant in IWD21. The A, TR, and gs68 of the 15 genotypes were negatively correlated with CTD and positively correlated with gs4. GY was significantly positively correlated with A in the two experiments (r = 0.53* and 0.56*). HI was significantly correlated with A, TR, and gs68 in IWD21, while the correlation was not significant in WW21. Most of the correlations between DTH, plant height, and other yield component traits in relation to CTD and gs4 in 38 genotypes or gas exchange parameters in 15 genotypes were not significant in year 2 (data not shown). In summary, by evaluating the relationship between yield components and physiological traits, higher gs4 could promote cooler canopy temperature and higher A and TR and thus achieve the higher GY by improving the HI and grain number m−2.


Table 4 | The correlation coefficient between grain yield (GY), mean canopy temperature depression (CTD), mean stomatal conductance measured by AP4 (gs4), harvest index (HI), and grain number m−2 (GNM) of 38 genotypes and the correlation coefficient between the mean photosynthetic rate (A), transpiration rate (TR), and stomatal conductance measured by LI-6800 (gs68) in relation to CTD, gs4, GY, HI, and GNM of 15 genotypes in the well-watered (WW21) and intermittent water deficit (IWD21) experiments (ns, not significant; *P < 0.05; **P < 0.01).







4 Discussion



4.1 Grain yield in aerobic conditions

In the current study, the average GY achieved in WW21 was 9.09 t ha−1, and a high GY was also achieved in WW20 at 8.57 t ha−1 in the subset. This result was congruent with the findings of Kato et al. (2009) who found a high mean GY of approximately 7.5 to 9.4 t ha−1 using sprinkler irrigation. The average Australian industry rice grain yield under flooded conditions for 2021–2022 was 9.8 t ha−1 (ABARES), and the GY achieved in the current well-watered aerobic conditions was only approximately 1 t ha−1 lower. Compared with the GY in WW21 in year 2, the mean of 38 genotypes decreased by 31% in IWD21. The reduction in GY was mainly due to less cumulative water input and water deficit developed during the pre-heading period in IWD21. The Australian standard genotype Sherpa had GY higher than 10 t ha−1 in the current aerobic experiments, which was similar to the 5-year grower average yields (10.3 t ha−1) under flooded conditions according to the Sherpa Growing Guide by NSW DPI (Dunn, 2020). Takanari achieved GY of 8.05 and 10.96 t ha−1 in the two experiments in year 2, which is similar to that established by Kato and Katsura (2014) with the GY of Takanari from 9.2 to 11.4 t ha−1 in aerobic conditions. The findings of the current study have highlighted that there is potential for aerobic rice production with relatively high grain yield achieved despite non-flooded conditions.




4.2 Importance of CTD in determining grain yield compared with other characteristics in a diversity set

In WW20, when evaluating a japonica rice diversity set of 241 genotypes, it was found that CTD explained 19% of the variation in GY. Additional traits that contributed to GY such as plant height and lodging score in the current aerobic conditions were also reported in other studies (Hitaka, 1969; Sakamoto and Matsuoka, 2004; Lafitte et al., 2007). The quadratic relationship between DTH and GY indicated that the optimal time for heading was between 80 and 110 days after sowing in the current study. Leaf death was only observed after a heat stress event, and genotypes with warmer canopy temperatures were more likely to have leaf death with a correlation coefficient of 0.48** between CTD and leaf death score. LDS was negatively correlated with GY in the diversity set. Lower canopy temperature has been found to enhance the ability to have lower panicle temperature and higher spikelet fertility under heat stress conditions in rice (Yan et al., 2012). Compared with other traits, CTD was found to have a similar strength correlation coefficient with GY. It should be noted that the diversity set consisted of genotypes with large variations in height and DTH. In the current aerobic environment to maximize GY, genotypes with short to medium duration and shorter plant height are required. Therefore, a subset of lines was utilized in year 2, to minimize the confounding effect of plant height and DTH on the evaluation of the effect of CTD when grown under two relatively high-water availability aerobic conditions.




4.3 The effect of the selection of contrasting CTD on grain yield and gas exchange parameters

Within narrower days to heading and plant height range and by selecting genotypes from the diversity set with the highest and lowest CTD in year 2, the high CTD group resulted in significantly higher GY and grain number m−2 compared with the low CTD in the two experiments. This finding indicated the importance of CTD in contributing to high GY in different aerobic conditions. Previously, CTD was found to be an important factor that contributed to GY in rice under more stressed conditions compared with flooded conditions. Melandri et al. (2019) found that canopy temperature was negatively correlated with GY (r = −0.48**) in 293 rice indica genotypes under drought conditions, while the correlation was weaker under flooded conditions (r = 0.20**). In the study of Torres and Henry (2018), the canopy temperature at flowering was significantly correlated with grain yield (r = 0.74**) in the dry season utilizing 11 rice genotypes, while no significant correlation was found in the wet seasons. This current study has identified the significant yield advantages conferred by higher CTD in the aerobic experiments, and this was for the first time reported in high-yielding aerobic production systems.

The yield advantages conferred by high CTD were related to the concomitant benefits on the gas exchange parameters. CTD group performance for low and high CTD was consistent across the experiments in the study. Also, for the gas exchange parameters examined in year 2, the gs4 of the high CTD group was significantly higher than that of the low CTD group in the two experiments, and furthermore, the high CTD group was associated with greater A and TR. The relationship between CTD and gas exchange parameters in rice was previously reported utilizing a limited number of genotypes (Takai et al., 2010; Gao et al., 2015). In the current experiments with 38 genotypes, gs4 was positively correlated with A, GY, and grain number m−2. These results suggest that higher gs and cooler canopy temperature are advantageous for aerobic rice production, leading to higher A and grain yield. To our knowledge, this is the first study to report that the selection of genotypes based on contrasting CTD would identify genotypes that consistently maintain significant group differences in gs which translated to higher A and GY in aerobic rice production. Furthermore, in the high CTD group, several genotypes such as YRF210 and Lemont_(Y2) achieved high GY in all experiments, and they were also able to maintain high CTD and gs4. Compared with the well-known high gs and GY genotype Takanari, YRF210 and Lemont_(Y2) showed similar and higher performance in gs and GY in the aerobic conditions. The two promising genotypes YRF210 and Lemont_(Y2) have entered into the breeding program as donors for aerobic adaptation.





5 Conclusion

In conclusion, significant genotypic variation existed for GY within a japonica diversity set when grown under aerobic conditions. CTD was considered an important characteristic in which the correlation coefficient with GY (r = −0.43**) was similar to that of plant height, lodging, and leaf death (r = −0.38** to −0.47**). The selection for higher CTD resulted in genotypes that maintained higher gs and higher A and thus resulted in higher GY under different water availabilities. Promising donors with high GY, cooler canopy temperature, and high gs were identified from this study and have been subsequently incorporated into the breeding program. The selection of genotypes with high CTD and high gs could be used in rice breeding programs to achieve improvement in adaptation to aerobic production.
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Among seed attributes, weight is one of the main factors determining the soybean harvest index. Recently, the focus of soybean breeding has shifted to improving seed size and weight for crop optimization in terms of seed and oil yield. With recent technological advancements, there is an increasing application of imaging sensors that provide simple, real-time, non-destructive, and inexpensive image data for rapid image-based prediction of seed traits in plant breeding programs. The present work is related to digital image analysis of seed traits for the prediction of hundred-seed weight (HSW) in soybean. The image-based seed architectural traits (i-traits) measured were area size (AS), perimeter length (PL), length (L), width (W), length-to-width ratio (LWR), intersection of length and width (IS), seed circularity (CS), and distance between IS and CG (DS). The phenotypic investigation revealed significant genetic variability among 164 soybean genotypes for both i-traits and manually measured seed weight. Seven popular machine learning (ML) algorithms, namely Simple Linear Regression (SLR), Multiple Linear Regression (MLR), Random Forest (RF), Support Vector Regression (SVR), LASSO Regression (LR), Ridge Regression (RR), and Elastic Net Regression (EN), were used to create models that can predict the weight of soybean seeds based on the image-based novel features derived from the Red-Green-Blue (RGB)/visual image. Among the models, random forest and multiple linear regression models that use multiple explanatory variables related to seed size traits (AS, L, W, and DS) were identified as the best models for predicting seed weight with the highest prediction accuracy (coefficient of determination, R2=0.98 and 0.94, respectively) and the lowest prediction error, i.e., root mean square error (RMSE) and mean absolute error (MAE). Finally, principal components analysis (PCA) and a hierarchical clustering approach were used to identify IC538070 as a superior genotype with a larger seed size and weight. The identified donors/traits can potentially be used in soybean improvement programs
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Background

Soybean (Glycine max (L.) Merr.) is an important oilseed and food crop consumed worldwide. The seeds are protein-rich (40%), thereby making them a key crop for global food and nutrition security (Rajendran and Lal, 2020; Rajendran et al., 2022). It provides a good amount of essential amino acids, macronutrients, micronutrients, and minerals (Garda et al., 2020). Approximately two-thirds of the world’s protein concentrate requirements for livestock feed and 25% of global edible oil consumption are met by soybeans. The top producers of soybean include the USA, Brazil, and Argentina (referred to as the “Big 3”), while in India it is grown in the Kharif season and mainly produced in Madhya Pradesh, Maharashtra, Rajasthan, Karnataka, Andhra Pradesh, and Chhattisgarh (Agarwal et al., 2013; Siamabele, 2021). Global soybean productivity has increased from 265,088,429 metric tons in 2010 to 333,671,692 metric tons in 2019, while in India it has increased from 12,736,000 metric tons in 2010 to 13,267,520 metric tons in 2019 (FAOSTAT, 2019). Also, about 10.5 million metric tons of soybean oil are being consumed globally (SoyStats, 2020). In turn, breeding efforts are required to improve the status of soybean productivity for economically important traits such as seed shape and weight (Kumar et al., 2023). Soybeans are widely used in various traditional and modern preparations, such as soy paste, soy milk, miso, tofu, and natto, in addition to soybean meal (Medic et al., 2014). Soybean harbors a wide variety of compounds with therapeutic roles, such as storage proteins used to treat hypocholesterolemia and chronic kidney diseases. In addition, trypsin inhibitors and lectins have anti-cancer properties, and soy compounds and iso-flavonoids can act against angiotensin-converting enzymes along with other constituents and provide scope for crop improvement (Medic et al., 2014; Ramlal et al., 2022a; Ramlal et al., 2022b; Ramlal et al., 2022c; Ramlal et al., 2023a). Soybean is a major legume consumed by both humans and livestock (Rajendran et al., 2023). Another important aspect of soybean, when genetically modified, is its herbicide tolerance, which has revolutionized production and reduced the use of pesticides (Nandula, 2019). It is also used in sealing agents and adhesives, biofuel production, pharmaceuticals, and the food industry (Lee et al., 2007). Soybean is also involved in several marker-based breeding programs to confer disease and pest resistance and to improve economically important traits (seed composition and oil quality) (Lee et al., 2007). It has immense application in the development of haploids and doubled haploids (Ramlal et al., 2023b).




Image-based phenotyping for crop improvement

As the global demand for soybean is increasing rapidly, there is a critical need for improving soybean through breeding approaches for higher yield, enhancement of nutritional quality, and resistance to biotic and abiotic stresses. In modern breeding programs, precision phenotyping (measurement) of morpho-physiological traits along with genotyping data are considered essential inputs. Current phenotyping strategies in plant breeding have been revolutionized by advances in high-throughput phenotyping platforms that encompass imaging sensors and perform automated image acquisition, processing, and techniques for effective big data analysis, especially for the identification of superior donor genotypes and crop improvement (Das Choudhury et al., 2019; Niazian and Niedbała, 2020; Omari et al., 2020; Yoosefzadeh-Najafabadi et al., 2021). Image-based phenotyping is considered to be the most powerful tool, enabling researchers to study various plant traits at the phenome scale at multiple spatiotemporal and spectral resolutions. Due to the affordable cost of sensors and lower technical complexity, visual (RGB) sensors are mostly preferred for predicting various phenotypic traits, such as leaf area (projected shoot area), biomass (Lati et al., 2013; Parent et al., 2015; Nyalala et al., 2019), senescence (Cai et al., 2016; Wallis et al., 2022), nitrogen use efficiency in wheat (Nguyen et al., 2019), leaf area index measurement in boreal conifers (Fernandes et al., 2004), leaf chlorophyll estimation (Barman and Choudhury, 2020), nutrient uptake (Ball et al., 2020) and grain yield in corn and wheat (Gracia-Romero et al., 2019; Bekkering et al., 2020; Khaki et al., 2020, 2021; Korohou et al., 2020). Similarly, these sensors can predict growth responses to various abiotic stresses like high temperature (Grieder et al., 2015) in wheat, salinity tolerance in rice (Hairmansis et al., 2014), drought stress (Briglia et al., 2020) in grapevine, combined drought and heat in wheat (Abdelhakim et al., 2021), and disease severity of Ascochyta blight in chickpea (Zhang et al., 2019).





Targeting yield attributes for improving crop productivity

Conventionally, in-plant traits such as biomass, number of tillers or nodes, number of inflorescences or flowers per node, and number of pods per plant are recorded to estimate soybean production performance. Post-harvest seed parameters, such as the number of seeds per pod, number of grains per plant, grain weight per plant, and hundred-seed weight (HSW), are required for the breeding of improved crop varieties with higher productivity. However, most of these phenotyping traits are measured visually through manual counting or low-throughput weighing scales. Traditionally, HSW is phenotyped by counting 100 seeds and measuring the fresh weight of a hundred seeds using a weighing scale. Moreover, recording the HSW of a large set of diverse crop germplasm is laborious, costly, and time-consuming, with the risk of manual errors. Recently, image-based phenotyping methodologies [image-based phenotyping in papaya (Santa-Catarina et al., 2018), high-throughput phenotyping methods for salt toxicity in lentil (Dissanayake et al., 2020), and Greenotyper (Tausen et al., 2020)] have been widely adapted to estimate both in-plant and post-harvest seed parameters, which are found to contribute to higher genetic variability to improve the productivity of diverse crops. Prediction of yield estimates from image-based measurements of canopy color (Yuan et al., 2019), number of flowers, number of grains, number of pods per plant (Lu et al., 2022), grain weight, and spike length and width (Misra et al., 2020) have been reported. Similarly, Dell’Aquila et al. (2000) reported the measurement of the area, perimeter, and length of white cabbage seeds to reveal changes in seed physical parameters during imbibition, suggesting the high potential of image analysis in seed biology studies. Digital imaging of seeds has been used to group and classify genotypes based on similarity in several crops, such as carrot (Anouar et al., 2001), ragweed (Sako et al., 2001), lentil (Shahin and Symons, 2003), and flax (Dana and Iva, 2008). Thangavel (2003) with sorghum, Kumar (2003) with lucerne, Shete (2004) with castor, Suma (2005) with sesame, and Venora et al. (2006) with Phaseolus sp. have used image analysis for varietal characterization. Maize tassels have been phenotyped using a tassel image-based phenotyping system for early yield prediction (Gage et al., 2017). However, no one has reported the development of an image-based method to predict the hundred-seed weight of crop plants to accelerate breeding efforts.





Seed weight prediction using image-based seed architectural traits

Imaging and machine learning (ML) models are gaining popularity and importance for the prediction of genotypes to phenotypes that include yield, days to heading, and thousand-seed weight (Crossa et al., 2019; Khaki and Wang, 2019; Grinberg et al., 2020). Models such as random forests (RF), support vector machines (SVM), and artificial neural networks (ANN) can capture the complex interactions between genotype, phenotype, and environment in contrast to earlier methods due to their non-linearity. ML plays therefore a significant role in supporting plant breeding. ML has many applications in classical plant breeding, such as genetic diversity evaluation, yield component analysis, stability analysis, and tolerance to biotic and abiotic stresses, among others (Niazian and Niedbała, 2020), and can also be associated with analysis and prediction using omics data (van Dijk et al., 2021). Associating or predicting plant genotypes with phenotypes requires testing a series of ML algorithms, as each algorithm has its own basic assumptions and biases, and no algorithm provides the best performance for all traits. However, ML models outperform deep learning models in providing interpretive feature selection for soybean trait prediction (Gill et al., 2022).

Seed plays an important role in the life cycle of plants. Breeding new high-yielding soybean cultivars requires genetic variation in seed traits among different soybean cultivars/varieties to select superior genotypes (yield, etc.). However, information on seed morphological traits is poorly understood due to difficulties in data collection and visualization. Moreover, a major research gap is found in the identification of novel seed architectural traits (SAT) associated with the seed mass/weight trait and its genetic variation present in the large population of different soybean genotypes. Nothing has been found on the breeding value of these i-traits for their use in crop improvement. We need to decipher the dynamic relationship of these image-based SAT (i-traits) with seed weight through variance and co-variance analysis. To the best of our knowledge, this is the first study to report on image-based SAT data to identify superior donors for improving seed weight traits in soybean. The present study focuses on the development of an image-based methodology to predict the hundred-seed weight of soybean genotypes and discover superior donor genotypes with contrasting seed sizes and/or weight traits. This image-based methodology can potentially be applied to other major field crops to breed better varieties with improved traits to increase productivity.






Materials and methods




Plant materials

Seed architectural traits were measured from 164 different soybean accessions (including germplasm, cultivars, indigenous landraces, exotic lines, etc.; Supplementary Table 1) multiplied at the Soybean Genetics Unit of the Indian Agricultural Research Institute (IARI), New Delhi, India, in 2019. The freshly harvested seeds were stored in desiccators, and seed moisture content was estimated using oven-drying and gravimetric methods at different time points. Genotypes were chosen based on seed moisture content (~14%) and genotypic variation in pedigree, flower color, days to flowering, maturity duration, biomass, seed coat color, and seed yield per row. A total of 100 uniform seeds were selected from the harvested seed lot, and imaging scanners were used for phenotyping and deciphering the relationship between SAT and seed weight.





Data acquisition




Image scanning setup and simultaneous accession weighing




Image scanning setup

SATs were derived from images acquired by scanning three replications of 100 seeds from each soybean accession. Protocols described by Tanabata et al. (2012) were used for sample preparation and scanning. Seeds were arranged in a 10×10 row and column matrix on the flatbed scanning surface of the HP LaserJet scanner (model: HP LaserJetPro MFP M126nw; software version 15.0.15311.1315, released in 2021), as depicted in Figure 1. RGB images were captured in.jpeg format at 600 dpi with a scan area of 1024 × 1024 pixels. A 15 cm ruler was placed just to the side of the seeds during image acquisition and used as a ruler for calculating the pixel size and area (0.081 mm per pixel). Image acquisition took only a few minutes, allowing us to manually process approximately 492 batches of seeds in 2 weeks. The complete workflow of the current study related to the image-based prediction of seed weight is shown in Figure 1.




Figure 1 | Workflow of soybean seed weight prediction using image-based architectural traits.







Seed weighing

Soon after image acquisition, the hundred-seed weight (HSW) was measured using a precision weighing balance (make: Mettler Toledo, model XPR204S) with up to three decimal places.







Image processing and trait extraction




Image processing

SmartGrain (version 1.2), an open-source image analysis software, was downloaded (http://www.kazusa.or.jp/phenotyping/smartgrain/index.html) for image processing and analysis (Tanabata et al., 2012; Gürsoy, 2019; Leiva et al., 2022). The raw images were loaded into the software, and the developer’s recommended procedure was followed for image segmentation, processing, and data mining.





Trait extraction

The SmartGrain software constructs ellipses on detected grains to identify the total number of grains/seeds and also computes eight different seed architectural traits related to seed size and shape, which include umber of seeds (NS), area size (AS), perimeter length (PL), length (L), width (W), circularity (CS), length-width ratio (LWR), intersection of length and width (IS), center of gravity (CG), and distance between IS and CG (DS) (Figure 1). The description of the traits is length (a distance between two points around the longitudinal axis of an object and expressed in mm), width (measured in the horizontal X-axis/transverse axis and expressed in mm), perimeter length (multiplication of the length, width, and height of the object and expressed in mm), area (multiplication of the length and width of the object and expressed in mm2), and circularity (square root of the ratio of the actual area of the object to the area of a circle with the same circumscribed circle: where A is the actual area of the object, AP is the area of a circle with a diameter equal to the circumscribed diameter (or) length of the object). DS is the distance between IS and CG and represents the shape of the seed.






Data analysis




Data preprocessing




Outlier detection and imputation

Outliers and missing values in the data can influence prediction accuracy. Hence, data obtained from an image-based assessment of selected accessions were first subjected to missing value and outlier detection and imputation using the RStudio program (V: 2022.02.3). A multivariate approach was used to detect outliers, where box plots were generated for the continuous variable and observations outside 1.5 times the interquartile range (the difference between the 75th and 25th quartiles) were considered outliers and imputed with the mean of other replications. 





Data normalization (z-score scaling)

The dataset contained variables with different units from pixel to weight in mg, area in cm2 and length in mm, therefore, to use the complete data frame for statistical analysis, it was imperative to scale it to a single range. We selected a simple feature scaling method, standard z-score (mu), which used variable averaging and standard deviation as factors to normalize all variables close to zero and in the range from -3 to +3. The z-score feature scaling method was selected as it takes into account both the mean value and the variability in a set of raw scores.







Statistical analysis and visualization of results

The pre-processed clean data obtained through image-based assessment of selected accessions were subjected to various statistical analyses, such as descriptive statistics analysis, analysis of variance (one-way), calculation of Tukey’s HSD, broad sense heritability and components of variance (genotypic, phenotypic, and environmental coefficient of variance), coefficient of variance and its components of variance (genotypic, phenotypic, and environmental coefficient of variance) using the variability package (Briglia et al., 2020) in Rstudio.  Psych library (Mohi-Ud-Din et al., 2021) was loaded in Rstudio, and the pairwise panel command was used for visualization of Pearson’s correlation coefficient (r) and plotting frequency distribution. A hierarchical clustering of genotypes was performed to group the similar genotypes into clusters using the hclust command with two complementary methods: the average linkage hierarchical clustering method (ALHCA) and the complete linkage hierarchical clustering method (CLHCA). The members of clusters were compared between the two methods, and a confusion matrix was formed to revalidate the clustering of member genotypes based on image-based seed traits.





Feature selection, identification of superior traits, and donor genotypes




Trait suitability analysis using the variance inflation factor

The multiple independent variables and their relationships with each other greatly influence the prediction accuracy of dependable variables. Hence, trait suitability analysis was performed by estimating the variance inflation factor (VIF) using the library car and the VIF command in Rstudio. The VIF is a measure of the amount of multicollinearity in a set of multiple regression variables. A VIF value greater than 10 was considered to have very high multicollinearity and was removed or reconsidered from further analysis.





Superior image feature (i-trait) selection

Two methods of feature selection were employed. First, principal component analysis (PCA) was used, which is an unsupervised method of feature selection that does not use information about the feature value and target value. The PCA also used normalized data, which requires some kind of transformation before analysis. Hence, we used an additional method called the Boruta algorithm, which used wrapper methodology for the accurate identification of superior image features for seed weight prediction. The PCA was performed in RStudio using the FactoMineR library (Mohi-Ud-Din et al., 2021), and the scree plot was constructed using the fviz_screeplot function. The first two principal components were selected based on the elbow angle of the scree plot. The PCA biplot was constructed with facto extra using the fviz_pca_biplot function. The 10 best image features contributing the most variance to the PC 1 and PC 2 components of PCA were plotted as a bar chart using the fviz_contrib function. Similarly, the 10 best soybean genotypes were selected based on the highest variance contribution to the PC 1 component and plotted as a bar chart. The Boruta function was used in RStudio with raw data set to max run 500. With this method, a subset of features called shadow features was used to train a model. The model developed from the shadow features was used to select the feature based on forward or backward selection elimination. Finally, the features were listed based on their importance, with the highest MaxImp value and decision.





Trait prediction (seed weight as a dependable variable) using ML models

To predict soybean weight based on the extracted feature variables, seven regression models were explored in this study: simple linear regression (SLR), multiple linear regression (MLR), random forest (RF), support vector regression (SVR), lasso regression (LR), ridge regression (RR), and elastic net (EN). The caret (Yuan et al., 2019), mlbench (Elangovan et al., 2023), and glmnet (Singh et al., 2023) packages were used to train the machine learning models in RStudio. To predict soybean seed weight, a dataset comprising seven image-based architectural traits derived from 164 different soybean genotypes was partitioned into (80:20%) a training (131) and a test (33) dataset for validation. All seven regression models were repeated 10 times with cross-validation on the training data using the trcontrol function with the repeated cv method. A linear regression model was constructed using the training dataset, using SW as a dependent variable and all other image features together or separately as independent variables. The lm, rf, and svmLinear2 functions were used to build linear, random forest, and support vector machine models, respectively. The eps regression type was used with the linear kernel type and cost=0.1 for SVM models, and the tuning values were 0.001, 0.01, 0.1, 1, 10, and 100. A ridge regression model was performed using the glmnet package with tunegrid alpha=0, lambda=0.0001, and trcontrol with 10 times validation. A lasso regression was performed using the glmnet package with tunegrid alpha=1, lambda=0.0001, and trcontrol with 10 times validation. An elastic net regression was performed using the glmnet package with tunegrid alpha=0.1, length=10, lambda=0.0001, and trcontrol with 10 times validation. Knn models were performed using the caret, pROC, and mlbench packages with a k value=1:70.






Comparison of ML model performance and the best model for predicting SW

The predict function was used to forecast the SW value of the testing dataset based on a model developed on the training dataset. The coefficient of determination (R2), root mean square error (RMSE), and mean absolute error (MAE) were used as evaluation metrics to quantify the performance of the regression models and to determine how well the model predicts new data and whether the model is too complicated. The cor function was used to estimate Pearson’s correlation coefficient between the predicted SW value and the actual SW value in the testing dataset. The lm function was used to measure the coefficient of determination (R2) between the predicted and actual SW values in the testing data set. The root mean square error (RMSE) was calculated from the square root of the mean estimated from the difference between actual and predicted SW in the training dataset. The mean absolute error (MAE) was calculated from the mean absolute difference between the predicted and actual SW of the training dataset. The ggplot2 package was used to plot the regression model graphs of the predicted and actual datasets.






Results and discussion

The study generated ~ 24.6 GB of high-resolution RGB image data by scanning the seeds of 164 different soybean genotypes. The processed image data included the data matrix array of 1,14,737 data points related to eight SATs (NS, AS, PL, L, W, LWR, CS, and DS) estimated from 100 individual seeds of each of the 164 soybean genotypes. We removed NS from further analysis because it was 100 and common to all of the 164 different genotypes. The data preprocessing efforts identified approximately 763 data points that were either missing or found to be outliers, hence statistically imputed to have a complete data matrix array of 1,15,500 data points for further analysis. Finally, the SAT data collected from 100 seeds of each genotype were pooled, and the mean values were analyzed along with the hundred-seed weight. A very low coefficient of variation (<5%) was found for all SAT collected from 100 individual seeds of each genotype (Supplementary Table 2). This suggested that the 100 seeds selected for imaging have uniform and pooled average values represent the SAT characteristics of each genotype while the descriptive statistics and ANOVA results are presented in Table 1.


Table 1 | The mean and associated standard error ( ± SE), maximum, minimum, least significant differences (LSD0.05), estimated genotypic (S2g), and experimental error (S2e) variance components, among the soybean germplasm accessions.



The ANOVA results showed statistically significant genotypic variation in selected different soybean genotypes for seed architectural traits and hundred-seed weight (P ≤ 0.001). The presence of genetic variability for seed traits such as seed length, width, and weight has been reported using conventional phenotyping methods. Imaging technology has advantages over conventional phenotyping as it records more trait resolution (SA, PL, L, W, LWR, CS, and DS) per unit of data recording time. Kim et al. (2022) demonstrated the use of eight different seed architectural traits to predict seed weight in soybean. In that study, apart from architectural traits, seed coat color was also documented for diversity characterization of germplasm according to UPOV classification. Recently, several pieces of literature reported the variability of seed traits captured using imaging sensors in soybean (Yuan et al., 2019; Baek et al., 2020; Yang et al., 2021; Lu et al., 2022). However, the present work demonstrated the application of imaging sensors to predict SW from SAT, which is an important yield-contributing trait to identify superior donors for breeding better soybean crop plants. Pair's panel matrix analysis clearly showed that all eight SATs data following the normal distribution pattern (Figure 2). Hence, these traits are expected to show polygenic inheritance and be controlled by multiple quantitative trait loci. Genetic variability plays a significant role in plant breeding, and the extent of heterogeneity in germplasm is governed by genetic variation (GV) and phenotypic variation (PV) of traits. For all attributes, the variance component for error (environmental variation) was lower, indicating that selection is useful in breeding these traits (Table 1). Heritability represents the phenotypic variation present in a population that is mainly contributed by genetic variation between individuals in that population. Among the SATs, size-related traits (AS, PL, L, W, and DS) showed very high (>95%) broad sense heritability, along with SW (0.97). The lowest heritability value (0.20) was observed for the shape-related SAT (CS).




Figure 2 | Pair’s panel matrix depicting frequency distribution, regression, and correlation coefficient (r) of eight different SAT measured from 164 soybean genotypes. Correlation coefficient at the significant level of at P<0.05 (*) and P<0.001 (***). Surface area (SA), perimeter length (PL), length (L), width (W), length-to-width ratio (LWR), seed circularity (CS), distance between IS and CG (DS), and hundred-seed weight (SW).






Seed size features determine seed weight

The selected i-traits related to seed size (AS, PL, L, W, and DS) showed a strong and significant positive Pearson correlation coefficient (P<0.001) with SW (Figure 2). These traits can potentially be used for breeding better soybean plants by predicting SW and selecting superior donors for crop improvement. Although seed shape-related traits (LWR represents the ovality of seed shape) showed a very high heritability (0.93) in our population, Pearson’s correlation coefficient showed a significant negative correlation between SW and LWR. Another shape-related trait (CS) showed the lowest broad-sense heritability (0.20) and Pearson’s correlation coefficient (-0.19) with SW. In the case of DS, the highest heritability (1.00) and moderate positive correlation (r=0.35) between SW and DS were recorded. These results clearly showed that the seed shape and size of different soybean genotypes were extremely variable, ranging from round to elliptical. The seeds of most of the cultivars used in this study were oval, with the highest genetic variation towards ovality. However, shape-related traits (neither ovality nor circularity) hardly influence SW. Among the SAT, the highest correlation value (r=0.99) was found between SA and PL. Kim et al. (2022) have reported similar higher positive correlation between the SA and PL. SW was positively correlated with SA, PL, L, W, and DS and negatively correlated with LWR and CS. The PCA bi-plot also showed that seed shape (DS and LWR) and size-related traits (AS, L, W, PL, and DS) were negatively correlated, and the loading vectors were grouped in the opposite diagonal quadrants (Figure 3). The seed size-related traits were identified as a major positive contributor to the variance in PC1 and PC2 components. In contrast, seed shape-related traits were found to be the negative contributors to the PC1 and PC2 components of the biplot. Thus, seed size determines the seed weight more than seed shape traits (Cober et al., 1997; Kim et al., 2022) in soybean.




Figure 3 | Principal component analysis of eight selected SATs with CVs ≥0.3 collected from 164 different soybean genotypes. Clockwise from the top left panel (A) Scree plot depicting the number of informative principal components (2). Top right (B) bi-plot showing the distribution loading vectors and position of each genotype in the PC space; Bottom left (C) panel shows the relationship and importance of the traits among each other; Bottom right (D) the importance of the traits in terms of the highest contribution of variance to the principal component PC1 vs. PC2, representing 84.74% of the variability. Surface area (SA), perimeter length (PL), length (L), width (W), length-to-width ratio (LWR), seed circularity (CS), and distance between IS and CG (DS) and hundred-seed weight (HSW).







Image feature selection and superior trait identification

Trait suitability analysis was performed using variance inflation factor (VIF) analysis. It was used to measure the degree of multicollinearity among the independent variables in multiple regression models. In general, multicollinearity does not reduce the predictive power of multiple regression models, but it does reduce the statistical significance of independent variables. A large VIF (>10) of an independent variable indicates a highly collinear relationship among the independent variables (Supplementary Table 3). Among the traits, the VIF value ranged from 1.47 to 18.90. Very high multicollinearity was observed to exist between AS and PL, 18.90 and 17.21, respectively. Although both AS and PL recorded >10 VIF, AS was selected as suitable for multiple regression model analysis due to its technical advantage over PL. This is because predicting the seed weight based on the mass per pixel has advantages over simple boundary pixel count (PL) estimation, as the latter has a higher probability of overestimating or underestimating and detecting outliers.

Similarly, feature selection is an important step in a data set with many variables and features. Boruta analysis eliminates unimportant variables to improve the accuracy and performance of the model. Boruta adds randomness to the given data set by creating shuffled copies of all features, called shadow features, and determining at every iteration whether a real feature has higher importance than the shadow feature. It simply reduces dimensions and training time. Boruta allows feature selection and ranking based on the Random Forest (RF) algorithm. Seven features recorded by imaging were subjected to Boruta analysis in all features that recorded values for mean, median, and maximum importance and also remained beyond shadowMax (Supplementary Table 4). AS was the best predictor variable with the highest maximum importance (27.94), followed by L (22.15) and DS (20.86), while LWR (4.71) and CS (9.90) were the least important in predicting SW. The Boruta plot clearly showed that all seven SAT features had a higher Z-score than the maximum feature of the shadow feature, and constancy removed unimportant features (Supplementary Figure 1).





PCA biplot

The purpose of the PCA is to obtain a small number of linear combinations of the eight variables that account for most of the variability in the data. The Principal Component Analysis describes the total variation available in the population and the relative distance among the 164 genotypes for each combination of seed traits studied. So, the most informative trait can be selected through dimensionality reduction and data normalization techniques. In this case, two components were extracted, and the inclusion criterion used was that two components had eigenvalues greater than or equal to 1.0 (Supplementary Table 5). This result indicates that the variability of the seed traits studied by imaging soybean seeds is mostly explained by PC1 and PC2 of symmetrical variation. PC1 vs. PC2 accounted for 84.74% of the variability in the loading plots. PCA of the accession-by-trait correlation matrices was performed, and a biplot was generated to allow the clustering of genotypes (Figure 3). The biplot showed both the loadings of each variable (arrows) and the scores of each genotype (numbers). The angles between the arrows show their close association in terms of correlations. The traits AS, L, PL, W, and SW showed a positive association (angles between the directional vectors <90°). The first component (PC1) accounted for 68.11% of the variability and primarily included image-based seed size traits such as PL, SA L, W, DS, and manually recorded SW traits. PC2 accounted for 16.62% of the variation derived from CS, SA, PL, W, and SW. A wider angle of loading variable was found for LWR and SW for both PC1 and PC2 components on a negative slope. This indicated that LWR had a significant negative relationship with soybean hundred-seed weight. The genotypes located closer in the plot showed similar scores on the PCA components and exhibited similar profiles of image traits. All genotypes were distributed in all quadrants and showed no distinct separation. The loading score of the PC1 vs. PC2 plot with the largest PL, SA, L, W, DS, CS, and SW (Supplementary Figure 5) was identified as the number of superior genotypes (Supplementary Table 5). Eight seed traits with CVs ≥0.3 (Table 1) were used for factor analysis using the PCA extraction method. For each trait, the largest variable loading score in PC1 and PC2 is shown in bold. Among the traits, PL, AS, L, W, DS, and SW were identified as the highest variance (>12.5%) contributing variables and were found to be important features in the SAT. CS and LWR are the lowest variance-contributing variables recorded in the population. Kim et al. (2022) reported a similar trend of results.





Comparison and identification of the best prediction model to predict SW

Simple linear regression models were performed with each of the selected independent variables (AS, PL, L, W, LWR, CS, and DS) separately on the dependent variable (SW), and the results are presented in Table 2 and Supplementary Figure 2. The models were trained using 80% of the data (131), and the linear prediction model was tested on 20% of the data (33). The prediction accuracy (R2), Pearson’s correlation coefficient (r), statistical significance (p-value), root mean square error (RMSE), and mean absolute error (MAE) were estimated between the predicted SW (pSW) and the actual seed weight (aSW; ground truth). In both the training dataset (TrD) and the testing dataset (TsD), the results showed a high positive correlation (>0.80) between aSW and pSW using AS, PL, L, and W with a high statistical significance (p>0.001) (Supplementary Figure 3). This showed that seed size-related traits were more informative for predicting seed weight than seed shape factors. Among the dependent variables, AS was found to be the best predictor with the highest coefficient of determination/prediction accuracy (R2 = 0.89) in both TrD and TsD (Supplementary Figure 7). The model equations of LWR, CS, and DS showed weak correlation (<0.50) between aSW and pSW, high RMSE and MAE values (>0.70), and prediction accuracy (R2<0.1). Therefore, it was not found to be suitable for the prediction of SW. Next to AS, PL was identified as the next best predictor, with an accuracy of R2 = 0.82 in TrD and R2 = 0.80 in TsD. Among these two predictor traits, AS was the best choice owing to the lowest RMSE (TrD= 0.39; TsD=0.27) and MAE (TrD=0.32; TsD=0.22) values in both TrD and TsD. Moreover, SW prediction using AS was observed to be more accurate as the RMSE (0.27) and MAE (0.22) values of TsD were significantly lower than TrD (RMSE=0.39; MAE=0.32). Singh et al. (2020) reported that a simple foreground area was found to be the best predictor and has a greater association with seed weight. A similar type of image-based seed weight prediction using seed architectural traits has been reported in rice (Singh et al., 2020), wheat (Sabanci et al., 2016), and forest species (Felix et al., 2021).


Table 2 | Performance indicators of simple linear regression models used to predict SW using selected SATs as independent variables (AS, PL, L, W, LWR, CS, and DS).



Multiple linear regression models were performed with four superior independent variables (AS, L, W, and DS) on the dependent variable (SW), and the results are presented in Supplementary Table 7. Irrespective of the multivariate regression models (MLRM, RF, SVR, Lasso, Ridge, EN, and KNN), the results showed a high positive correlation (>0.90) between aSW and pSW in both the training dataset (TrD) and the testing dataset (TsD) (Figure 3). Among the models, RF was found to be the best model with the highest coefficient of determination/prediction accuracy (R2 = 0.98) in TrD and the lowest RMSE (0.13) and MAE (0.09). Next to RF, the MLRM model was found to be the best model with a high R2 (0.94), low RMSE (0.23), and MAE (0.18). MLRM was found to be the best predictive model for TsD with R2 (0.94), RMSE (0.20), and MAE (0.15). In TsD, RF was the next best predictor with an accuracy of R2 (0.92), RMSE (0.22), and MAE (0.16). The model equations of Lasso, KNN, and EN recorded relatively low predictive accuracy (R2 < 0.1), high RMSE, and MAE values (>0.15), and were therefore found to be unsuitable for predicting SW. Among the predictor models, RF and MLRM stood out as the best choices owing to the highest prediction accuracy, and correlation with the lowest RMSE and MAE values in both TrD and TsD (Figures 4, 5).




Figure 4 | Comparative performance of nine machine learning models (LASSO regression, Least Absolute Shrinkage and Selection Operator; Linear_PL, Linear regression model using PL as the independent variable; KNN, k-nearest neighbors algorithm (k-NN); Elastic net regularization; Linear_AS, Linear regression model using AS the independent variable; MultilinearModel, Multiple linear regression model using seed size factors; i.e., AS, L, W, and DS as the independent variable, Random forest regression, Ridge regression, Support vector regression models.






Figure 5 | Performance of superior machine learning models for predicting seed weight using seed size factors (AS, L, W and DS). Prediction models using (A) RF training dataset, (B) RF testing dataset, (C) MLR training dataset and (D) MLR testing dataset.



Morphology is an important and effective attribute and a useful feature to discriminate objects that vary with mass in image-based crop phenotyping (Khoshroo et al., 2014). Several reports digitally determine the component traits of SAT, namely, area (AS), perimeter length (PL), length (L), width (W), length-width ratio (LWR), circularity (CS), center of gravity (CG), intersection of length and width (IS), and distance between IS and CG (DS), using RGB images (Tanabata et al., 2012). There are many Windows- or Android-based free open-source software products used to measure grain size and shape, such as SmartGrain (Tanabata et al., 2012), GrainScan (Whan et al., 2014), and ImageJ (Abràmoff et al., 2004) for digital phenotyping of SAT. A few paid commercial software products, namely Lemnagrid (LemnaTec scanalyzer 3D), can be utilized to increase the trait resolution of SAT phenotyping. It is very simple and easy to capture the images with scanners to extract seed properties (Tanabata et al., 2012). Although several reports have been published for the non-invasive prediction of whole plant biomass using pixel counts derived from digital images, very little information is available for predicting hundred- or thousand-seed weights of soybean genotypes through SAT.

Recently, Sabanci et al. (2016) used a Logitech c905 webcam camera to acquire still images and accurately predicted wheat seed weight (99.66%) using a simple polynomial regression model. Similarly, Felix et al. (2021) determined the thousand seed weight (TSW) of seeds harvested from 16 different forest tree species using digital image processing through image J software and demonstrated the comparative advantages (60-80% time savings) of image-based phenotyping for counting seed number, weight, and TSW over traditional manual measurement. Singh et al. (2020) used a mobile camera (Apple iPhone) to acquire the RGB images and used six machine learning algorithms in a stacked ensemble model to predict the size and weight of rice kernels using the pixel count derived from the segmented foreground images. In all of the above cases, the prediction accuracy was very high (R2 > 0.95), either because of the smaller sample size or because of the application of powerful machine learning models to predict seed size and weight.

Recently, Lu et al. (2022) used 24 soybean varieties and used deep learning neural network techniques such as generalized regression neural network (GRNN) and You Only Look Once (YOLOv3) algorithms to predict grain yield per plant (with 90.3% prediction accuracy) using leaf number count as an independent variable and pod categorization based on the number of seeds per pod in hidden layers. Similarly, Rajković et al. (2021) used ANN and RFR models to predict six major crop production-oriented traits such as oil content, seed yield, protein content, oil and protein content, thousand seed weight, yield, and quality of rapeseed. They used 40 different soybean genotypes and found RFR models to be the best model (0.88% prediction accuracy) to predict the best year of production and genotype. Yuan et al. (2019) used early-season canopy RGB images to predict soybean yield, maturity, and seed size using 457 dependable variables related to color and texture features. Prediction accuracy was limited to 0.58% for seed size and 0.62% for yield using cubist and random forest regression models. Singh et al. (2020) used stacked ensemble models comprising ANN, RF, SVM, KRR, and KNN for grain size and weight prediction. They found that the normalized pixel area of the rice kernel predicts the single kernel weight with 0.95% accuracy. Smitchger and Weeden (2018) found the ideal seed size for maximum seed yield in pea plants and reported that the seeds with the maximum size had the highest seed weight and harvest index. However, in all these cases, the main focus was on in-field plant traits to predict the soybean seed weight. However, no previous study has reported using seed architectural traits to predict seed weight. This is the first report to predict the hundred-seed weight using multiple image-based seed architectural traits and machine learning algorithms.

Hundred-seed weight is a very important trait that physiologists and breeders measure to record and maintain the pedigree and yield performance of the genotype. Conventionally, automatic seed counters that work on the principle of vibrator and phototransistor sensors are widely used in the seed industry and by scientific organizations for seed counting. Traditionally, 100 seeds were counted either manually or by machine and then weighed manually using a scale to measure HSW. Recently, a company called Elmor combined a grain counting and weighing machine for the determination of the thousand kernel weight. Through the use of this modern machine, there has been a significant reduction in manual labor efforts. However, the time required for counting and weighing remains a major bottleneck in traditional phenotyping methodologies. It is advantageous to have image-based HSW estimation tools for the automatic measurement of HSW and simultaneous measurement of seed weight using seed architectural traits, such as color traits, of each seed. There is a crucial need to enhance the productivity of soybean plants by breeding for uniform, larger seed sizes per plant. This will result in higher yields and facilitate mechanical harvesting. Moreover, the image-based technology has the added advantage of mapping quantitative trait loci (QTL)’s/genes from seed architectural traits estimated using multiple numbers of seeds harvested from a large number of genotypes. Researchers spend much of their productive time counting and weighing the seeds from a large number of different genotypes. Hence, there is a need for faster, automated image-based phenotyping tools for estimating HSW. Generally, seed weight prediction using imaging techniques uses white light-illuminated platforms, and the major bottleneck associated with causing an error is related to the underestimation of closely located overlapping seeds. Placing seeds in a non-overlapping pattern on the scanning platform took more time in our case. In such cases, tools that automatically place seeds through vacuum tube techniques, predict hundred-seed weight based on a lower number of randomly placed seeds, or use accurate image processing techniques that take care of the overlapping seed count or the sequential imaging of seeds using push broom conveyor systems are the basic engineering needs to be met for the invention of automatic HSW machines. Sabanci et al. (2016) used a variable number of 25 to 100 grains of wheat and predicted the seed weight at a 99.66% R2 value, even with a smaller number of seeds. The mass of the seed is determined by its dry matter and moisture content. With the recent advent of RGB and NIR sensors, multi-modal regression algorithms can be developed to predict seed moisture content using the NIR signal and the weight component using the RGB image-derived AS feature. Several smartphone-based Android mobile applications (seed counter and seed counting) are available to estimate various seed architectural traits. This holds promise for the future development of an agronomically user-friendly mobile application that accurately predicts seed weight using SAT. Thus, the enormous labor, time, cost, and space involved in conventional phenotyping can be minimized to hasten the breeding cycle. In this experiment, we demonstrated the image-based methodology to predict the breeder’s best traits of interest (hundred-seed weight) for improving the productivity of soybean genotypes using image-based architectural traits. The contrast donor genotypes were effectively used for bi-parental crossing and mapping of QTLs associated with seed size and weight traits. This methodology can be easily deployed in other major cereal and pulse crops to breed better genotypes with higher productivity.





Donor selection based on superior i-trait and hierarchical clustering analysis

The identification of soybean donor genotypes contrasting in seed size, shape, and weight was the main objective of the current experiment. Among 164 different soybean genotypes, HSW was highest in JS 20-30 (9.24g), DS 9712 (8.81g), JS 93-06 (8.61g), PK564 (8.59g), JS9423 (8.52g) and UPSL-332 (8.54g). In contrast, HSW was lowest in BJJF-8 (4.9g), UPSL-365B (5.24g), M-53 (5.29g), L-768 (5.29g), UPSL-736 (5.33g), UPSL-326 (5.233g) and L-780 (5.38g). The superior i-traits (AS) closely associated with SW were found to be highest in soybean genotypes like JS 20-33 (23.65), JS9423 (22.91), DS9712 (22.56), UPSL-332 (22.41), JS 93-06 (22.23) and PK564 (22.17). Genotypes like BJJF-8 (13.67), L-768 (13.92), L-780 (14.15), UPSL-326 (14.15), UPSL-736 (14.24), and M-53 (14.37) were found to have the lowest SA. These genotypes were also identified to follow a similar trend in the case of size and shape-related traits (PL, L, and W) (Supplementary Table 8). The presentation of the results of Tukey HSD clearly showed that these contrasting soybean genotypes were statistically different and assigned different alphanumeric values with the help of the multcomView function in RStudio. The data on seed size and weight diversity clearly showed that the panel used in this study were mostly indigenous germplasm seeds, and, as reported earlier, the exotic lines (Chinese and Korean) soybean seeds were found to possess larger seed size and weight (Kim et al., 2022).

The divisive hierarchical clustering analysis was performed to arrange all the observations of eight variables collected from 164 genotypes. The clustering started with all observations in one cluster at the top, and then splits were performed recursively as one moved down in a top-to-bottom approach. The hierarchy was performed based on a metric called distance, and a linkage criterion was specified as the pairwise distances of observations in the sets. Two appropriate linkage criteria (ALHCA and CLHCA) were performed using the mean and maximum distance between elements of each cluster (Supplementary Figures 4A, B). The confusion matrix (Table 3) clearly showed that the first and second clusters comprised 66 and 26 genotypes, respectively, that had similar SATs within the cluster based on the distance matrix calculated in both methods of HCA. Similarly, the third and fourth clusters were found to contain 49 and six genotypes with more similar trait combinations, respectively. Out of 164 different soybean genotypes analyzed, 17 genotypes were grouped in the third cluster by CLHCA and in the fourth cluster by ALHCA in the confusion matrix (Table 3). Thus, the HC, or grouping accuracy, of 89.63% was achieved by using all eight different SATs for the identification of donors. Among the clusters, Cluster 1 was the largest, consisting of a large number (66) of genotypes. The list of cluster group members is presented in Supplementary Table 9. The contrast donors for soybean genotypes for seed size and weight were selected from clusters 2 and 4. Kim et al. (2022) reported the genetic diversity of soybean seed weight in the range of 8 to 24 g. In our case, the cluster-wise range and mean values of SW were in the range of 5 to 9 g (Table 3). This showed that the selected set of germplasm is not sufficient to capture the genetic variability for seed size and weight. However, the same methodology can be explored in more technically recognized core germplasm sets. The highest means for both AS and SW were observed in Cluster 4, and the lowest in Cluster 2. It was shown that Cluster 4 included the group of six soybean genotypes with the largest seed size, shape, weight, and superior donors (JS 20-30, DS 9712, JS 93-06, PK 564, JS 9423, and UPSL-332). In contrast, Cluster 2 consisted of a group of 26 soybean genotypes with smaller seed size, shape, and weight traits. Tukey’s HSD test was used to select the best contrast donor genotype from a group of 26 genotypes clustered in Cluster 2 (Supplementary Table 8). Moreover, a moderate to high positive (0.38 to 0.60) relationship was found between AS and SW traits estimated within the cluster groups. Each of the six selected superior (JS 20-30, DS 9712, JS 93-06, PK 564, JS 9423, and UPSL-332) and contrasting soybean genotypes (BJJF-8, UPSL-365B, M-53, L-768, UPSL-736, UPSL-326, and L-780) for seed size, shape, and hundred-seed weight has been utilized in soybean breeding programs and crop improvement.


Table 3 | Confusion matrix for validating the list of cluster members (genotypes) identified by CL and AL hierarchical clustering analysis.








Conclusions

An image processing technique was used to estimate the seed architectural traits and hundred-seed weight of 164 different soybean accessions using a flatbed scanner. The image processing software, SmartGrain, was used to obtain their size, shape, and other seed weight-related features. Precision phenotyping guides breeders in the use of genotyping data for crop improvement. Therefore, breeders require defined information from a large set of accessions or germplasm collections for trait improvement. At present, phenotyping is aided by imaging and machine learning techniques in crop plants, as these can screen more accessions in less time and space for our trait of interest. In the current study, image processing technology was used to extract morphological traits such as surface area, length, width, and perimeter from seeds of soybean accessions to predict the final hundred-seed weight. The strength of the correlation between traits revealed that surface area, perimeter length, seed length, and width were good predictors of hundred-seed weight. Machine learning models were successfully implemented to estimate hundred-seed weight based on superior image-based architectural traits. The highest R2 value with lower bias and error values was obtained with a multivariate regression model in the testing data set. The donor soybean genotype identified with superior seed size, shape, and weight traits can be utilized for soybean crop improvement programs. The same methodology can be used to breed better crop varieties for higher productivity in other plants.
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Grapevines are economically important woody perennial crops widely cultivated for their fruits that are used for making wine, grape juice, raisins, and table grapes. However, grapevine production is constantly facing challenges due to climate change and the prevalence of pests and diseases, causing yield reduction, lower fruit quality, and financial losses. To ease the burden, continuous crop improvement to develop superior grape genotypes with desirable traits is imperative. Polyploidization has emerged as a promising tool to generate genotypes with novel genetic combinations that can confer desirable traits such as enhanced organ size, improved fruit quality, and increased resistance to both biotic and abiotic stresses. While previous studies have shown high polyploid induction rates in Vitis spp., rigorous screening of genotypes among the produced polyploids to identify those exhibiting desired traits remains a major bottleneck. In this perspective, we propose the integration of the genomic selection approach with omics data to predict genotypes with desirable traits among the vast unique individuals generated through polyploidization. This integrated approach can be a powerful tool for accelerating the breeding of grapevines to develop novel and improved grapevine varieties.
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1 Introduction

Grapevines (Vitis spp.) are woody perennial crops belonging to the Vitaceae family. These are extensively cultivated for their fruits, which are used in wine production, along with for grape juice, raisins, and table grapes. The wine industry has a substantial influence on the global economy. Additionally, grapes also contain beneficial compounds, such as resveratrol and flavonoids, which have been shown to have antioxidant, anti-inflammatory, and anti-cancer properties and help prevent chronic diseases (Sabra et al., 2021; Zhou et al., 2022; Cuciniello et al., 2023). Currently, grapevine breeding is facing several environmental challenges such as unforeseen climate change and pervasiveness of diseases and pests (Marín et al., 2021; Töpfer and Trapp, 2022). On the other hand, pests and diseases lead to substantial yield losses and abridged fruit quality. To overcome these challenges, grapevine breeders develop drought-tolerant or disease-resistant varieties. However, producing these varieties via traditional breeding methods can be an extensive, lengthy, and complex process. One possible alternative to these traditional breeding methods can be artificial polyploidization. In the context of grapevine breeding, artificially increasing the number of sets of chromosomes and creating a polyploid can be a promising tool to generate genotypes with novel genetic combinations not present in the parental lines. Polyploidization can confer agronomically desirable traits, such as enhanced organ size, improved fruit quality, and increased resistance to both biotic and abiotic stresses (Touchell et al., 2020; Gantait and Mukherjee, 2021; Beranová et al., 2022; Jin et al., 2022; Bharati et al., 2023). Furthermore, this method offers a range of advantages over traditional breeding techniques, such as rapid production of polyploid individuals, increased genetic diversity, cost-effectiveness, and applicability across a broad spectrum of plant species.

While synthetic polyploidization has proven to be a potent tool in breeding various plants, its full potential in grapevine breeding remains untapped. However, there are some plants such as Anemone sylvestris (Šedivá et al., 2019), Thymus vulgaris (Homaidan Shmeit et al., 2020), and Lycium ruthenicum (Rao et al., 2020), where polyploidation has been used previously. Synthetic polyploidization can quickly generate a high frequency of polyploids, however, it necessitates meticulous genotype screening to screen for desired traits. Genotype screening after polyploidization may be more straightforward for crops with shorter life cycles or those that exhibit early expression of desired traits, such as herbs. However, when it comes to perennial crops like grapevines, this process demands substantial labor and financial investments. This could potentially explain the limited research on screening genotypes with desired agronomic traits, such as increased yield and tolerance to abiotic and biotic stress, after polyploidization in any Vitis species.

The genomic selection (GS) of the produced polyploids can be an interesting option, while predicting the desirable genotypes following the artificial polyploidization. In general, GS involves using genomic information to predict the breeding value of plants and selecting the best individuals with desired traits of interest for further breeding (Newell and Jannink, 2014; Bhat et al., 2016; Crossa et al., 2017). In the context of grapevine breeding, the breeders can easily envisage the genetic potential of an individual polyploid plant for a given trait, bypassing the time-consuming and labor-intensive screening methods. In the current perspective, we will discuss the current state of the polyploidization in the grapevines towards crop improvement. Additionally, we aim to identify the potential of polyploidization and GS integration towards predictive breeding of grapevines. This integrated approach can be a powerful tool for accelerating the breeding of grapevines to develop novel and improved grapevine varieties. This will not only help breeders obtain genotypes with high agronomic value but will also reduce the time, labor, and capital investments that would otherwise become futile if poorly performing genotypes are obtained.




2 Polyploidization in grapevine improvement: current status and limitations

Polyploidization has been used as a tool for crop improvement for many years. To date, this technique has been successfully used in many species to obtain traits such as increased fruit size, enhanced disease resistance, and tolerance to a variety of stresses (Šedivá et al., 2019; Homaidan Shmeit et al., 2020; Rao et al., 2020). Recent studies have focused on inducing polyploids in Vitis through various methods and anti-mitotic agents. In vivo methods, which involve treating the entire plant or a part of a plant, have been attempted for polyploidization in Vitis species, but have remained less effective compared to in vitro methods. For example, in a study by Kara et al. (2018), the use of colchicine treatment in grape genotypes resulted in no tetraploid plants being identified, except for one grape cv (Trakya İlkeren), which showed aneuploidy at a specific concentration of colchicine. Similarly, in another study by (Kara and Doğan, 2022), the application of oryzalin and N2O to cuttings of 41B Chasselas and Fercal (Vitis vinifera L.) rootstocks did not result in the production of any polyploid individuals through in vivo methods. Kara and Yazar (2021) also examined changes in stomata guard cells but found no differences at the ploidy level. More recently, Kara and Doğan (2023) utilized Oryzalin and N2O to treat a total of 1200 plants belonging to two grapevine cultivars, yielding only one tetraploid genotype for each cultivar. These results suggest that in vivo methods for polyploidization in Vitis species are not an effective approach in obtaining high frequency polyploids.

Recent progress with in vitro methods offers a promising avenue for inducing polyploids in many Vitis species. Acanda et al. (2015) found that the in vitro treatment of colchicine at a concentration of 0.2% was most effective for producing tetraploid plantlets in Vitis, with a tetraploid rate of 25%. Xie et al. (2015) also achieved successful polyploidization in Vitis through colchicine treatment, with a polyploid induction rate of 37.78%, when pre-embryogenic calli were used. Additionally, Sinski et al. (2014) found that both colchicine and oryzalin were effective in inducing polyploids in Vitis. Although, oryzalin was found to be more effective than colchicine in polyploid induction efficiency in Vitis spp., ranging between 1.66-10.5% compared to 3.2-5% (Table 1). These recent developments in polyploidization techniques in Vitis species could have significant implications for improving crop yield and quality in viticulture. Interestingly, polyploidization in Vitis species under in vitro conditions without the use of anti-mitotic agents has also been observed. Catalano et al. (2021) regenerated grapevine plants via somatic embryogenesis and observed a 9% tetraploid induction rate, even though no anti-mitotic agents were used to induce polyploidization. The overall findings of the studies suggest that in vitro chromosome doubling could be a viable approach to generate polyploid grapevines with desirable characteristics, which could potentially have significant implications for the grape industry. A list of major attempts to induce polyploids in a number of Vitis species has been summarized in Table 1.


Table 1 | List of major artificial polyploidization attempts in various Vitis Spp.



While the successful induction of polyploids in grapevines has been documented in several studies, only a few have assessed the resulting population for desirable agronomical traits, where these assessments have primarily focused on stomatal and leaf characteristics (Yang et al., 2006; Sinski et al., 2014; Xie et al., 2015; Kara et al., 2018; Kara et al., 2020; Catalano et al., 2021; Kara and Yazar, 2021; Kara and Doğan, 2022; Kara and Yazar, 2022). A study has also delved into epigenetic regulation through DNA methylation, shedding light on how changes in DNA methylation patterns can impact gene expression and phenotypic traits in polyploid grapevine (Xiang et al., 2023). Surprisingly, the essential agronomical traits with economic value, including vigor, yield, berry size, berry color, Brix levels, as well as ripening period, have received minimal attention in this context. One notable exception is the study by Notsuka et al. (2000), which comprehensively evaluated the generated polyploids with a specific emphasis on grape-related traits, recognizing that fruit-related traits require a more substantial investment of time and effort. In this study, the authors explored the potential of in vitro chromosome doubling across 29 diploid, 3 triploid, and 1 tetraploid grape accession of Vitis spp., successfully achieving high polyploid inductions of up to 47%. Subsequent field trials of these polyploids unveiled a diverse range of desirable traits, including vigorous growth, improvements in skin color, and enhanced berry size. However, it is noteworthy that the performance of induced polyploids varied significantly depending on the cultivar. In some cases, the induced polyploids exhibited no significant changes and were akin to the source genotypes. These findings suggest that the strategy of individually subjecting each polyploid to phenotypic screening for desired traits may not be an efficient and economical approach. The uncertainty in phenotypic outcomes highlights the immediate need to enhance our ability to control and refine genotype screening processes post-polyploidization.

With the advent of sequencing technologies, such as genomics, and the discovery of markers associated with genes/QTLs of interest, a more indirect selection and screening method called Marker-assisted selection (MAS) has emerged (Xu and Crouch, 2008; Ben-Ari and Lavi, 2012). MAS offers a promising solution for screening genotypes with desired traits after polyploidization, where specific molecular markers can be utilized to identify genotypes possessing the desired traits. Nonetheless, the presence of complexities, such as genome duplication, can present challenges when developing markers closely linked to the desired traits (Crossa et al., 2017). Moreover, MAS usually relies on a handful of loci with significant effects, which might fail to encompass the complete range of genetic variations accountable for the trait in question (Ben-Ari and Lavi, 2012; Olatoye et al., 2019). The influence of genome duplication further complicates the situation. Therefore, accurately predicting the performance of a polyploid genotype based solely on its molecular markers can be a challenging task.

As compared to MAS, a more promising approach for polyploid screening generated from polyploidization could be GS, which uses genomic information to predict the performance of plants, enabling breeders to select desirable traits more efficiently and accurately (Newell and Jannink, 2014; Bhat et al., 2016). GS has been shown to be more effective than MAS in identifying desirable genotypes due to its enhanced accuracy, reduced reliance on specific markers, incorporation of non-additive effects, and reduced cost and time (Lorenz et al., 2011; Jonas and De Koning, 2013; Crossa et al., 2017). However, the predictive accuracy of the employed model is crucial for the effectiveness of GS, thus, careful selection and optimization of the prediction model are necessary to ensure its effectiveness.




3 Choosing the best individual: omics based genomic selection for polyploid screening

In general, GS includes all the genomics-driven strategies to select the best individuals from a testing population (TE) for breeding. The TE and the training populations (TR) are the key components of any genomic selection process. While TE refers to individuals with only genomic data, TR includes the group of individuals for whom both genomic and phenotypic data are available. In the current context, the individuals generated via polyploidization following genotyping will serve as the TE. Previously, traditional techniques such as PCR-based techniques and single nucleotide polymorphism (SNP) genotyping arrays have been used (Viana et al., 2016; Brault et al., 2021; Brault et al., 2022). However, in recent years, with the significant advancement and reduction in sequencing costs, crop breeders have shifted their focus towards omics-based strategies. The main advantage of multi-omics data in the genomic selection approach is its ability to enhance prediction accuracy by capturing diverse molecular interactions and factors influencing phenotypic traits (Ye et al., 2020; Sen et al., 2023). Although utilization of multi-omics data for GS in grapevine is lacking, transcriptome and metabolome data have been used for GS in maize breeding (Guo et al., 2016; Westhues et al., 2017).

Omics data such as genomics, transcriptomics, and metabolomics can provide valuable as well as novel insights on how to improve the precision of genomic relationship estimation in polyploids. Since the availability of the grapevine genome (initially in 2007 and later re-sequenced in 2019), omics-based studies have been extensively used to study polyploidy and heterozygosity in grapevines (The French–Italian Public Consortium for Grapevine Genome Characterization, 2007; Liang et al., 2019). For example, in a recent study conducted by (Han et al., 2023), the authors used reference genome-based RNA-seq data analysis to identify the probable pathways involved in the freezing response in grapevines. Likewise, a few studies were conducted on grapevine breeding using various omics technologies (Wang et al., 2021; Savoi et al., 2022). In addition to genomics, metabolomics, and transcriptomics, derived and innovative omics (such as epigenomics and epitranscriptomics) can also be used for comprehensive understanding of the complex epigenetic modifications in the induced polyploids. Recently, there has been growing recognition of the important roles of epigenetic regulations and memories in the stress response of crops, including grapevines (Atanassov et al., 2022; Dal Santo et al., 2022; Jia et al., 2023). Epitranscriptomics, which deals with chemical modifications on RNA molecules, is yet to be applied in viticulture. However, there are some instances where epitranscriptomic study has been used for crop improvement (Hou and Wan, 2021). Nevertheless, despite the fact that these omics technologies can provide substantial insights into the molecular functioning of the genes of interest in grapes, they have several disadvantages, such as an inadequate view of biological processes. Crop traits and performance depend on multifaceted interactions between different biological components. Hence, the results obtained from single omics may miss the full system-level understanding required for effective understanding of the novel and influenced traits among the polyploid population. In this scenario, we recommend using more informative multi-omics data to get a comprehensive understanding of the grapevine traits and their genetic basis prior to TE selection. While multi-omics for breeding purposes grapevine are limited, these strategies are extensively used in other plant species such as rice (Sun et al., 2022), and maize (Farooqi et al., 2022). More details concerning the multi-omics in plant breeding can be found in Mahmood et al., 2022. In the context of grapevine breeding, data derived from multi-omics analyses can be used to identify the major genes that might enhance environmental adaptation and aid in the selection of crucial agronomic traits. Inferring the exact link between the genes and the final phenotype might be difficult due to the lack of middle omics (from genomics to phenomics). Integration of genome-wide association studies (GWAS) with other omics (such as metabolomics and transcriptomics) will reduce the variety of candidate genes and aid system analysis of gene function. For instance, GWAS integration with transcriptome-wide association studies (TWAS) can be used to discover expression QTLs (eQTLs) (fine-mapping technique) in the induced polyploid grapevines. This approach can be an excellent option to establish the relationship between transcript abundance and phenotypic variance while simultaneously gaining insights into the regulatory functions of genetic variations responsible for phenotypic changes. Earlier, the GWAS-TWAS integrative approach was used in rice (Anacleto et al., 2019; Mahmood et al., 2022) and cotton (Li et al., 2020; Mahmood et al., 2022). Combined GWAS and metabolome-wide association studies (MWAS) can simultaneously screen a vast number of grapevine accessions for possible associations between their genomes and diverse metabolites. This collaborative approach will offer significant insights into the genetic basis of complex traits and the level of metabolic diversity within the population. Furthermore, the integration of the eQTLs and metabolite quantitative trait loci (mQTLs) can also complement GWAS while predicting the phenotypic outcomes of the induced polyploid genotypes. This integration contemplates the variations in mRNA expression and metabolite production and will provide novel insights into the eventual performance of the produced varieties in a comparatively short time period, which otherwise would be time-consuming. The multi-omics datasets can be integrated via correlation-based integration, network-based integration, and pathway-based integration. In the context of multi-omics data integration, correlation-based methods aim to identify patterns of co-expression across different omics datasets, whereas network-based integration focuses on creating biological networks representing various interactions between biomolecules, followed by the integration of omics data onto these networks. The pathway-based integration method focuses on mapping the omics data onto predefined biological pathways. Even though these methods have their own advantages and disadvantages, in practice, the choice of the appropriate method depends on the research question and the availability of data. Often, a combination of these methods can be used for a more comprehensive understanding at the organismal level. More details on systematic multi-omics data integration approaches can be found in Fabres et al., 2017 and Jamil et al., 2020.

The genotyping of the TR population is followed by its phenotyping. To ensure accurate phenotyping, it’s important to carefully design experiments and select appropriate traits to measure. Selection of traits and prioritization should be relevant to the goals of crop improvement, such as yield, disease resistance, drought tolerance, or nutritional quality. The previous GS studies on grapevines assessed various traits related to agronomical characteristics, drought tolerance, and yield components. These studies aimed to enhance understanding of these traits’ genetic architecture and identify molecular markers associated with their variation (Viana et al., 2016). Although data complexity increases, including more traits might provide a broader representation of phenotypic variation, allowing for a more comprehensive assessment of an individual’s genetic potential. For instance, (Flutre et al., 2022) phenotyped 279 Vitis vinifera training cultivars and assessed a total of 127 traits. Additionally, they also combined several other traits, making a total of 152. Despite using an extensive dataset, the study achieved high prediction accuracy for 50% of the response variables. Once phenotypic and genotypic data have been obtained from the TR population, they can be employed to construct prediction models, using phenotype as the response and genotype as the predictor. To date, several parametric models such as genomic best linear unbiased prediction (GBLUP), Bayesian regression-based methods (like BayesA), sparse linear mixed model methods (like BayesB), and Bayesian least absolute shrinkage and selection operator (BLASSO) methods (like BayesC) have been developed for GS. These models address different challenges and offer unique advantages. For a comprehensive understanding of these statistical models, one can refer to Budhlakoti et al. (2022). Previous GS studies in grapevines compared different prediction models and evaluated their performance. For example, Flutre et al. (2022) compared two multi-SNP models and determined that the dense RRBLUP/GBLUP model was a relevant default, while the sparse varbvs model achieved higher accuracy for traits closer to genetic variation. Brault et al. (2022) used Ridge Regression (RR) and LASSO models and found that predictive ability varied depending on the scenario and trait. In the current context, BLASSO could be an appropriate option as it provides a probabilistic framework that can accommodate uncertainty in variable selection, making it useful when dealing with multiple omics layers where interactions may be complex. Although it is important to note that each model has its strengths and weaknesses, the selection of a suitable model depends on specific objectives, genetic architecture, and available data. Comparisons and evaluations of different models are often recommended for optimal performance in GS. Following the model’s development, the next step is to select and validate the model. After a prediction model has been prepared and validated, it can be used to predict the Genomic Estimated Breeding Values (GEBVs) of individuals in the breeding population. The GEBVs can then be used as a parameter to rank individuals in the breeding population according to their predicted genetic merit for the trait of interest. Figure 1 describes the potential screening of elite genotypes through omics-integrated genomic selection in a polyploid population generated via in vitro polyploidization.




Figure 1 | Flow diagram illustrating potential elite genotype screening via omics integrated genomic selection among polyploid population generated through in vitro polyploidization. The diagram depicts the various phases involved in genomic selection. By utilizing genotypic and phenotypic data acquired from the training population, the genomic selection models can be optimized, enabling the estimation of breeding values for superior genotypes.






4 Current challenges and the way forward

Artificial polyploidization in grapevines presents a bottleneck in plant breeding, but the use of GS for genotype screening following polyploidization offers a promising approach to address this issue. Although, for successful prediction of elite polyploid genotypes, it is crucial to consider the potential shortcomings to avoid or address them. Genotyping the produced grape polyploids via omics-based GS can introduce unique challenges, such as integration of the multi-omics data along with their proper management and interpretation and functional annotation and biological relevance of omics markers. Multi-omics datasets, which are often produced using diverse technologies and platforms, lead to data heterogeneity, besides producing a high-dimensional and complex data landscape. Hence, despite being informative and precise, the volume and complexity of the data make its management difficult, which might require dedicated tools and algorithms which are competent of handling the dimensionality and complexity of multi-omics data. In addition to these, multi-omics datasets usually contain a large number of variables and features, which complicates the downstream analyses. Besides data complexity, we also recommend focusing on reference genome availability and trait-marker associations. Alongside reference genome availability, detection of the biologically significant links between omics markers and complex traits in polyploids can also be intricate.

Synthetic polyploids are known to have better adaptability to a wide range of environments compared to their diploid counterparts. However, it is important to assess the Genotype × Environment (G×E) interactions, as they can greatly influence the predictive potential of GS (Mulder, 2016; Jarquín et al., 2017). Additionally, G×E is particularly relevant in crops such as grapevines, which are highly sensitive to environmental factors that could influence both the quantitative and qualitative characteristics of the crop (Dinu et al., 2021; Dal Santo et al., 2022). Another potential challenge is that, while traditional models show success in prediction, they often overlook vital non-additive effects like genomic imprinting and epistasis, impacting prediction accuracy (Jackson and Chen, 2010; Endelman et al., 2018; Varona et al., 2018; Hunt et al., 2020). Artificially induced polyploids exhibit substantial non-additive effects on phenotype, particularly notable in grapevines propagated by cutting and grafting, influencing traits and stress responses (Tan et al., 2023). Understanding and utilizing these additive effects is crucial for effective genomic prediction in grapevine breeding. For that, machine learning models like random forests, support vector machines, and deep neural networks could be instrumental due to their ability to capture complex marker-trait relationships, select markers, and handle noise (Heslot et al., 2014; Crossa et al., 2017; Wang et al., 2018; Van Dijk et al., 2021). Despite several challenges, integrated polyploidization and GS strategy could be an excellent option for grapevine breeding. An updated and detailed understanding of the associated challenges will be the main key. Active collaboration between the experts in genomics, bioinformatics, statistical genetics, and grape breeding along with innovations in technology as well as data analysis methods will definitely enable us to overcome these impediments and leverage the full potential of omics-based GS in grape polyploids.
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Planting densities and nitrogen fertilizer application rates determine the yield of crops. Tartary buckwheat is a pseudocereal crop with great health care and development values. However, little is known about application of nitrogen fertilizer and planting density on the physiological characteristics of Tartary buckwheat. This study aims to clarify the effect of planting density on the senescence and yield of Tartary buckwheat under low nitrogen conditions. A 2-year field experiment was conducted on Tartary buckwheat (Jinqiao 2) to study the effects of different planting densities (8 × 105, 10 × 105, 12 × 105, 14 × 105, and 16 × 105 plants·ha−1) on the root morphology and activity, chlorophyll and malondialdehyde (MDA) contents, antioxidant enzyme activity, photosynthetic characteristics, agronomic traits, and yield of Tartary buckwheat in the absence of nitrogen fertilizer treatment. With the increase in planting density, the root morphological indices and activities; chlorophyll a, chlorophyll b, and carotenoid contents; superoxide dismutase and peroxidase activities; net photosynthetic rate; transpiration rate; intercellular CO2 concentration and transpiration rate; main stem node, branch, and leaf numbers; grain number and weight per plant; and 1000-grain weight of Jinqiao 2 decreased continuously, whereas plant height and leaf MDA content increased continuously. The yield of Tartary buckwheat first increased and then decreased with the increase in planting density. The yield under 14 × 105 plants·ha−1 treatment increased by 68.61%, 44.82%, 11.00%, and 22.36%, respectively, relative to that under 8 × 105, 10 × 105, 12 × 105, and 16 × 105 plants·ha−1treatments. In summary, planting at an appropriately high density (14 × 105 plants·ha−1) can promote the increase in the yield of Tartary buckwheat populations under low nitrogen conditions and is recommended for use in production to achieve the high-yielding and nitrogen saving cultivation of Tartary buckwheat. This research can serve as a theoretical basis to jointly achieve the high yield and nitrogen saving of Tartary buckwheat.
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1 Introduction

Buckwheat (Fagopyrum) is a member of genus Fagopyrum Mill. It has three main cultivated species, namely, common buckwheat (Fagopyrum esculentum Moench), Tartary buckwheat (Fagopyrum tataricum Gaertn), and golden buckwheat (Fagopyrum cymosum) (Zhang et al., 2023a). China is the origin of buckwheat and has a long history of buckwheat cultivation (Zhang et al., 2021a). Tartary buckwheat is rich in flavonoids (rutin and quercetin), D-chiral inositol, and active polysaccharides and thus has health care value. It can reduce blood lipid and glucose levels and decrease and alleviate the occurrence of scurvy, cancer, and other major diseases (Steadman et al., 2001; Wang Y. et al., 2020). It is a food crop with great health care and development values. However, in China, the low yield of Tartary buckwheat seriously restricts the development of the Tartary buckwheat industry (Zhou et al., 2023).

Planting densities and nitrogen fertilizer application rates determine the growth and yield formation of crops (Zhu et al., 2023). Studies have shown that the population leaf area and dry matter accumulation of crops increased with the increase in planting density within a certain range. However, with the further increase in planting density, individual development deteriorated and population photosynthetic capacity decreased due to the competition for nutrients, water, light, and other resources among crop individuals, resulting in a decrease in final yield (Hecht et al., 2019). Therefore, planting at a reasonably high density can improve crop canopy light transmittance and increase photosynthetic effective area; these effects are conducive to the increase in yield (Chong et al., 2023). The application of nitrogen fertilizer is closely related to the formation of crop yield. However, high rates of nitrogen fertilizer application in actual production lead to a decrease in nitrogen fertilizer utilization rates and output ratios due to the one-sided emphasis that farmers place on the promotion of yield by using nitrogen fertilizer. At the same time, the ecological environment is seriously polluted due to the excessive application of nitrogen fertilizer (Ju et al., 2006; Zhang et al., 2013; Wang et al., 2016). This phenomenon is particularly common in the cultivation of Tartary buckwheat (Zhou et al., 2023). Therefore, coordinating the relationship among planting density, nitrogen fertilizer application rate, and crop yield is an important guarantee for achieving high and stable crop yields, improving crop production efficiency, and achieving safe production (Leskovsek et al., 2012).

In recent years, many scholars have conducted systematic relevant research on the above topics. Wang F. D. et al. (2020) found that for rape–early rice–late rice, increased planting density with reduced nitrogen application could meet nitrogen demand during growth, ensure normal growth, and considerably improve the utilization rate of nitrogen fertilizer to achieve or even slightly increase the yield of conventional cultivation. Deng et al. (2020) also found that high planting density with low nitrogen application could improve the morphology and distribution of rice roots and increase grain yield. Some scholars have performed related research on buckwheat. Fan et al. (2018) discovered that under treatment with an appropriate amount of nitrogen fertilizer, an excessively high or low planting density affected the yield of common buckwheat. Xiang et al. (2016) found that under the appropriate nitrogen fertilizer treatment, the yield of Tartary buckwheat increased first and then decreased with the increase in planting density. Our previous study demonstrated that compared with the Tartary buckwheat yield obtained at the conventional planting density of 10 × 105 plants·ha−1 and nitrogen fertilizer dosage of 135 kg·ha−1 in Guizhou Province, that obtained with an appropriate reduction in nitrogen application (by 20%, that is, 108·ha−1) and increase in planting density (by 20%, that is, 12 × 105 plants·ha−1) had increased by 17.39% (Zhang et al., 2021b). To date, a large number of studies with nitrogen fertilizer and planting density have focused on the yield of buckwheat. However, little is known about application of nitrogen fertilizer and planting density on the physiological characteristics of buckwheat. Given that Tartary buckwheat has a low fertilizer demand (Zhou et al., 2023), we hypothesized that replacing the application of nitrogen fertilizer with increased planting density may affect the formation of final yield by regulating the root and shoot growth, leaf photosynthetic capacity, and senescence of Tartary buckwheat. However, studies relevant to this hypothesis are lacking. Therefore, in this work, the Tartary buckwheat variety ‘Jinqiao 2’ (JQ2), which has a large planting area in Guizhou Province, was used as the experimental material, and the effects of treatments with different planting densities on the growth, senescence, and yield formation of Tartary buckwheat without nitrogen fertilization were studied. The major objective was to reveal the effect of planting density on the senescence and yield of Tartary buckwheat under low nitrogen conditions. The results provide a novel agronomic method for the high-yielding and nitrogen-saving cultivation of Tartary buckwheat.




2 Materials and methods



2.1 Plant materials and growth

JQ2 (local main cultivar of Tartary buckwheat in Guizhou Province, China) was provided by the School of Life Science of Guizhou Normal University, China. The experiment was conducted during the Tartary buckwheat growing season (August–November) from 2020 to 2021 at Xiaba’s Cultivation Experiment Station of Guizhou Normal University, Guiyang City, Guizhou Province, China (106.94°E, 26.73°N). The soil used was yellow loam with 19.98 mg·kg−1 available phosphorus, 24.92 mg·kg−1 available potassium, 8.18 mg·kg−1 ammonium nitrogen, and 28.16‰ organic matter.

The experiment was performed by using a single-factor randomized block design with three replicates. Seeds were sown on August 29, 2020 and August 28, 2021. Strip-seeding sowing was adopted and the experimental plot area was 10 m2 (5m long, 2m wide, 6 rows, 33 cm row spacing). Five density treatments in the absence of nitrogen fertilizer were established, namely, 8 × 105 (80 plants·m−2, 133 plants per row), 10 × 105 (100 plants·m−2, 167 plants per row), 12 × 105 (120 plants·m−2, 200 plants per row), 14 × 105 (140 plants·m−2, 233 plants per row), and 16 × 105 plants·ha−1 (160 plants·m−2, 267 plants per row), which were denoted as D1, D2, D3, D4, and D5, respectively. In accordance with the local optimal dosage, 70 kg·ha−1 phosphate fertilizer (calcium superphosphate, containing 14% P2O5) and 5.0 kg·ha−1 potassium fertilizer (potassium chloride, containing 60% K2O) were mixed and applied as the base fertilizer at one time (Zhang et al., 2021c). No fertilizer was applied during the whole growth period. Grains were harvested on November 23, 2020 and November 20, 2021 when 70% of the grains had matured. At the seedling stage, seedlings were thinned or supplemented to maintain the base seedling number of each plot at the set value of the experiment. Artificial irrigation was performed in accordance with the principle of extreme drought and thorough irrigation. Other field management and pest control practices were consistent with those performed for local high-yielding cultivation (Zhang et al., 2021a). The monthly average temperatures, sunshine, and rainfall from August to November were 17.0˚C, 118.2h, and 93.6mm in 2020, respectively, and 21.1˚C, 147.4h, and 112.1 mm in 2021, respectively.




2.2 Sample preparation

At the seedling, flowering, grain filling, and mature stages, approximately 10 Tartary buckwheat plants from each plot with uniform growth were sampled with complete roots. The roots were rinsed with running water and cut off after the water was filtered. Five of the roots were used to determine root morphology indices, and the other five were used to determine root activity. Leaves on nodes 1–3 at the top of the main stem were sampled, treated with liquid nitrogen for 30 s, and then stored in a refrigerator at −80°C. They were used to determine the contents of chlorophyll a, chlorophyll b, carotene, and malondialdehyde (MDA) and the activities of peroxidase (POD) and superoxide dismutase (SOD).




2.3 Measurement

In accordance with the method of Guo et al. (2022), the number of main stem nodes, main stem branches, leaves, and grains per plant; weight of grains per plant; and 1000-grain weight were determined. One square meter at the center of each plot (not sampled during the experiment and excluding border plants) was randomly selected, and the grains of all Tartary buckwheat plants were collected to determine yield after air drying.

A root scanning analysis system (GXY-A, Zhejiang Tuopu Instrument) was used to quantify the length, surface area, volume, and mean diameter of Tartary buckwheat roots (Zhang et al., 2023b). Root activity was determined through the 2,3,5-triphenyl tetrazolium chloride method (Li, 2000).

The contents of chlorophyll a, chlorophyll b, and carotenoids in the leaves during each period were measured in accordance with the method of Li (2000).

The net photosynthetic rate, transpiration rate, stomatal conductance, and intercellular CO2 concentration of the leaves on nodes 1–3 at the top of the main stem at seedling, flowering, grain filling, and mature stages were determined by using an LI-COR-6400 portable photosynthetic apparatus (Li-Cor 6400, Li-Cor, Lincoln, NE, USA). The assay time was from 10:00 a.m. to 11:00 a.m., and 10 leaves were measured for each treatment (Zhang et al., 2021c).

SOD activity in leaves was determined via the NBT reduction method. POD activity was determined through the guaiacol method. MDA content was determined by using the thiobarbituric acid method (Li, 2000).




2.4 Statistical analysis

Data were processed by using Microsoft Excel 2003 and SPSS 22.0. One-way ANOVA was performed, and means were compared by using the least significant difference at the 0.05 probability level. The results of 2020 and 2021 were similar. Therefore, the data were presented as the average across the two study years, and the data of 2020 (Supplementary Table S1-Table S6) and 2021 (Supplementary Table S7-Table S12) were deposited as Supplementary Data.





3 Results



3.1 Effects of plant density on the agronomic traits of Tartary buckwheat

The plant height of Tartary buckwheat continuously increased with the increase in planting density and was significantly higher under the D5 treatment than under the other four treatments (Figure 1). The numbers of nodes on the main stem, branches on the main stem, and leaves decreased continuously with the increase in planting density and were significantly higher under the D1 treatment than under the other four treatments.




Figure 1 | Effects of different planting density treatments on agronomic traits of Tartary buckwheat. Data are presented as mean ± standard error of the mean. Small letter in the same column means significant difference at p < 0.05. D1: the planting density was 8×105 plants·ha-1; D2: the planting density was 10×105 plants·ha-1; D3: the planting density was 12×105 plants·ha-1; D4: the planting density was 14×105 plants·ha-1; D5: the planting density was 16×105 plants·ha-1.






3.2 Effects of plant density on the yield of Tartary buckwheat

The grain number per plant, grain weight per plant, and 1000-grain weight of Tartary buckwheat decreased continuously with the increase in planting density (Figure 2). The yield of Tartary buckwheat increased first and then decreased with the increase in planting density. Compared with the D1, D2, D3 and, D5 treatments, the D4 treatment increased yield by 68.61%, 44.82%, 11.00%, and 22.36%, respectively.




Figure 2 | Effects of different planting density treatments on yield of Tartary buckwheat. Data are presented as mean ± standard error of the mean. Small letter in the same column means significant difference at p < 0.05. D1: the planting density was 8×105 plants·ha-1; D2: the planting density was 10×105 plants·ha-1; D3: the planting density was 12×105 plants·ha-1; D4: the planting density was 14×105 plants·ha-1; D5: the planting density was 16×105 plants·ha-1.






3.3 Effects of plant density on the root morphology and activity of Tartary buckwheat

The root length, surface area, volume, and average diameter of Tartary buckwheat increased continuously with the advancement of growth (Figure 3). Root activity increased first and then decreased with the advancement of growth and reached the maximum at the grain filling stage. Root length, surface area, volume, average diameter, and activity continuously declined with the increase in planting density and were highest under the D1 treatment and lowest under the D5 treatment.




Figure 3 | Effects of different planting density treatments on root morphology and root activity of Tartary buckwheat. Data are presented as mean ± standard error of the mean. Small letter in the same column means significant difference at p < 0.05. D1: the planting density was 8×105 plants·ha-1; D2: the planting density was 10×105 plants·ha-1; D3: the planting density was 12×105 plants·ha-1; D4: the planting density was 14×105 plants·ha-1; D5: the planting density was 16×105 plants·ha-1.






3.4 Effects of plant density on the chlorophyll content of Tartary buckwheat

The contents of chlorophyll a, chlorophyll b, and carotenoids increased first and then decreased with the advancement of growth and reached their maximum values at the flowering stage (Figure 4). The contents of chlorophyll a, chlorophyll b, and carotenoids decreased continuously with the increase in planting density.




Figure 4 | Effects of different planting density treatments on chlorophyll content of Tartary buckwheat. Data are presented as mean ± standard error of the mean. Small letter in the same column means significant difference at p < 0.05. D1: the planting density was 8×105 plants·ha-1; D2: the planting density was 10×105 plants·ha-1; D3: the planting density was 12×105 plants·ha-1; D4: the planting density was 14×105 plants·ha-1; D5: the planting density was 16×105 plants·ha-1.






3.5 Effects of plant density on the photosynthetic characteristics of Tartary buckwheat

The net photosynthetic rate, transpiration rate, intercellular CO2 concentration, and transpiration rate of leaves first increased and then decreased with the advancement of growth and reached their maximum values at the flowering stage (Figure 5). The net photosynthetic rate, transpiration rate, intercellular CO2 concentration, and transpiration rate of leaves decreased continuously with the increase in planting density.




Figure 5 | Effects of different planting density treatment on photosynthetic characteristics of Tartary buckwheat. Data are presented as mean ± standard error of the mean. Small letter in the same column means significant difference at p < 0.05. D1: the planting density was 8×105 plants·ha-1; D2: the planting density was 10×105 plants·ha-1; D3: the planting density was 12×105 plants·ha-1; D4: the planting density was 14×105 plants·ha-1; D5: the planting density was 16×105 plants·ha-1.






3.6 Effects of plant density on the antioxidant enzyme activity and MDA content of Tartary buckwheat

The MDA content of leaves increased continuously with the advancement of growth (Figure 6). SOD and POD activities first increased and then decreased with growth and reached their maximum at the grain filling stage. The MDA content of leaves increased continuously with the increase in planting density. SOD and POD activities decreased continuously with the increase in planting density and were highest under the D1 treatment and lowest under the D5 treatment.




Figure 6 | Effects of different planting density treatment on antioxidant enzyme activities and malondialdehyde content of Tartary buckwheat. Data are presented as mean ± standard error of the mean. Small letter in the same column means significant difference at p < 0.05. D1: the planting density was 8×105 plants·ha-1; D2: the planting density was 10×105 plants·ha-1; D3: the planting density was 12×105 plants·ha-1; D4: the planting density was 14×105 plants·ha-1; D5: the planting density was 16×105 plants·ha-1.







4 Discussion



4.1 Increase in planting density aggravated the senescence of Tartary buckwheat under low nitrogen treatment

Senescence can cause the yellowing of crop leaves, severe shortening of the functional period, and cessation of photosynthesis; these effects, in turn, seriously affect crop growth and final yield formation (Abeledo et al., 2020). The activities of antioxidant enzymes, such as SOD and POD, in crop leaves affect the speed of senescence. High antioxidant enzyme activity is indicative of the strong ability of crops to scavenge intracellular reactive oxygen species and slow senescence (Wang et al., 2021). MDA is a product of the lipid peroxidation of the plant cell membrane, and its content is closely related to the speed of crop senescence (Chen et al., 2018). Zhang et al. (2023a) found that in Tartary buckwheat, the activities of SOD and POD in the leaves increased and the content of MDA decreased after the removal of apical dominance, which delayed senescence and increased grain weight and final yield. Wu et al. (2020) discovered that increasing SOD and POD activities and reducing MDA content in Tartary buckwheat leaves could delay senescence and increase yield. Stress, such as continuous cropping obstacles, lead to reductions in SOD and POD activities in buckwheat, breaking the dynamic balance between the production and scavenging of reactive oxygen species in the plant body such that reactive oxygen species accumulate, resulting in membrane damage or destruction, increasing MDA content, and accelerating senescence, thereby reducing yield (Wang F. D. et al., 2020; Zhang et al., 2021a). Nitrogen is one of the most important macroelements limiting crop growth (Sakuraba, 2022). Nitrogen deficiency causes premature leaf senescence, which leads to the accelerated maturation of the whole plant and seriously reduces crop yield (Fan et al., 2023). Zhang et al. (2021c) found that in Tartary buckwheat, low nitrogen treatment accelerated senescence, which in turn affected final yield formation. Studies have demonstrated that the root activity of crops affects the senescence of aboveground leaves, and leaf senescence can be delayed by appropriately increasing the root activity of crops (Zhou et al., 2023). Mu et al. (2018) found that low planting density could effectively alleviate the senescence of Tartary buckwheat leaves, whereas high planting density accelerated senescence. Inconsistent with the results of Mu et al. (2018), our findings showed that the activities of SOD and POD; contents of chlorophyll a, chlorophyll b, and carotenoids; and root activity of Tartary buckwheat decreased continuously with the increase in planting density, whereas MDA content increased continuously. These trends indicated that the increase in planting density would accelerate the senescence of Tartary buckwheat under low nitrogen treatment. It may be that this experiment was carried out in the absence of nitrogen fertilization and the insufficient nitrogen absorption of Tartary buckwheat, which led to the senescence of Tartary buckwheat even at low planting densities. It may also be correlated with the nutritional imbalance among nitrogen, phosphorus, and potassium in rhizosphere soil caused by absence of nitrogen fertilization.




4.2 Increase in planting density increased the population yield of Tartary buckwheat under low nitrogen treatment

The root is an organ for nutrient absorption by crops and has an important role in plant growth. At the same time, the strength of root activity is greatly important for the ability of crops to absorb nutrients and the measurement of senescence (Wu et al., 2020). Zhang et al. (2023c) found that increasing planting density could increase competition for nutrients among roots, thereby reducing root volume. The study of Xiang et al. (2016) on Tartary buckwheat further confirmed this conclusion, that is, with the increase in planting density, the related root indices decreased and root growth was inhibited. Consistent with the results of Zhang et al. (2023c) and Xiang et al. (2016), those of our study demonstrated that the root length, surface area, volume, average diameter, and activity of Tartary buckwheat decreased continuously with the increase in planting density. These phenomena likely occurred because under the condition of nitrogen deficiency, the increase in planting density aggravates the competition for nutrients in rhizosphere soil among Tartary buckwheat plants and inhibits root growth, which further affects the absorption of nutrients and water in rhizosphere soil by Tartary buckwheat roots, transport of dry matter, and formation of yield per plant.

Photosynthesis, as an important process of nutrient synthesis and dry matter accumulation, has a crucial effect on crop yield formation. Zhang et al. (2021) found that in cotton, net photosynthetic rate, respiration rate, and stomatal conductance increased first and then decreased with the increase in density. Inconsistent with the above results but similar to the results of Ju et al. (2022), our findings showed that the net photosynthetic rate, respiration rate, stomatal conductance, and intercellular CO2 concentration decreased continuously with the increase in planting density in the absence of nitrogen fertilizer. This difference may be related to the fact that this experiment was performed in the absence of nitrogen fertilizer. The increase in density led to the increase in the Tartary buckwheat population and the intensification of the competition among individuals for nutrients, water, light, and other resources. Such competition led to the decrease in plant individual photosynthetic capacity and finally affected the accumulation of photosynthetic assimilates, resulting in the decrease in the indices of yield per plant, such as grain number per plant, grain weight per plant, and 1000-grain weight. In addition, studies have shown that the assimilates produced by the upper and middle leaves on the main stem of buckwheat have the highest contribution to grain filling (Zhang et al., 2023a). Therefore, the photosynthetic capacity of these leaves determines the yield per plant of buckwheat. The senescence of the upper and middle leaves cause leaf yellowing and decrease photosynthetic capacity, resulting in insufficient filling materials in the later grain filling stage and ultimately in poor grain filling degree. This effect may be another important reason for the considerable decrease in grain weight per plant, grain number per plant, and 1000-grain weight of Tartary buckwheat with the increase in planting density.

Planting density is a key factor affecting crop yield. It not only affects the light interception rate of the crop canopy and the ventilation of the population, it also affects the accumulation and distribution of crop photosynthetic products, thus affecting the final yield (Cong et al., 2023). Fan et al. (2018) showed that the yield of common buckwheat increased first and then decreased with the increase in planting density. Wu et al. (2023) obtained similar results. Consistent with the results of the above study and of the research of Ju et al. (2022) on oats, the findings of our experiment revealed that the yield of JQ2 increased first and then decreased with the increase in planting density in the absence of nitrogen fertilizer. This might be due to the weak light irradiance to the leaf by shading and strong competition among individuals with the increasing plant density (Fan et al., 2018). The number of grains per plant and 1000-grain weight are the key factors affecting yield per plant in the yield composition of Tartary buckwheat (Zhang et al., 2023a). The results of our experiment showed that inconsistent with population yield, the yield per plant of Tartary buckwheat continuously declined with the increase in planting density. This finding showed that the increase in the population yield of the Tartary buckwheat under low nitrogen treatment is mainly achieved by the increase in the number of plants per unit area. At the same time, obtaining high population yields under low nitrogen treatment rely on maximizing planting density.

Notably, the yield of JQ2 in Guizhou Province is generally 1510 kg·ha−1 (Zhang et al., 2021c). In this experiment, when the planting density increased to 14 × 105 plants·ha−1 in the absence of nitrogen fertilizer, the yield of JQ2 reached 1548.26 kg·ha−1, which was approximately 38 kg·ha−1 higher than the average yield. This increase may be related to the low fertilizer demand of Tartary buckwheat. At the same time, compared with the local conventional planting density of 10 × 105 plants·ha−1 and the amount of nitrogen fertilizer of 135 kg·ha−1, the planting density in our experiment increased by 4 × 105 plants·ha−1 (approximately 20 kg·ha−1) in the absence of nitrogen fertilizer and the population yield increased by approximately 38 kg·ha−1. Overall, in this experiment, 135 kg·ha−1 nitrogen fertilizer was saved and Tartary buckwheat yield increased by 18 kg·ha−1 (representing an increase of 38 kg·ha−1 in yield reduced 20 kg·ha−1 in sowing amount increased). The prices of nitrogen fertilizer and Tartary buckwheat in Guizhou Province were $2.0 and $1.37·kg−1, respectively. Therefore, the production cost of $270·ha−1 can be saved and benefit increased by $24.66·ha−1. The total of those two terms is $ 294.66·ha−1, indicating that costs greatly reduced and benefit improved. This finding indicates that the high-yielding and nitrogen-saving production of Tartary buckwheat can be achieved by controlling nitrogen with density. This technology is worth using in production.





5 Conclusions

An increase in planting density could reduce the SOD and POD activities, root activity, and chlorophyll content and increase MDA content in the leaves of Tartary buckwheat, thus accelerating the senescence of Tartary buckwheat under low nitrogen treatment. Under low nitrogen treatment, the population yield of the Tartary buckwheat increased mainly through the increase in the number of plants per unit area. A threshold for planting density for increasing the population yield of Tartary buckwheat under low nitrogen treatment exists, that is, 14 × 105 plants·ha−1. The high-yielding and nitrogen-saving cultivation of Tartary buckwheat, which has low fertilizer demand, can be achieved by controlling nitrogen with density in production.
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Proper water and fertilizer management strategies are essential for alfalfa cultivation in arid areas. However, at present, the optimal amounts of subsurface irrigation and nitrogen (N) supply for alfalfa (Medicago sativa L.) cultivation are still unclear. Therefore, a field experiment was conducted in 2022 in Yinchuan, Ningxia, China, to explore the effects of different subsurface irrigation levels (W1, 50% of ETC (crop evapotranspiration); W2, 75% of ETC; W3, 100% of ETC) and N application rates (N0, 0 kg/ha; N1, 75 kg/ha; N2, 150 kg/ha; N3, 225 kg/ha; N4, 300 kg/ha) on alfalfa yield, crop water productivity (CWP), N use efficiency (NUE), quality, and economic benefits. Besides, the least squares method and multiple regression analysis were used to explore the optimal water and N combination for alfalfa cultivation under subsurface irrigation. The results showed that the alfalfa yield, crude ash content, and partial factor productivity from applied N (PFPN) were the highest under W2 level, but there was no difference in PFPN compared with that under W3 level. The branch number (BN), leaf area index (LAI), yield, CWP, irrigation water productivity (IWP), crude protein content (CPC), and economic benefits increased and then decreased with the increase of N application rate, reaching a maximum at the N2 or N3 level, while the NUE and PFPN decreased with the increase of N application rate. Considering the yield, CWP, NUE, quality, and economic benefits, W2N2 treatment was the optimal for alfalfa cultivation under subsurface irrigation. Besides, when the irrigation volume and N application rate were 69.8 ~ 88.7% of ETC and 145 ~ 190 kg/ha, respectively (confidence interval: 85%), the yield, CPC, and economic benefits reached more than 85% of the maximum. This study will provide technique reference for the water and N management in alfalfa cultivation in Northwest China.




Keywords: multiple regression analysis, Medicago sativa L., fertilizer management, water productivity, crude protein content




1 Introduction

Currently, the demands for foods of animal origin rich in protein and nutrition (FAO, 2017) has increased like never before (National Research Council, 2015). Therefore, the cultivation of forage grasses is particularly important. Alfalfa, a homotetraploid perennial forage grass, is widely cultivated in the world due to its high yield, high protein content, and good palatability (Li and Brummer, 2012; Wagle et al., 2019). However, alfalfa growth requires large amounts of water, and frequent drought often leads to yield losses of alfalfa in arid areas (Lamm et al., 2012). Therefore, developing water-saving irrigation measures to improve alfalfa CWP and yield is very urgent (Oweis et al., 2004).

Subsurface drip irrigation provides water and nutrients directly to crop roots (Dukes and Schol berg, 2005). This technology saves water (about 20% ~ 30%) and fertilizer by reducing the loss of water and fertilizer, which is conducive to increasing crop yield and reducing cost in arid areas (Du et al., 2017). Previous studies have reported that subsurface drip irrigation can significantly enhance water production efficiency and alfalfa yield (Angold et al., 2015; Han et al., 2019). Besides, deep buried pipes does not affect mechanical harvesting operations, and there is no need to stop water and fertilizer supply one week before and after each cutting to suppress the mildew of alfalfa grass. This could prolong the growing period and increase yield.

Nitrogen fertilization is necessary for crop cultivation. Although alfalfa is a leguminous plant, the N fixed by rhizobia accounts for only 50% ~ 60% of alfalfa N requirement (De Oliveira et al., 2004). Therefore, it needs exogenous N supply. However, the optimal N application rate for alfalfa under subsurface irrigation remains unclear. Insufficient N supply cannot maintain the normal growth of alfalfa and affects CWP, yield formation, and quality, while excessive N supply may limit crop growth, reduce N utilization, and even cause environmental pollution (Liu et al., 2019). Therefore, the determination of optimal N application rate is very necessary (Delevatti et al., 2019; Sun et al., 2022). It should be noted that the N uptake in crops is also affected by soil moisture. Yin et al. (2012) reported that appropriate N application could improve alfalfa CWP and increase yield under deficit irrigation (80%). Xue et al. (2017) and Bu et al. (2014) pointed out that according to crop nutrient demand, the combination of irrigation and fertilization under subsurface irrigation can effectively inhibit vegetative growth. Therefore, it is necessary to consider the N application rate and the irrigation rate in an integrated manner.

At present, high irrigation and fertilization rates are widely used in local alfalfa cultivation, which increases production costs and groundwater contamination risk (Sha et al., 2021). Therefore, water and fertilizer reductions are very necessary. However, it is still unclear how to reduce subsurface drip irrigation rate and fertilization rate in alfalfa cultivation while maintaining high yield and economic benefits and what are the optimal ranges of irrigation and fertilization rates. This study hypothesized that moderately reducing irrigation and fertilization rates might yielded the optimal outcomes. To valid this hypothesis, in this study, in the arid region of Northwest China, the effects of different irrigation rates and N application rates on alfalfa growth, resource use efficiency, yield, quality, and economic benefits were explored. The objectives of this study were: (1) to compare the effects of different irrigation rates and N application rates on alfalfa growth, resource use efficiency, yield, quality, and economic benefits under subsurface drip irrigation; and (2) to determine the optimal irrigation and N application ranges that simultaneously maximize alfalfa growth parameters, resource use efficiency, yield, quality, and economic benefits under the premise of water and N reduction. This study will provide a technical reference for the water and fertilizer management for alfalfa cultivation in arid and semi-arid areas.




2 Materials and methods



2.1 Experimental site

The experiment was conducted in the Botanical Garden in Liangtian Town, Yinchuan, Ningxia, China (106°18′E, 38°40′N, a.s.l. 1100 m). The region has a temperate continental climate. The average annual temperature was 8.7°C, the average annual sunshine hour was 3032 hours, the frost-free period lasted 185 days, the average annual precipitation was 200 mm, and the average annual evaporation was 1694 mm (Figure S1). The soil type was sandy soil, with sand, silt, and clay accounting for 91.76%, 7.04%, and 1.20%, respectively. The soil bulk density was 1.47 g/cm3, the field capacity was 18.8% (g/g), and the wilting point was 8.9% (g/g). The soil organic matter content was 4.67 g/kg, the total N content was 0.31 g/kg, the available potassium content was 81.42 mg/kg, the available phosphorus content was 2.44 mg/kg, and the pH was 8.62.




2.2 Experimental design

Subsurface irrigation system was used in this study. The inner diameter of the pipes was 13 mm, and the wall thickness was 1.5 mm. Under the pressure of 0.06 MPa, the flow rate was 60-100 mL/(m·min). The pipe spacing was 80 cm, and the buried depth was 20 cm (Latorre et al., 2018).

The experiment employed a split-plot design, with irrigation volume (W1 (50% of ETC (crop evapotranspiration)), W2 (75% of ETC), and W3 (100% of ETC)) as the main plot, and N application rate (N0 (0 kg/ha), N1 (75 kg/ha), N2 (150 kg/ha), N3 (225 kg/ha), and N4 (300 kg/ha)) as the subplot. Each group had three replicates/plots. The area of each plot was 12.5 m2 (2.5 m × 5 m). To prevent interference between treatments, a plastic film was vertically buried between plots (60 cm in depth).

Before sowing, 10% of urea (N, 46%), 150 kg/ha of monoammonium phosphate (P2O5, 61%), and 120 kg/ha of potassium sulfate (K2O, 52%) were applied to the soil. After that (June 5, 2022), alfalfa seeds (variety “Magna Graze 401” (Canada)) were sown (15 kg/ha), with a sowing depth of 1 ~ 2 cm and a row spacing of 20 cm. Irrigation began on the day of alfalfa planting (June 5), with a volume of 45 mm. Then, irrigation was conducted every 10 days (12 times in total). The remaining urea was divided into six parts, and applied to the field through the irrigation system on June 25, July 15, August 4, August 24, September 13, and October 3 after completely dissolving in water (Figure 1). Other managements were the same as local practice. Alfalfa was cut two times in 2022 (August 10 and October 5).




Figure 1 | Details of irrigation and fertilization.






2.3 Measurement methods



2.3.1 Measurement of plant height, branch number, and leaf area index

At the initial flowering stage, 20 plants were randomly selected in each plot, and the vertical height after straightening was measured. Finally, the average value for each plot was calculated. Besides, the number of primary branches and leaves was counted (Wu et al., 2011). The length and width of the fully expanded top third leaf were measured with a vernier caliper, and the leaf area and LAI were calculated according to the methods of Hu et al. (2018).




2.3.2 Measurement of CWP and IWP

The crop water productivity (CWP) and irrigation water productivity (IWP) was calculated using Equation (1) and Equation (2):



where Y is the annual hay yield of alfalfa (kg/ha), and ET is the water consumption of alfalfa during the growing season (mm). The ET was calculated using the method of Allen et al. (1998). Due to the flat terrain and deep groundwater level in this area, groundwater recharge, surface runoff, and water infiltration are ignored.



where I is the total irrigation volume (mm).

Crop evapotranspiration (ETC) was calculated using Equation (3):



Where Kc is the crop coefficient based on FAO-56. The average crop coefficient of alfalfa was 0.87 in the first cut and 0.85 in the second cut (Zhang et al., 2016). ET0 is the evapotranspiration of reference crop (mm/d), calculated using Equation (4):



Δ is the actual vapor pressure (kPa), Rn is the net surface radiation (MJ/m2 d), G is the soil heat flux (MJ/m2 d), γ is the hygrometer constant (0.067kPa/°C), T is the average temperature (°C) at an altitude of 2 m, U2 is the daily average wind speed at an altitude of 2 m, es is the saturated vapor pressure (kPa), and ea is the actual vapor pressure (kPa). The meteorological data was obtained from the National Meteorological Science Data Center (http://data.cma.cn/).




2.3.3 Measurement of NUE and PFPN

The nitrogen content in plants was determined by Kjeldahl method (Ferreira et al., 2015).

Plant nitrogen uptake (NU, kg/ha) was calculated using Equation (5):



where TN is the total nitrogen content of each organ of the plant.

The NUE (kg/kg) and PFPN (kg/kg) were calculated using Equation (6) and Equation (7):





Where FN is the nitrogen application rate (kg/ha) during alfalfa growth period.




2.3.4 Measurement of alfalfa yield and quality

At the initial flowering stage, 1 m2 (1 m×1 m) subplot was selected from each plot for cutting and weighed to obtain the fresh weight. Then, three fresh samples (about 300 g per sample) were collected, air-dried to the constant weight, and weighed. The fresh weight/dry weight ratio was calculated, to obtain the hay yield (Liu et al., 2015). After that, the alfalfa grass samples were crushed with a pulverizer (JFSO-480, Zhejiang Topunnong Technology Co) and passed through a 0.42 mm sieve. The crude ash content (ASH) was determined by high-temperature ignition, and the crude protein content (CPC) was determined by Kjeldahl method (Wen et al., 2018).




2.3.5 Measurement of economic benefit (Eb)

The Eb (USD/ha) was calculated using Equation (8) (Zou et al., 2020):



Where Eb is the economic benefit, Gp is the gross profit (USD/ha), Wc is the irrigation cost (USD/ha), Fc is the fertilizer cost (USD/ha), and C is the other costs (USD/ha).




2.3.6 Comprehensive evaluation

To achieve the goals of high yield and high quality, the coupling effect of water and N on alfalfa was comprehensively evaluated based on yield, CWP, PFPN, CPC, and economic benefits. Based on the principle of least squares, the binary quadratic regression equation was established, with irrigation volume and N application rate as the independent variables, and yield, CWP, PFPN, CPC, and economic benefits as the dependent variables. The test data was analyzed using Mathematica 9.0 software to calculate the optimal irrigation and fertilization ranges when the indicators reached the maximum value.





2.4 Data analysis

Each measurement was repeated 3 times, and the average value was used for analysis. Analysis of variance was conducted using Excel 2007and SPSS 18.0. The ANOVA analysis was performed with the irrigation amount and fertilizer application rate as the main effects, and the interaction was also considered. Duncan’s new multiple range test method was used for multiple comparisons. Figures were drawn with Mathematica 9.0 and Origin 8.0.





3 Results



3.1 Plant height, branch number, leaf area index, and their relationships with yield

At the W1 and W3 levels, the plant height first increased and then decreased with the increase of N application rate. There was no difference in plant height between N1, N2, and N3 treatments, but the plant height in the N1, N2, and N3 treatments were significantly higher than that in the N0 and N4 treatments. At the W2 level, there was no difference in plant height between the five N treatments. Under the same N application rate, the plant height at the W2 level was 11.96 ~ 13.31% (first cut) and 5.60 ~ 5.87% (second cut) higher than that at the W1 and W3 levels, respectively. The W2N3 treatment had the maximum plant height for both cuts (Table 1).


Table 1 | Plant height, branch number, leaf area index, and yield of alfalfa at different water and nitrogen supply conditions.



At the same irrigation level, the branch number first increased and then decreased with the increase of N application rate, and reached a maximum in the N2 or N3 treatments. The branch number in the N2 and N3 treatments were 6.91 ~ 8.23% (first cut) and 4.93% ~ 9.37% (second cut) higher than that in the N0, N1, and N4 treatments. At the same N application rate, there was no difference in the branch number in the two cuts between different irrigation levels. The W2N2 treatment had the highest number of branches (12.17 in the first cut and 12.50 in the second cut), and there was no significant difference between W2N2 and W2N3 treatments.

At the same irrigation level, the LAI first increased and then decreased with the increase of N application rate. The mean LAI in the N1, N2, and N3 treatments were 7.23 ~ 23.36% (first cut) and 15.11% ~ 25.50% (second cut) higher than that in the N0 and N4 treatments. At the same N application rate, the LAI at the W2 and W3 levels were significantly higher than that at the W1 level in the two cuts. The LAI in the W2N2 treatment reached a maximum of 7.57 and 8.16 in the first and second cuts, respectively (Table 1).

Under high irrigation volume and high N application rate conditions, alfalfa yield did not reach the maximum. However, the maximum occurred in the W2N2 (first cut) and W3N3 (second cut) treatment. At the same irrigation level, the yield first increased, reached a maximum in the N2 or N3 treatment, and then decreased, with the increase of N application rate. The maximal yield was 9.87-28.13% (first cut) and 9.06%-23.42% (second cut) higher than that in the N0, N1, and N4 treatments. At the same N application rate, the yield at the W1 level was lower than that at the W2 and W3 levels (Table 1).

The yield was positively correlated with plant height, branch number, and LAI. Especially, the correlation with LAI was the highest, with the R2adj (adjusted coefficient of determination) of the first and second cut being 0.74 and 0.82, respectively (Figure 2).




Figure 2 | Relationship between alfalfa yield (Y) and growth indices (A, plant height; B, branch number; C, leaf area index).






3.2 The CWP and IWP of alfalfa under different water and nitrogen supply conditions

The experimental results of the two cuts showed that the CWP increased first and then decreased with the increase of N application rate at the same irrigation level. At the W1 level, the CWP in the N3 treatment was 5.77 ~ 33.39% (first cut) and 11.17% ~ 25.42% (second cut) higher than that in the other N treatments. At the W2 level, the CWP in the N1, N2, N3, and N4 treatment was 23.12 ~ 50.17% (first cut) and 9.17% ~ 17.86% (second cut) higher than that in the N0 treatment. At the W3 level, there was no difference between N treatments, except for a significant decrease in CWP in the N4 treatment in the first cut compared with other N treatments. Under the same N application rate, except for the W3N0 treatment in the first cut, the yield at the W3 level was lower than that at the W1 and W2 level, and the CWP at the W2 level was 19.62% (first cut) and 20.55% (second cut) higher than that at the W3 level. The W2N2 treatment had the highest average CWP of the two cuts (21.35 kg/m3), and the W3N4 treatment had the lowest (11.02 kg/m3) (Figures 3A, C).




Figure 3 | Effects of different irrigation volumes and nitrogen application rates on crop water productivity (CWP) (A, C) and irrigation water productivity (IWP) (B, D) of alfalfa. Different letters on top of the bar denote significant differences at p < 0.05 according to the LSD test. W1, 50% of ETC (crop evapotranspiration)); W2, 75% of ETC; W3, 100% of ETC; N0, 0 kg N ha; N1, 75 kg N ha; N2, 150 kg N ha; N3, 225 kg N ha; N4, 300 kg N ha.



At the same irrigation level, the IWP first increased and then decreased with the increase of N application rate. At the W1 level, the IWP in the N3 treatment was 4.66 ~ 34.50% (first cut) and 5.95% ~ 29.59% (second cut) higher than that in the other N treatments. At the W2 level, the IWP in the N1, N2, N3, and N4 treatment were 23.82 ~ 49.88% (first cut) and 15.71% ~ 29.87% (second cut) higher than that in the N0 treatment. At the W3 level, there were no differences between N treatments, except for a decrease in IWP in the N4 treatment in the first cut compared with other N treatments. Under the same nitrogen application rate, except for N0, the IWP at the W3 level was lower than that at the W1 and W2 levels, and the IWP at the W2 level was 21.60% (first cut) and 20.66% (second cut) higher than that at the W3 level. The W1N3 treatment had the highest average IWP of the two cuts (26.69 kg/m3), followed by the W2N2 treatment (26.04 kg/m3), and the W3N4 treatment had the lowest (13.25 kg/m3) (Figures 3B, D).




3.3 The NUE and PFPN of alfalfa under different water and nitrogen supply conditions

At the same irrigation level, the NUE gradually decreased with the increase of the N application rate, and the N1 treatment had the largest NUE, which was 11.22% - 35.02% (first cut) and 11.87% - 23.98% (second cut) higher than that in the N4 treatment. There were no differences between the three irrigation levels under the same N application rate. The W1N1 treatment had the maximum average NUE (2.57 kg/kg) of the two cuts, and the W3N4 treatment had the minimum value (1.77 kg/kg) (Figures 4A, C).




Figure 4 | Effects of different irrigation volumes and nitrogen application rates on nitrogen use efficiency (NUE) (A, C) and partial factor productivity from applied N (PFPN) (B, D) of alfalfa. Different letters on top of the bar denote significant difference at p < 0.05 (LSD test). Different lowercase letters indicate significant differences between treatments at p < 0.05 (Tukey test). The processing abbreviations are the same as those described in Figure 3.



Under the same irrigation level, there were difference in the PFPN between the N treatments, and the PFPN decreased with the increase of N application rate. The PFPN in the N2, N3, and N4 treatment were 40.29 - 86.80% (first cut) and 38.06% - 73.85% (first cut) lower than that in the N1 treatment. Under the same nitrogen application rate, the PFPN first increased with the increase of irrigation volume and then stabilized. The W1N1 treatment had the maximum average PFPN (53.11 kg/kg) for the two cuts (Figures 4B, D).




3.4 The crude ash and crude protein content of alfalfa under different water and nitrogen supply conditions

At the W1 and W2 levels, the ASH in the N1, N2, N3, and N4 treatments had no difference, but were 11.96 - 22.50% (first cut) and 12.58% - 23.66% (second cut) higher than that in the N0 treatment. At the W3 level, the ASH first increased and then decreased with the increase of N application rate, and there was no difference between N1, N2, and N3 treatment. Under the same N application rate, the ASH at the W2 level was higher than that at the W1 and W3 levels. The W2N1, W2N2, and W2N3 treatments had a higher average ASH of the two cuts, and there was no difference in ASH between the three (Figures 5A, C).




Figure 5 | Effects of different irrigation volumes and nitrogen application rates on crude ash (A, C) and crude protein content (B, D) in alfalfa. Different letters on top of the bar denote significant difference at p < 0.05 (LSD test). Different lowercase letters indicate significant differences between treatments at p < 0.05 (Tukey test). The processing abbreviations are the same as those described in Figure 3.



At the same irrigation level, the CPC first increased and then decreased with the increase of N application rate. The CPC in the N1, N2, and N3 treatments had no difference, but were 10.31% - 22.31% (first cut) and 11.44% - 18.40% (second cut) higher than that in the N0 treatment. Under the same N application rate, except for the W3N4 treatment, the CPC in other N treatments was not affected by the irrigation volume. At each irrigation level, the N1, N2, and N3 treatments had a higher average CPC of the two cuts than other N treatments. Besides, there was no difference in the CPC between the three irrigation levels (Figures 5B, D).




3.5 Economic benefits under different water and nitrogen supply conditions

The annual gross profit ranged from 1450 to 3064 USD/ha, and the maximum value was 52.68% higher than the lowest value. At the same irrigation level, the net income first increased and then decreased with the increase of N application rate. The net income in the W2N2 treatment was the highest (1737 USD/ha), and that in the W1N0 treatment was the lowest (212 USD/ha) (Table 2).


Table 2 | Economic benefits of alfalfa cultivation under different irrigation volumes and nitrogen application rates (USD/ha).






3.6 Coupling effects of water and N fertilizer on alfalfa yield, CWP, PFPN, quality, and economic benefits

The irrigation volumes had a significant impact on the yield, CWP, IWP, PFPN, ASH, NUE, and CPC of alfalfa. The N application rates had a significant impact on the yield, CWP, IWP, NUE, PFPN, and CPC, but had no impact on ASH. The water-N interaction had a significant impact on the IWP, PFPN, ASH, CPC, and CWP of alfalfa, but had no impact on NUE (Tables 1, 3).


Table 3 | Effects of different irrigation volumes and nitrogen application rates on the crop water productivity, irrigation water productivity, nitrogen use efficiency (NUE), partial factor productivity from applied N, crude ash content, crude protein content, and yield of alfalfa.



It was difficult to maximize yield, CWP, PFPN, CPC, and economic benefits simultaneously (Table 4). Therefore, it is necessary to further explore the optimal combination of water and nitrogen.


Table 4 | The corresponding irrigation volumes and nitrogen application rates for maximum yield, crop water productivity, partial factor productivity from applied N, crude protein, and economic benefits.



The coupling effects of water and nitrogen on alfalfa yield, CWP, CPC, and economic benefits were convex, and the effect on PEPN was concave (Figure 6). Irrigation rates for maximum yield, CPC and economic benefits were similar, as were nitrogen application rates, but obviously different from those for CWP and PFPN. Further analysis at the 95%, 90%, 85%, 80%, and 75% confidence intervals showed that the overlap between maximum yield, CPC, and economic benefits was small at both 95% and 90% confidence intervals. There was a certain overlap between maximum yield, CPC, and economic benefits at both 80% and 75% confidence intervals, but the deviations of the indicators from the extreme value were large. Finally, it was found that it was acceptable to have a confidence interval greater than or equal to 85%, and the optimal solution was obtained. When the annual irrigation volume and N application rate were 473 ~ 601 mm (69.8 ~ 88.7% of ETC) and 145 ~ 190 kg/ha, respectively, the yield, CPC, and economic benefits could reach the optimal values (≥ 85%) (Figure 6).




Figure 6 | Relationship between alfalfa yield, crop water productivity (CWP), partial factor productivity from applied N (PFPN), crude protein content (CPC), economic benefits and water/nitrogen inputs.







4 Discussion

Plant height, branch number, and LAI play a crucial role in alfalfa yield formation, and these growth traits vary depending on cultivar, growth environment, and field management (Du et al., 2015; Ibrahim and Majid, 2018). In this study, alfalfa yield did not reach the maximum at the highest irrigation and N rates, and similar results were found in plant height, branch number, and LAI. Besides, the moderate irrigation and N application rates yielded the highest values (Table 1). This may be due to that too little or too much soil moisture can induce nutrient competition between vegetative and reproductive organs, affecting crop yields (Lodhi et al., 2014). Besides, improper N application may inhibit root growth and development, affect crop moisture and nutrient uptake, and therefore reduce yield (Liu et al., 2018). It was also found that alfalfa yield had a positive correlation with plant height, branch number, and especially LAI (Figure 2). This indicates that the increase in alfalfa yield is mainly due to the increase of LAI, and the increase in the number of leaves per unit area improves the efficiency of alfalfa photosynthesis, which in turn increases the yield of alfalfa.

Soil moisture and nutrient availability directly determines the nutrient absorption of plants, affects the nutrient content in different parts of plants, and ultimately affects crop yield and quality (Lv et al., 2023). In this study, when the irrigation volume was 75% of ETC and the N application rate was 150 kg/ha, the CWP reached the maximum (21.35 kg/m3). This may be due to the fact that appropriate deficit irrigation and N supply is conducive to improving plant water and fertilizer use efficiency, promoting root development and canopy growth, and thus increasing alfalfa CWP and yield (Al-Gaadi et al., 2017; May et al., 2022). However, too low and too high N application rate affect the water uptake and utilization, and then reduce the water use efficiency (Xu et al., 2023). This study results showed that under the same irrigation level, there was a negative correlation between NUE, PEPN, and N rate, and the PEPN value under moderate irrigation level (W2) was significantly higher than that under low irrigation level (W1). This indicates that proper irrigation can not only increase yield, but also promote N absorption by alfalfa. It was also found that too little irrigation reduced the PEPN of alfalfa. This may be due to the weakening of nitrogen mineralization under insufficient water supply, as well as the detriment of N transport to the root system, thus affecting plant N uptake and utilization (Saini, 2017). In addition, it was found that PEPN was significantly affected by irrigation and N application, and fertilization had a greater effect on NUE than irrigation. This further suggests that optimizing water and N supply can improve alfalfa N use efficiency, thereby increasing productivity (Kang et al., 2023).

The quality of alfalfa is affected by both soil water and nutrients (Filho et al., 2018). Previous studies have shown that proper water and N supply can improve crop quality while maintaining yield (Kaplan et al., 2019; Kamran et al., 2023). This study found that at the same irrigation level, the ASH was not significantly affected by N application rate, but too low and too high N application rates reduced the CPC. The ASH was higher under moderate irrigation level (W2), and the CPC was not significantly affected by the irrigation volume. This indicates that N application rate has a greater effect on CPC than irrigation volume, and appropriate deficit irrigation is beneficial to increase the ASH of alfalfa by increasing the use of soil nutrients (Wu et al., 2010).

Appropriate amount of water and fertilizer input can improve crop water and fertilizer use efficiency to a certain extent, save costs, and obtain the optimal yield and economic benefits (Guo et al., 2022). In this study, the net income was the largest under the W2N2 treatment, increasing by 87.80% compared with the lowest value obtained under the W1N0 treatment. This increase in the net income in the W2N2 treatment is mainly due to that yield increase leads to lower average fixed cost. In summary, although the yield in the W3N3 treatment was highest, the plant height, branch number, LAI, CWP, NUE, CPC, and economic benefits were lower than those in the W2N3 treatment. Therefore, the W2N2 treatment (irrigation volume: 75% of ETC; N application rate: 150 kg/ha) is the optimal water and N fertilizer combination for alfalfa cultivation under subsurface drip irrigation in northwest China. Compared with the commonly adopted irrigation and N application rate (W3N3), the W2N2 treatment can save 25% water and reduce N input by 33%.

Yan et al. (2021) used multiple regression analysis to comprehensively evaluate the yield, N accumulation, and economic benefits of drip-irrigated spring maize. Wang et al. (2018) used multiple regression analysis and spatial analysis methods to analyze the effects of water and N input on cucumber yield, CWP, vitamin C content, soluble sugar content, NUE, and PFPN, and found that the maximum value of each index at the 90% confidence interval was acceptable, corresponding to an irrigation amount range of 124 ~ 151 mm and a nitrogen application rate range of 318 ~ 504 kg/ha. In this study, a multi-objective optimization model was established to analyze the relationship between alfalfa growth, yield, quality, economic benefits, and water/N fertilizer input. It was found that the yield, CPC, and economic benefits reached more than 85% of the maximum values when the irrigation volume was in the range of 473 ~ 601 mm and the N application rate was in the range of 145 ~ 190 kg/ha. Therefore, this can be used as the optimal water and fertilizer management strategy for the sustainable production of alfalfa under subsurface drip irrigation in the study area.




5 Conclusion

Alfalfa yield, crude ash content, and partial factor productivity from applied N increased significantly at the irrigation level 75% of ETC compared with those at other irrigation levels. Alfalfa plant height, branch number, leaf area index, yield, crop water productivity, irrigation water productivity, crude protein content, and economic benefits reached a maximum when the N application rate was 150 kg/ha or 225 kg/ha. Therefore, the appropriate amount of water and fertilizer input can increase alfalfa resource use efficiency, yield, quality, and economic benefits, and the W2N2 treatment is the best water and N fertilizer combination for alfalfa cultivation under subsurface drip irrigation, which can save 25% water and reduce N input by 33% compared with the commonly adopted irrigation and N application rate (W3N3). Besides, this study determined that when the irrigation volume was 69.8 ~ 88.7% of ETC and the N application rate was 145 ~ 190 kg/ha, the yield, crude protein content, and economic benefits of alfalfa reached the highest values at the confidence interval ≥ 85%. This study is of great significance for the water and nitrogen management in alfalfa cultivation under subsurface drip irrigation in northwest China and other arid and semi-arid areas.
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Introduction

Fertilizer management is crucial to maintaining a balance between environmental health, plant health, and total crop yield. Farmers are overutilizing fertilizers with a mind set to enhance the productive capacity of the field, which adversely impacts soil fertility and causes serious environmental hazards. To mitigate the issues of over-utilization of fertilizers, controlled-release fertilizers were developed using nitrogen fertilizer (ammonium chloride) loaded on cellulose nanofibres (named CNF*N).





Methodology

In this study, the effects of CNF*N were compared with commercial nitrogen fertilizer (ammonium chloride) on Vigna radiata (Mung) under greenhouse conditions. The pot experiment was conducted using six treatments: first treatment was control, where the plant was cultivated (T1); second treatment was T2, where the plant was cultivated with CNF to determine the impact of CNF on the plant; third was T3 where commercial ammonium chloride (24 mg/ 2 kg soil) was added to the plant; fourth was T4, where the plant was loaded with CNF, viz. CNF*N contains 4.8 mg of nitrogen; fifth was T5 CNF*N pellet contains 12 mg of nitrogen, and the last sixth treatment (T6) where CNF*N pellet containing 24 mg of nitrogen.





Results

It indicated that the growth parameters were best achieved in T6 treatment. Plant height was at its maximum in the T6 treatment (44.4 ±0.1cm) after the second harvest, whereas the minimum plant height was observed in T1, which was 39.1 ±0.1 cm. Root-to-shoot weight ratio was also maximum in T6 (0.183± 0.02) and minimum in T1 (0.07± 0.01) after second harvesting. The significant difference among the treatments was determined with Tukey’s honestly significant difference (HSD). The nitrogen content (available and total) was significantly higher in the T4, T5, and T6 treatments (0.22, 0.25, and 0.28%) as compared to the control treatments (T1 (0.12%), T2 (0.13%), and T3 (0.14%) during the second harvesting stage (90 days), as nitrogen plays a crucial role in the development of vegetative growth in Vigna radiata. The rate of controlled-release nitrogen-fertilizer was found to be optimal in terms of plant growth and soil nutrients; hence, it could potentially play a crucial role in improving soil health and the yield of the crop.





Keywords: ammonium chloride-fertilizer, CNF, controlled-release fertilizer, Vigna radiata, plant growth, soil nutrient





Introduction

Agriculture is the principal industry responsible for the economic growth and the primary means of subsistence in rural regions of the developing countries like India. Further, to fulfil the food demand of ever-increasing population and to enhance crop yield, excessive fertilizers are utilized, even though a major portion of these fertilizers are lost to the environment through hydrolysis, photolysis, or volatilization (Shojaei et al., 2019). To mitigate the issues of leakage of fertilizer, controlled release fertilizers were developed that allow the control release of fertilizer on the targeted site through diffusion process. Controlled release fertilizer based on CNF was used on Mung bean (Vigna radiata L. Wilczek). Vigna radiata is one of the crops drastically affected due to inadequate and unbalanced fertilizer (Jain et al., 2007; Asaduzzaman et al., 2008). It is widely known as green gram or bean, belongs to the legume family Phaseoleae and is presumed to be a native crop of India (Ikraam, 2002; Hua, 2006; Hussain et al., 2011; Alemu, 2016; Cheng, 2016). When soil nitrogen levels are low, a modest amount of nitrogen fertilizer is applied to encourage rhizobia development and boost the growth of vigorous Vigna radiata seedlings (Yayeh et al., 2017). Vigna radiata cannot properly fix atmospheric nitrogen during the early development phases before the branches emerge because it has few or no rhizobia. Nitrogen is one of the key components of amino acids and proteins; phosphorous promotes root development and plays a key role in metabolic processes, while potassium is important for physiological processes like osmoregulation, assimilate transport, and enzyme activation (Yanni et al., 2001). Increased nitrogen fertilizer treatment during the early growing stage encourages vegetative growth and fosters circumstances that are favourable for high yield. Rhizobia proliferate, and the plant’s capacity to fix atmospheric nitrogen rises; however, during the late development stage, if too much nitrogen fertilizer is used, rhizobia activity gets limited. And the development of the flower bud and the subsequent yields are hampered in such circumstances (Sadeghipour et al., 2010). Additionally, the quality of agricultural produce and the microbiota of the soil have been found to be impacted along with the nutrient holding capacities, nutrient usage efficiency, soil fertility degradation, and increased soil-borne diseases (Naeem et al., 2006).

Therefore, a balanced fertilizer dose application and careful manure management can increase Vigna radiata production and quality (Krishnamoorthy and Rajiv, 2017). Sustainable agriculture solutions to improve the bioavailability of nutrients to plants entail increasing a farmer’s net gains from agricultural output. This may be accomplished by utilizing biopolymers-based controlled-release fertilizers (Nair et al., 2019). This study involves the cellulose nanofibre (CNF)-based nitrogen-fertilizer, in which CNF works as a carrier and delivers the fertilizer in a controlled manner. The purpose of this study is to guide the crop production of Vigna radiata using CNF*N as a controlled-release fertilizer system with the aim of overcoming the limitations of traditional fertilizers and assisting effective Vigna radiata cultivation. For this, the greenhouse experiment was performed, where six different treatments in 12 replicates were given and their plant physiological parameters (plant length, leaf area, root-to-shoot ratio, primary branches, pH, electrical conductivity, organic carbon, nitrogen analysis, etc.) were determined.





Materials and methods




Materials

Rice straw was collected from the district of Mathura, Uttar Pradesh. The cellulose nanofibres derived from rice straw were obtained through TEMPO-oxidation, as described in our previous study (Sharma et al., 2023b). Fertilizer was procured from the chemical lab at TERI. Vigna radiata seeds (Morya variety) were purchased from the local market in Gurgaon, India. The soil used in the experiment was collected from a farm located in TERI Gram, Haryana, India (28.4275° N, 77.1465° E) from a depth of 0-20 cm.





Soil characterization

Soil was sieved and autoclaved three times to eliminate unwanted contaminants was and was characterized for physicochemical parameters such as pH using pH meter, electrical conductivity by conductivity meter, organic carbon, total and available nitrogen by Kjeldalh method as mentioned in our previous study (Sharma et al., 2023c) (Table 1).


Table 1 | Physicochemical properties of the soil.







Experimental site

Greenhouse pot trials were performed at Polyhouse 3 of the TERI-Deakin Nanobiotechnology Centre, TERI-Gram, Gurugram, India (28.4275° N, 77.1465° E) (Supplementary Figure S1). The study was conducted for three months, beginning in the fourth week of March 2023 and continuing until the fourth week of June 2023 maintained with temperature of day/night (27/25°C). As the region had the climate characteristics of plains, irrigation was performed on a daily basis until the end of the study.





Pot studies on Vigna radiata under greenhouse conditions

The Morya variety of Vigna radiata is high-yielding and has a high tolerance to powdery mildew diseases caused by Podosphaera fusca and Erysiphe polygoni (Yin et al., 2018). The greenhouse study was conducted following the method of Yin et al. with slight modifications (He et al., 2020). The soil was autoclaved three times and added to sterilized 2-kg pots. Prior to the pot study, the Vigna radiata seeds of the cultivar were investigated for their viability. The seeds were washed with Tween 20 detergent for 3 min followed by 3 to 4 washings with water. Further, surface sterilization was performed with 0.01% HgCl2 for 1 min followed by five washings with autoclaved water. The surface-sterilized seeds were placed in the petri dish, and their germination was checked. After seed germination, one seed per pot was sown and evaluated further (Supplementary Figure S2).

The pot experiments using controlled-release nitrogen-based fertilizer were conducted with six different treatments, and their details are mentioned in Table 2 with the aim to determine the overall growth of Vigna radiata. All treatments were set up in 12 replicates (72 trial pots) for two harvestings. In the first harvesting stage, 36 pots were harvested after 45 days of plantation when the trifoliolates were developed, and the second harvesting stage was performed on the 90th day of plantation when the pods with sufficient seeds were developed.


Table 2 | Codes for the different nitrogen-based fertilizer treatments.







Plant harvesting and soil nutrient analysis

For harvesting, the whole plant was carefully uprooted from the soil, retaining the fine roots. This was followed by the washing of the roots to remove the adhered soil several times with distilled water. The plant shoot and root were separated and oven-dried for 3 days at 55°C. The shoot and root dry weights were recorded, and the roots-to-shoot ratio was determined. The leaves on the plant were counted; leaf area was calculated, and the number of primary branches was also counted for both the first and second harvesting stages (Sharma et al., 2020). The soil pH and electrical conductivity were analysed using a pH metre and a conductivity metre, respectively. The conductivity metre was calibrated with a standard KCl solution, whereas the pH metre was calibrated using several pH buffers (4.0, 7.0, and 9.0) (Potdar et al., 2021).

For nitrogen estimation in soil, the Kjeldahl method was used, and the distillation process was employed, where 20 g of soil, 100 ml of potassium permanganate, and 100 ml of sodium hydroxide were added into a digestion tube. The released ammonia was collected in boric acid using a distillation unit, where it forms ammonium borate and gets collected in a conical flask. The ammonium borate solution was titrated with sulfuric acid (0.1N H2SO4) till the color changed from pink or red to green (Lelago et al., 2016). The percentage of nitrogen was calculated using Equation 1:



Where, V is acid used in the titration (ml), and N is the normality of the standard acid.





Statistical analysis

All plant growth data and soil data were analysed by one-way analysis of variance (ANOVA) with the factors in the treatment analysis. The significant difference among the treatments was determined with Tukey’s honestly significant difference (HSD) using OriginPro 8.5.






Results




Physiochemical properties of soil

The soil physico-chemical parameters were checked before the initiation of the pot studies. The results obtained are tabulated in Table 1. The soil pH was analyzed to be 7.24, which was moderately neutral. According to the South African Department of Agriculture, Forestry, and Fisheries, the best production of Vigna radiata requires sandy loam soil with good drainage at a pH of 6.3–7.2. Neutral soil with a pH of 6.7–7.3 and silty clay soil texture might have fewer drainage problems for Vigna radiata. The electrical conductivity (EC) of the soil was monitored to be low (140.0 ± 0.05 µS/cm) indicating the soil was free of salts. Organic carbon and nitrogen contents were also depicted in the table below. The soil was deficient in nitrogen and hence appropriate for studying the nitrogenous fertilizers effect (Mota et al., 2021).





Impact of CNF*N controlled-release nitrogen fertilizer on the growth of Vigna radiata




Plant height of the Vigna radiata plant

Plant height, as a principal agronomic character, is the length of the Vigna radiata plant and is closely related to the yield of the crops. Plant height increased with the increase in CNF*N, as checked after both the first (after 45 days) and second (after 90 days) harvesting. The maximum height of the plant was observed in treatment 6 (T6), where 50 mg of CNF*N was added, as compared to control treatment 1 (T1), where no fertilizer was added. After first harvesting, the height in T6 was 40.4 ± 0.04 cm as compared to 34.8cm ± 0.08 in T1. T2 treatment showed 35.1 ± 0.09, 36.2 ± 0.1 in T3, 38.2 ± 0.05 in T4, and 39.2 ± 0.08 in T5. After second harvesting, the height in T6 was 44.4 ± 0.1 cm while the height in control (T1) was 39.1 ± 0.1 cm (Figure 1). Other treatments indicated 39.1 ± 0.1 in T2, 39.0 ± 0.2 in T3, 41.6 ± 0.1 in T4, and 43.5 ± 0.1 in T5. Thus, the increase in plant height is probably due to increased nitrogen content until the 90th day, as T6 treatments represent controlled-release fertilizer which led to enhanced root development and crop growth. All the measurements were the average of six replicates of each treatment.




Figure 1 | Image of the plants after the first (45 days) and second (90 days) harvesting stages showing the effect of six different treatments on the phenotype and height of the plant All the measurements were done in replicates of six plants (bars represent standard deviation; scale bar = 1 cm).







Dry weight of root and shoot of Vigna radiata

The dry weight of plants tends to provide a precise assessment of plant biomass by removing changes caused by water content. Plant performance in response to photosynthetic ability, nutrition, and environmental factors can be directly correlated with plant total biomass. The details of the root and shoot dry weights of plants are represented in Table 3.


Table 3 | Dry weight of root and shoot in the first and second harvesting stages.







Root-to-shoot ratio of Vigna radiata

The ability of a plant to absorb water and nutrients from its surroundings is dependent on its roots. A healthy root system is essential to the overall health of the plant. The root-to-shoot ratio is an important parameter to monitor plant health. The root-to-shoot ratio was highest for T6 treatment during both the first (0.09± 0.01) and second harvestings (0.183± 0.02) as compared to the control T1 (without any fertilizer) with the lowest root-to-shoot ratio during the first (0.03 ± 0.01) and second (0.07± 0.01) harvestings. Other treatments T2 showed 0.04± 0.01, 0.039± 0.01 in T3, 0.05± 0.01 in T4, and 0.06± 0.01 in T5 root-to-shoot ratio in first harvesting followed by second harvesting, which showed 0.08± 0.01 in T2, 0.08± 0.01 in T3, 0.10± 0.02 in T4, and 0.11± 0.01 in T5 as represented in Figure 2.




Figure 2 | Root-to-shoot ratio of Vigna radiata plants at first and second harvesting stage (Bars representing standard deviation).



Figure 2 represents the results of the dry weight of the root-to-shoot ratio of Vigna radiata with six different treatments (T1-T6) after 45 and 90 days. The outcomes of the study revealed that treatment T6 showed significantly better results as compared to the other treatments, and the plants harvested had better vigour and health (Figure 3).




Figure 3 | Photographs of the Vigna radiata with different soil treatments at the second harvesting stage or after 90 days of growing phase: (A) T1, (B) T2, (C) T3, (D) T4, (E) T5, and (F) T6, where the red arrow represents the yellow spots on the leaf due to nitrogen deficiency.







Assessment of the number of leaves

The number of leaves per plant is significantly impacted by the time of the fertilizer application and the type of the fertilizer. The highest number of leaves (7 in the first harvesting stage and 8 in the second harvesting stage) were found in the T6 treatment where 50 mg of CNF*N was added to the soil. In control T1 (without any fertilizer), 3 leaves were found after the first harvesting stage, and 4 leaves were obtained after second harvesting stage. Other treatments, such as T2, showed 4, 4 in T3, 5 in T4, and 6 leaves in the T5 in first harvesting, followed by the second harvesting, which showed 5 in T2, 5 in T3, 6 in T4, and 7 leaves in T5, as represented in Figure 4.




Figure 4 | Number of leaves at the first and second harvesting stages of Vigna radiata plants (bars represent the standard deviation).







Leaf area of the Vigna radiata plant

Similar to the number of leaves per plant, the leaf area was also significantly affected by the nitrogen rates. The plant with the maximum leaf area may also have higher photosynthesis because of increased nutrition during the growth stages. The maximum leaf area was recorded in the T6 treatment i.e., 7.12 cm2 in the first harvesting stage and 8.94 cm2 in the second harvesting stage, whereas the minimum leaf area (3 cm2 in the first harvesting stage and 4.5 cm2 in the second harvesting stage) was obtained in the control (T1) with no fertilizer applied. Other treatments showed leaf areas of 4.4 cm2 in T2, 4.8 cm2 in T3, 5 cm2 in T4, and 6.5 cm2 in T5 in the first harvesting, followed by the second harvesting, which showed 5.5 cm2 in T2, 5.5 cm2 in T3, 5.8 cm2 in T4, and 7.6 cm2 in T5 (Figure 5). Thus, the mean leaf area was observed to increase with the controlled-release fertilizer using CNF*N. Interestingly, there was only a marginal difference among the control T1 and T3 (bulk ammonium chloride), whereas no significant differences in parameters between the T2 (cellulose nanofibre pellet), T3 (bulk ammonium chloride), and T4 (CNF*N, 10 mg) were observed. A significant improvement was obtained with increasing the dosage of the CNF*N from 10 mg to 50 mg. An exponential increase was observed in the leaf area, i.e., from ~3 to ~7.1 cm2 in the first harvest and ~ 4.5 to~ 8.9 cm2 in the second harvest.




Figure 5 | Leaf area at the first and second harvesting stages of Vigna radiata plants.







Number of primary branches

The results indicated that the number of primary branches was significantly affected by the addition of N-fertilizer. Notably, the highest numbers of primary branches (4 in the first harvesting stage and 7 in the second harvesting stage) were recorded in T6 treatment as compared to the control (T1) (2 in first harvesting stage and 4 in second harvesting stage), where no fertilizer was applied. Other treatments showed primary branches of 4.4 cm2 in T2, 4.8 cm2 in T3, 5 cm2 in T4, and 6.5 cm2 in T5 in first harvesting, followed by second harvesting, which showed 5.5 cm2 in T2, 5.5 cm2 in T3, 5.8 cm2 in T4, and 7.6 cm2 in T5. This implied that higher vegetative growth was achieved when there was a higher availability of nutrients due to the controlled delivery of the fertilizer via a CNF-based N-fertilizer formulation.






Physiochemical parameters of soil at the first and second harvesting stages of the mung bean plant

The soil nutrient contents were monitored during the two post-harvest stages (45 days and 90 days) of the mung bean cultivation, as shown in Table 4. No significant difference was observed in the soil pH and organic carbon content among the controls (T1, T2) and the treatments (T3-T6) that were given to the mung plant [34]. In this study, the slight basic pH, which causes the continual removal of NH4+ ions from the nitrogen-fertilizer loaded CNF and neutralizes the hydronium ions (OH-) in the soil, favors the equilibrium shift, making the process self-propagating. Further, the CNF in the later stage will be depolymerized by microbes into oligomers or dimers, which serve as carbon sources for the plant and further contribute to plant yield (Zhou et al., 2011).


Table 4 | Physico-chemical parameters of soil after the first and second harvesting stages of Vigna radiata.



The electric conductivity was highest in the T3 treatment as compared to the other treatments and ranged from 145 to 175 µS/cm. The maximum EC in treatment 3 (T3) in the first harvesting stage was observed as the ammonium chloride was added to the soil in bulk during the treatment. The electrical conductivity increased with the solubilization of water-soluble ammonium chloride fertilizer which also increased the salt levels in the soil. As a major portion of the ammonium chloride added was already released or leaked until the first harvesting stage, the EC values of the T3 treatment decreased after the first harvesting stage. During the second harvesting stage, the EC was found to be in the range of 125 to 180 µS/cm. The maximum EC was found in T6, owing to the controlled-release of nitrogen-fertilizer loaded onto CNF.





Estimation of nitrogen in soil

The nutrient nitrogen (N) is essential for plant growth and the overall yield of the crop. Significantly higher nitrogen content (available and total) was observed in the CNF*N treatments (T4, T5, and T6) as compared with the negative control treatments (T1, T2) and positive control treatment (T3) during the first harvesting stage (45 days). The positive control was bulk fertilizer that was highly soluble in water and released during the initial growing phase, whereas the CNF*N treatments showed controlled release of nitrogen until the 45th day with maximum concentrations. Similarly, in the second harvesting stage, the soil components, mainly nitrogen, were analyzed for all the treatments to determine the nutrient contents in the soil. Nitrogen content was highest in the T6 treatment as compared to the control. The nitrogen content in T3 treatment where commercially available ammonium chloride was added in bulk was less, as ammonium chloride was highly soluble in water, so there are probably more chances of leakage of the salt in free form as compared to the salt loaded on CNF. Similar pattern was observed in the entire greenhouse study, where the maximum soil nutrients, plant height, leaf area, and other growth parameters were found in nitrogen-fertilizer loaded CNF treatments (T4, T5, and T6). Treatments T4, T5, and T6 were observed to represent no deficiency in the soil nutrient (nitrogen), which was attributed to the substantial release of sufficient quantities of nitrogen from the designed CNF*N formulation even after 90 days of the second harvesting. This observation was attributed to the controlled-release of nitrogen-fertilizer loaded onto the CNF, which regulates and improves the nutrient uptake efficiency of the plant via the controlled release of nutrient, as shown in Figure 6.




Figure 6 | Percentage of nitrogen contents in soil: (A) first harvesting stage; (B) second harvesting stage of Vigna radiata (bars represent the standard deviation).



The results were further corroborated by the yellowing of leaves in treatments T1, T2, and T3 after 90 days of the growing phase (Figures 3A–F) which indicated the lesser availability of nitrogen in the T3 treatment, where commercial ammonium chloride added in bulk was prone to microbial immobilization or leaching losses, whereas the T1 and T2 treatments were without any fertilizer, one propagating with only on the original soil and the other on soil with unloaded CNF. However, the treatments T4-T6 with controlled-release N-fertilizer loaded CNF at nitrogen loadings comparable to T3 did not show such manifestations anytime during the 90 days growth period.

Thus, the formulated CNF*N (nitrogen-fertilizer loaded CNF) appeared as a controlled-release fertilizer system that maintained the nitrogen content even after 90 days of harvesting. The results indicate that the nitrogen content in the soil was high in the replicates treated with the formulation, and hence the designed formulation could be utilized as an alternative to the commercial fertilizer, which had to be applied in bulk and was hence prone to volatization and leaching, leading to poor adsorption by the plants.






Discussions

The controlled release fertilizers are the smartest tools for sustainable agriculture. However, the impact of controlled release fertilizer on crops must be carefully evaluated before field implementation (Sharma et al., 2023a). The physiochemical parameter of soil plays critical role for plant growth (Yin et al., 2018). Numerous studies showed fertilizer impact on Vigna radiate. A report by Mota et al. showed the dosage of NPS (150 kg) per hectare on Vigna radiata, where the Shewa Robit variety showed maximum growth of the plant around 67.75 cm, whereas the minimum height of 59.0 cm was obtained in plants without additional fertilizer. Therefore, the causes of the maximum plant height were the genetic differences between varieties and enhanced NPS fertilizer. It could also be the result of a climate that is favourable up to physiological maturity, particularly when it comes to timely rainfall throughout the growth season (Khandare et al., 2020). According to another report, nitrogen plays a critical role in stimulating vegetative growth, thus impacting the overall yield of the plant (Chen et al., 2018).

A report by Khandare et al. observed plant dry matter of about 10.8 and 10.5 g/plant, both with 75% NP + liquid inoculation (Azotobacter-PSB; 625 mL/ha) and 75% NP + carrier inoculation (Azotobacter-PSB; 10 kg/ha), respectively (Alori et al., 2017), which indicated the carrier was beneficial to the plant. A report by Chen et al., showed that a moderate rate of nitrogen-fertilization plays a crucial role in root elongation, increasing surface area and volume in soil. The entire length of the root was found to grow to 25 cm using the minirhizotron method (Houmani et al., 2015).

The plant roots also play a critical role in maintaining the rhizosphere environment, as root exudate releases organic acids and protons (H+). The rhizosphere in the soil plays an essential role in facilitating the interaction between plant roots and microbes, which further enhances the mineralization of nitrogen and further enhances the plant’s net nitrogen assimilation (Dong et al., 2008; Karuku, 2019; Sharma et al., 2023c). Multiple studies have shown that the overall chlorophyll content in the leaves increased with excessive application of nitrogen-fertilizer but it may impact the carbon and nitrogen metabolism within the soil. Thus, under high nitrogen-fertilizer concentration the root growth was impacted, but the leaf numbers were increased (Kawte et al., 2020; Wang et al., 2020). An increased number of branches of plant indicated improved growth, which is the result of sufficient availability of nutrients at growth stages leading to efficient photosynthetic activity (Zhou et al., 2011). A similar study was conducted by Fernandes et al., where the water-soluble fertilizer showed a maximum EC of approximately 3 dS/m (Fernandes de Oliveira Braghin et al., 2019).

Thus, the utilization of CNF-based controlled-release fertilizer has proven to be highly effective in promoting the growth and development of Vigna radiata plants. The controlled release mechanism ensures a sustained and balanced supply of nutrients, optimizing nutrient uptake by the plants. This approach not only enhances the overall yield of Vigna radiata but also contributes to resource efficiency and environmental sustainability. The results suggest that CNF-based controlled release fertilizers can be a promising strategy for improving crop productivity while minimizing the environmental impact associated with traditional fertilization methods.





Conclusion

The performance of CNF*N controlled-release fertilizer has not only slowed down the nutrient release to the soil but also improved the soil fertility profile with the polymerization of CNF that will be utilized by microbes. The results of the study showed that plant height was highest in T6 treatment (44.4 ± 0.1 cm), whereas the less plant height was observed in T1, which was 39.1 ± 0.1 cm, after second harvesting, and the root-to-shoot ratio was maximum in T6 (0.183± 0.02) and minimum in T1 (0.07± 0.01) after second harvesting. This suggested the controlled-release of nitrogen-fertilizers tuned in accordance with the plant’s requirement for nitrogen. Thus, a CNF-based controlled fertilizer system could be adopted as an eco-friendly and biodegradable alternative to the practice of commercial application of the fertilizers by broadcasting, which otherwise leads to nutrients leaching to the water bodies, limited absorption by plants, and thus causing eutrophication and serious health hazards.
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Ocimum tenuiflorum, commonly known as “Holy basil,” is renowned for its notable medicinal and aromatic attributes. Its unique fragrance attributes to specific volatile phytochemicals, primarily belonging to terpenoid and/or phenylpropanoid classes, found within their essential oils. The use of nanoparticles (NPs) in agriculture has attracted attention among plant researchers. However, the impact of NPs on the modulation of morpho-physiological aspects and essential oil production in medicinal plants has received limited attention. Consequently, the present study aimed to explore the effect of silicon dioxide (SiO2) and titanium dioxide (TiO2) nanoparticles at various concentrations (viz., DDW (control), Si50+Ti50, Si100+Ti50, Si100+Ti100, Si200+Ti100, Si100+Ti200 and Si200+Ti200 mg L-1) on growth, physiology and essential oil production of O. tenuiflorum at 120 days after planting (DAP). The results demonstrated that the combined application of Si and Ti (Si100+Ti100 mg L-1) exhibited the most favourable outcomes compared to the other combinational treatments. This optimal treatment significantly increased the vegetative growth parameters (root length (33.5%), shoot length (39.2%), fresh weight (62.7%) and dry weight (28.5%)), photosynthetic parameters, enzymatic activities (nitrate reductase and carbonic anhydrase), the overall area of PGTs (peltate glandular trichomes) and essential oil content (172.4%) and yield (323.1%), compared to the control plants. Furthermore, the GCMS analysis showed optimal treatment (Si100+Ti100) significantly improved the content (43.3%) and yield (151.3%) of eugenol, the primary active component of the essential oil. This study uncovers a remarkable and optimal combination of SiO2 and TiO2 nanoparticles that effectively enhances the growth, physiology, and essential oil production in Holy basil. These findings offer valuable insights into maximizing the potential benefits of its use in industrial applications.
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1 Introduction

Medicinal plants offer a promising avenue for promoting human health, given their accessibility and minimal side effects compared to expensive and potentially harmful synthetic drugs (Ahmad et al., 2020). Active phyto-compounds like coumarins, flavonoids, terpenes, carotenoids, amino acids and essential oils contribute to the therapeutic value of various plants (Ahmad et al., 2018). The Lamiaceae family of plants includes Ocimum tenuiflorum, which is native to Southeast Asia and is known as Tulsi in India. It is a fragrant shrub with a sweet and spicy scent (Olawale et al., 2022). O. tenuiflorum has been assigned a high level of importance by the National and State Medicinal Plant Boards due to its diverse range of therapeutic characteristics (George et al., 2021). O. tenuiflorum is used to cure a wide variety of ailments, including severe eye disorders, bronchial asthma, dysentery, skin diseases, bronchitis, persistent fever, arthritis, malaria, diarrhoea and insect bites (Patil et al., 2012). It is commonly used as an anti-inflammatory, antibacterial, and cardio-protective medication in medicine (Beltrán-Noboa et al., 2022).

The essential oils derived from Ocimum plants are complex combinations of organic compounds found in nature and exhibit numerous biological characteristics. The concentration and makeup of essential oils are influenced by the environmental factors, growth stage and maturity of the plant (Smitha and Tripathy, 2016). The volatile organic compounds present in the aerial parts of Ocimum are abundant in essential oils, which are highly sought after in the food and medicinal industries because of their valuable properties (Tangpao et al., 2022). During the synthesis procedure, the essential oil is biochemically produced and stored within specialised structures called glandular trichomes, which can be categorised into two distinct types: capitate glandular trichomes (CPTs) and peltate glandular trichomes (PGTs). These two types can be distinguished by the relative proportions and quantities of glandular cells (Oksanen, 2018; Gurav et al., 2022).

As a fast-growing interdisciplinary field of study, nanotechnology has many potential applications such as biomedicines, targeted drug delivery, wastewater treatment, agricultural and food packaging technologies, cancer therapy, electronics and biosensors, and the beauty industry (Tripathi et al., 2017; Saratale et al., 2018). The use of nanoparticles in agriculture aims to boost crop yields, reduce nutrient loss, and prevent disease in a sustainable manner. Nanomaterials have been found to affect fundamental aspects of plant development, including germination, photosynthesis, and yield (Khan et al., 2017). Recent findings have demonstrated that the utilisation of NPs, such as silicon dioxide (SiO2) and titanium dioxide (TiO2) nanoparticles, enhances both the quantity and quality of essential oils in Vetiveria zizanioides (Ahmed et al., 2022). This innovative application of nanotechnology presents a promising approach to unlock the complete potential of plants and address the challenges encountered by agricultural practitioners, as suggested by Ali et al. (2021).

Titanium dioxide nanoparticles (TiO2-NPs) are currently gaining significant attention due to their broad range of applications including antibacterial, antifungal, antiviral, anticancer, and antioxidative properties, as well as capabilities for drug delivery and various other medicinal uses (Sagadevan et al., 2022). Similarly, Andersen et al. (2016) demonstrated that the application of TiO2-NPs to Brassica oleracea improved plant growth and yield. In O. basilicum, the application of TiO2-NPs improved seed germination by enhancing plumule and radicle formation (Kiapour et al., 2015). TiO2-NPs treatment increased nutrient uptake and consequently improved the growth and development of plants (Fraceto et al., 2016). Single-generational exposure to nano-TiO2 modulates various plant processes, including germination, seedling growth, photosynthesis, metabolism, antioxidant defence machinery and yield (Siddiqi and Husen, 2017; Saratale et al., 2018; Sivakami et al., 2021). TiO2, predominantly in the nanoparticle (NP) form, is being extensively employed in various applications, thus necessitating a thorough evaluation of its potential implications for human health as well as aquatic and terrestrial ecosystems (Fiordaliso et al., 2022). On the other hand, various plant species are capable of accumulating huge quantities of silicon (Si), the second most prevalent element in soil crust (Chen et al., 2018). Silicon nanoparticles enter plants quickly and alter their metabolic processes due to their distinct physiological characteristics (Bansal et al., 2022). Because it is a long-term solution, the usage of Si and Si-NPs has become a popular agricultural practice (Rajput et al., 2021). The availability of silica NPs increased plant biomass while lowering crop metal consumption (Chen et al., 2018). Moreover, NPs application improved the antioxidant defences and mineral nutrient uptake, which ultimately increased the plant biomass when subjected to heavy metal stress (Hussain et al., 2018; Bidi et al., 2021). Thus, the multifaceted nature of SiO2 and TiO2-NPs has contributed to the growth, development, yield, and quality of aromatic and medicinal plants and are of great scientific significance and industrial applications.

Understanding the factors that influence the growth and essential oil content in Ocimum plants, including the impact of NPs, is crucial for optimising their cultivation and obtaining high-quality yields. Moreover, the combinational treatment approach of SiO2 and TiO2-NPs remains unexplored. We hypothesise that the combined treatment of SiO2 and TiO2-NPs will bring crop enhancement in terms of growth, development, and essential oil productivity. In this framework, the current study aims to establish a consistent method for applying these NPs to enhance plant development and the EO content and yield of O. tenuiflorum, offering added benefits for agronomists. This research can provide valuable insights of peltate glandular trichomes (PGTs) and the production of eugenol and cis-β-elemene, which are relevant to essential oil production in O. tenuiflorum plants.




2 Materials and methods



2.1 Growth conditions and plant material

The young plants of Ocimum tenuiflorum (Holy basil) were obtained from a local nursery in Aligarh. The experiment was conducted in the net house located at the Department of Botany, Aligarh Muslim University, Aligarh, under natural environmental conditions. Earthen pots with dimensions of 40 cm in diameter and 45 cm in height were used for the cultivation. Prior to planting, each pot was filled with a mixture of 8.5 kg of soil (Agricultural field, Department of Botany, AMU, Aligarh, Supplementary File 1) and farmyard organic manure. Random soil samples weighing 5.0 kg were collected from selected pots and sent to the Soil-Testing Laboratory at the Government Agriculture Farm, Quarsi, Aligarh, for analysis. The soil exhibited a sandy loam texture with a pH of 7.9 (Supplementary File 1). Before transplanting, recommended doses of N (in the form of urea), P (in the form of diammonium phosphate), and K (in the form of muriate of potash) at rates of 65.5, 92.3, and 54.0 mg kg-1 (soil), respectively, were applied. The experimental pots were kept under net house conditions with an average temperature of 29.24°C and a relative humidity of 70.32%.




2.2 Source of nanoparticles

SiO2 (Aerosil® 200) and TiO2 (Aeroxide® TiO2 P 90) nanoparticles were gifted from Evonik Industries (Germany). SiO2-NPs are a hydrophilic fumed silica with a specific surface area of 175–225 m2/g and a pH of about 3.7–4.5. However, TiO2-NPs are hydrophilic fumed metal oxide, bearing a specific surface area of about 70-110 m2/g and a pH of about 3.2–4.5.




2.3 Characterisation of NPs using electron microscopy

The structural characteristics and surface morphology of silicon dioxide (SiO2) and titanium dioxide (TiO2) nanoparticles were assessed utilising a scanning electron microscope (SEM) model JEOL JSM–6510 from Japan, operating at 20 kV. The SEM images were obtained across various levels of magnification, employing a secondary imaging detector to enable visualisation at the micrometre (μm) scale. Prior to analysis, the samples underwent gold coating at the University Sophisticated Instrumentation Facility (USIF), Aligarh Muslim University, Aligarh.




2.4 Experimental setup

In an experimental setup following a simple randomised design, solutions of SiO2-NPs and TiO2-NPs were prepared by dissolving in double distilled water (DDW) at varying concentrations (including DDW as control, Si50+Ti50, Si100+Ti50, Si100+Ti100, Si200+Ti100, Si100+Ti200, and Si200+Ti200 mg L-1). These specific combinations of treatments were selected based on a preliminary experiment provided as Supplementary Material File 1. A nursery of plants was made and after 30 days the plants were transferred to earthen pots. After 90 days of plantation (DAP), the plants were subjected to five spray treatments at a 5-day interval using a hand sprayer. Each treatment consisted of five replicates, with three plants in each replicate. After a growth period of 120 days, multiple parameters such as growth characteristics, physio-biochemical characteristics, essential oil content and yield, and active ingredient levels were evaluated.




2.5 Determination of growth attributes

The plant length (shoot and root) and biomass (fresh weight (FW) and dry weight (DW)) were measured after 120 days of transplant. Five plants from each treatment were carefully washed with tap water to remove any external debris and then dried using blotting paper. The root and shoot length was immediately measured using a metric scale. Afterwards, the plants were immediately weighed using digital balance to record the FW. The plants were incubated in hot-air oven at 80°C for 48 hours to determine the DW.




2.6 Determination of physiological and biochemical attributes



2.6.1 Total chlorophyll content

The methodology outlined by Choudhary et al. (2020) was employed to quantify the overall chlorophyll concentrations within leaf samples. To initiate the analysis, 1g of freshly harvested leaf tissue was homogenised using 100% acetone. Subsequently, supernatant was collected following centrifugation at 10,000 rpm for 10 minutes. Optical density was measured at wavelengths of 663 nm and 645 nm to assess the levels of chlorophyll a and chlorophyll b. This was carried out utilising a Shimadzu UV-1700 spectrophotometer from Japan. The determination of total chlorophyll content was accomplished by summing the quantities of chlorophyll a and chlorophyll b. The results were expressed as mg g-1 FW.




2.6.2 Chlorophyll fluorescence (Fv/Fm)

Saturation-Pulse Fluorometer (PAM-2000, Walz, Germany) was used to measure chlorophyll fluorescence (Fv/Fm) on the upper side of fully expanded leaves between 11:00 AM and 12:00 PM. The accurate readings were recorded by keeping the leaves in the dark for 30 minutes before measurement to stabilise the reaction centre. Low measuring beams with a light intensity of 125 mol m2 s-1 were used to determine the minimum (Fo) and maximum (Fm) fluorescence of dark-adapted leaves. The variable fluorescence (Fv) was calculated using the values of Fm − Fo and maximal efficiency of PSII (chlorophyll fluorescence) by using Fv/Fm.




2.6.3 Carbonic anhydrase (CA) and nitrate reductase (NR) activities

Carbonic anhydrase (CA) activity in fresh leaves was measured using the protocol developed by Wani et al. (2023). Fresh leaf sample (0.2 g) devoid of veins were sliced into small rectangular pieces and submerged in 10 mL of 0.2 M aqueous cysteine hydrochloride solution. The reaction mixture was maintained at 4°C for 20 minutes. After incubation, the samples were transferred to a test tube containing 4 mL of a phosphate buffer (pH 6.8), 4 mL of a 0.2 M sodium bicarbonate (NaHCO3) solution, 0.2 mL of a 0.02 M sodium hydroxide (NaOH) solution, and 0.2 mL of 0.002% bromothymol-blue indicator. The reaction mixture was shaken for 20 seconds before being incubated in an ice box for 2 hours. Afterwards, the sample was titrated against 0.01 N HC1 using methylred as an indicator. The volume of HCl used to develop light purple colour was recorded. The CA activity was measured and expressed as mol CO2 kg-1 leaf FW s-1.

Nitrate reductase (NR) activity was measured by the method pioneered by Jaworski (1971). 0.2 g of freshly diced leaves were transferred to a plastic vial with 0.5 mL of 0.2 M potassium nitrate solution, 2.5 mL of phosphate buffer (pH 7.5), and 2.5 mL of 5% isopropanol. After that, the reaction mixture was incubated for two hours using a BOD incubator maintained at 30 °C in dark. Post incubation, 0.4 mL of the reaction mixture was transferred to a test tube, followed by adding 0.3 mL each of 1% sulphanilamide and 0.02% N-(1-naphthyl) ethylenediamine dihydrochloride solution. After incubation at room temperature for 20 minutes to attain maximum colour intensity, the content was diluted with DDW to a final volume of 5 mL. Optical density of the final solution was measured at 540 nm using the spectrophotometer. NR activity was expressed as nmol (NO2) g−1 FW h−1.




2.6.4 Scanning electron microscopy (SEM) analysis

SEM examination was performed to visualise leaf ultra-structure, including stomata and trichomes. The leaves were placed in a 4% glutaraldehyde solution for 2 hours before being rinsed with a 0.1 M sodium cacodylate buffer solution with a pH of 7.2. Afterwards, the leaf samples were passed through the ethanol series (50, 70, 90 and 100%) and the dehydrated samples were viewed under SEM-JSM 6510 LV (JEOL, Japan).





2.7 Estimation of essential oil content by gas chromatography–mass spectrometry (GC-MS)

Fresh leaves (200 g) were collected from each treatment and chopped leaf-tissue was used to obtain essential oil (EO) using the hydro-distillation method. Leaf EO content was quantified gravimetrically in accordance with method of Ahmad et al. (2020). Clevenger’s apparatus was used to distil the chopped leaves for 3 hours, and the resulting EO was dehydrated with anhydrous sodium sulphate before being stored in sealed glass vials at 4°C until the GC analysis was carried out.

The US-made Agilent 7890B gas chromatography instrument was used for GC analysis. The instrument was equipped with a capillary column coated with fused silica carrying 30m length and 0.32 mm inner diameter in addition to an injector and flame ionisation detector. Nitrogen was employed as the carrier gas. Detector temperature 270°C, oven temperature 260°C, and injector temperature 250°C constituted the GC temperature profile. A sample size of 0.2 µL was used constantly. The first temperature was 40°C, maintained for 2 minutes, and the second and final temperature were 260°C, maintained for 10 minutes. Active components of EO, such as thymol and trans-caryophyllene, were identified using retention time. Content of EO and the active constituents was determined by comparing the chromatogram peaks of the sample to the peaks obtained from the reference standard according to Adams (2007).





3 Statistical analysis

The statistical analysis, including Two-way ANOVA, was conducted using software SPSS-23 (Chicago, USA) to assess significant differences. Duncan’s multiple range test (DMRT) was employed to determine significant variations at a significance level of P ≤ 0.05. The experiments were replicated five times, and the results are reported as the mean ± standard error (SE) for each measurement.




4 Results

Different parameters were studied to evaluate the effect of the combination of various concentrations of SiO2-NPs and TiO2-NPs on Ocimum tenuiflorum.



4.1 Characterisation of NPs using electron microscopy

The surface characteristics, morphology and size of SiO2 and TiO2-NPs were examined using scanning electron microscopy (SEM) techniques. The SEM images revealed the presence of spherical-shaped SiO2-NPs (Figure 1A), whereas knitted ball-like crystalline structure was observed in TiO2-NPs (Figure 1B). As clear from the figure, the average size of SiO2-NPs ranges between 5.2-12.1 nm and the average diameter of TiO2-NPs was about 10.2-15.2 nm.




Figure 1 | (A) SEM image of SiO2-NPs. (B) SEM image of TiO2-NPs.






4.2 Growth attributes

The foliar application impact of SiO2-NPs and TiO2-NPs increased roots and shoot length and plant fresh and dry weight, as compared to the control (Supplementary Table 1). Out of various treatments, the combined application of Si100+Ti100 mg L-1 excelled the other treatments and proved best in improving all the growth characteristics. The utmost increase of about 33.5% and 39.2% was noted in the root and shoot length and 62.7% and 28.5% in plant fresh and dry mass, respectively, over the control.




4.3 Physiological and biochemical attributes



4.3.1 Photosynthetic attributes

Foliar application of SiO2-NPs and TiO2-NPs improved photosynthetic parameters like total content of chlorophyll (TCC) and chlorophyll fluorescence (Fv/Fm). Values of all these parameters were increased up to 100 mg L-1 of SiO2-NPs and TiO2-NPs, but decreased at even higher concentrations. Among the various treatments, the combined application of Si100+Ti100 mg L-1 effectively increased the TCC and Fv/Fm by 42.3% and 9.05%, respectively (Figure 2).




Figure 2 | The effect of combined application of SiO2-NPs and TiO2-NPs on (A) Total chlorophyll content. (B) Chlorophyll fluorescence. (C) CA activity. (D) NR activity of Ocimum tenuiflorum recorded at 120 DAT. The small letter's indicate the significant differences among different treatments.






4.3.2 Carbonic anhydrase (CA) and nitrate reductase (NR) activities

The activities of CA and NR were shown to have increased after foliar application of SiO2-NPs and TiO2-NPs. Values of all these parameters were increased up to 100 mg L-1 concentration. After that, the values significantly decreased. The best treatment (Si100+Ti100 mg L-1) increased the CA and NR activity by 21.2% and 63.7%, respectively, over the control (Figure 2).




4.3.3 Glandular trichome development

Our research found that foliar treatment resulted in a significant rise in peltate glandular trichome (PGT) area. The treatment at Si100+Ti100 mg L-1 concentrations had a considerable effect on the PGT area when compared to control. A maximum expansion of 3215.1cm2 was observed in the area of PGT after foliar application of NPs concentration in comparison to control (Figure 3).




Figure 3 | The effect of combined application of SiO2-NPs and TiO2-NPs on the glandular trichomes was determined using scanning electron microscopy (SEM). (A) Distribution of trichomes on leaf surface. (B) Control. (C) Treated (Si100+Ti100).






4.3.4 Essential oil content and yield

Interestingly, the foliar application of SiO2-NPs and TiO2-NPs at 100 mg L-1 concentration optimally boosted the content and yield of EOs. The maximum percentage increase in content and yield of EO was seen by 172.4% and 323.1%, respectively, compared to the control. Furthermore, eugenol and cis-β-elemene content was significantly improved by 43.3% and 35.3% respectively, when compared to control plants (Figure 4).




Figure 4 | The Effects of combined application of SiO2-NPs and TiO2-NPs on essential oil of O. tenuiflorum at 120 DAP. (A) Essential oil content. (B) Essential oil yield per plant. (C) Eugenol content. (D) Eugenol yield. (E) Cis-β-elemene content. (F) Cis-β-elemene yield. The small letter's indicate the significant differences among different treatments.








5 Discussion

The application of growth-promoting substances has accelerated agricultural advancement, thereby enabling a partial realisation of the objective to enhance crop productivity (Ahmed et al., 2022). Nanoparticles (NPs) have attracted significant attention in agriculture for their elicitor properties and potential to enhance plant growth, thereby improving overall crop productivity (Mukarram et al., 2022; Uddin et al., 2023). Crop yields, nutrient loss, and disease prevention are all areas where nanomaterials could be utilised for betterment of agriculture. Some of the most essential stages of plant growth germination, photosynthesis, and flowering have been shown to be influenced by nanomaterials (Khan et al., 2017). The application of agrochemical sprays including fertilizers, nanoparticles, and elicitors, to the above-ground parts of plants is a globally recognised and effective agricultural practice (Shahhoseini and Daneshvar, 2023; Yin et al., 2023). Furthermore, bioavailability, concentration, solubility, and exposure time are various factors which influence the uptake and distribution of metallic nanoparticles throughout a plant (Uddin et al., 2023). Our findings demonstrate the significant impact of foliar application of SiO2-NPs and TiO2-NPs at various doses on the vegetative growth, physiology, and quality of O. tenuiflorum. The values of the all evaluated parameters showed an increase up to the concentration of Si100+Ti100 mg L−1. However, as the concentrations exceeded Si100+Ti100 mg L−1, there was a gradual decrease in the values (Supplementary Table 1; Figures 2–5). In particular significant enhancement in growth parameters was observed with the application of Si100+Ti100 mg L−1, as compared to control (Supplementary Table 1). Moreover, the physiological and biochemical characters exhibited a strong and favourable response to this specific concentration (Figure 2). Furthermore, the increase in chlorophyll content consequently enhanced photosynthetic efficiency, thereby enhancing growth, fresh and dry mass of the plants (Mir et al., 2022). Our study is supported by Ahmad et al. (2020), which stated that the plants treated with silicon improved their physical and biochemical defence mechanisms, resulting in effective germination and growth. Similar results were reported in Brassica oleracea (Anwar et al., 2023), Brassica napus (Huang et al., 2023) and Ocimum basilicum (Tan et al., 2018). Moreover, the observed enhancement in plant growth and development attributed to SiO2-NPs could potentially result from its influence on plant hormone and sugar metabolism (Maurya et al., 2019). TiO2 nanoparticles, on the other hand, have been found to exert substantial effects on the morphological, physiological, and biochemical traits of plants, which could contribute to an overall improvement in plant productivity (Gohari et al., 2020). Furthermore, the enhancement in fresh and dry weight of Vetiveria zizanioides was attributed to the combined application of SiO2 and TiO2-NPs (Li et al., 2023).




Figure 5 | GCMS chromatogram demonstrates the identification and separation of components of essential oil in Ocimum tenuiflorum. (A) Double distilled water (DDW) treated plants (control). (B) Combined treatment of SiO2-NPs and TiO2-NPs at 100 mg L-1.



The foliar application of nanoparticles not only improved the growth but also enhances the photosynthetic attributes. For instance, Emamverdian et al. (2020), observed that the application of SiO2-NPs to Pb-stressed bamboo plants resulted a significant increase in chlorophyll content, which was associated with enhanced photosynthetic efficiency. In another study, the application of Si-NPs boosted plant growth and biomass yield by decreasing the oxidative stress in lemongrass (Mukarram et al., 2023) and wheat grains (Hussain et al., 2019). Moreover, SiO2 and TiO2-NPs have been found to improve the photosynthetic pigments in Triticum aestivum (Tripathi et al., 2016) and Oryza sativa (Rizwan et al., 2019; Zhang et al., 2020) plants and Coleus aromaticus (Uddin et al., 2023). Our findings, demonstrated a significant improvement in growth characteristics (Supplementary Table 1), photosynthetic pigments (Figure 2), and chlorophyll fluorescence (Figure 2) values mediated by combined treatment of SiO2 and TiO2-NPs. Moreover, the activities of carbonic anhydrase (CA) and nitrate reductase (NR) were maximally improved when SiO2 and TiO2-NPs were applied together at Si100+Ti100 concentration (Figure 2). These results are in the agreement with the widely held view that CA and NR activities are intimately linked to nitrogen and carbon metabolism, respectively, thereby directly contributing to photosynthesis, growth, and biomass production of the crop plants (Taiz et al., 2015). It has been revealed that the elevated Chl level has a stimulatory effect on photosynthesis, leading to an increase in the plant’s dry weight (DW) and fresh weight (FW) (Ahmad et al., 2020; Uddin et al., 2023). Our findings are consistent with the study conducted by Morteza et al. (2013), which reported similar observations regarding the positive effects of our treatments on growth parameters, enzyme activities, chloroplast activity (photosynthetic rate), and a decrease in chlorophyll degradation. These improvements resulted in enhanced CO2 assimilation and ultimately led to improved plant yield. The application of Si100+Ti100 mg L-1 through foliar spraying resulted in an enhancement of essential oil (EO) content and yield (Figure 4). These results are consistent with the findings reported by Cheng et al. (2009), who indicated that the production of secondary metabolites, including essential oils, is influenced by the equilibrium between carbohydrate source and sink. A higher ratio of source to sink promotes the synthesis of secondary metabolites, thereby increasing their production. Plants exposed to NPs showed elevated levels of photosynthetic pigments and carbonic anhydrase activity, suggesting that the plants were able to make more efficient use of the light and increase their carbohydrate content in the leaf (Khan et al., 2023). The biosynthesis of essential oils (EO) occurs in the chloroplasts through the Methyl Erythritol Phosphate (MEP) pathway, which is alternatively referred to as the non-mevalonate pathway. This pathway takes place within the plastids of the glandular trichomes’ secretory cells (Ahmad et al., 2020). The significant enlargement of the secretory glandular trichomes (PGTs) observed in this study is likely attributed to the accumulation of essential oils (EO), primarily terpenes, which are synthesised within these specialised structures using photosynthesis-derived products. As per GC-MS reports, application (Figures 5A, B) of SiO2 and TiO2-NPs demonstrated a significant increase in the concentration of Eugenol- a principal constituent of O. tenuiflorum (holy basil) essential oil, in comparison to control plants. The combined treatment of SiO2-NPs and TiO2-NPs at 100 mg L-1 significantly enhanced the content and yield of eugenol per plant.

Our study also found that the optimum treatment of Si100+Ti100 significantly affected the overall area of peltate glandular trichomes (PGT) in the leaves compared to the control (an increase of 3215.1cm2), which evidently might have resulted in high EO content of treated plants compared to those of the control (Figure 4). Conclusively, combined foliar application of Si2O and TiO2-NPs improves the quality of the essential oil by significantly enhancing the content and yield of Eugenol in the oil. In corroborations with our results Uddin et al. (2023) in Coleus aromaticus, Khan et al. (2023) in Ocimum tenuiflorum, and Ahmad et al. (2018) in Mentha piperita observed similar results by treating plants with different nanoparticles.

The correlation between the different parameters was analysed using principal component analysis (PCA) and a Pearson correlation matrix (Figure 6). The score and loading plot of PCA revealed a maximum (97.4%) variation among all the various parameters, with PC1 contributing 92.3% variation and PC2 displaying 5.1%. Significant positive correlations were found between various studied parameters, viz. plant dry weight, plant fresh weight, root length, shoot length, total chlorophyll content, chlorophyll florescence, carbonic anhydrase activity, nitrate reductase activity, essential oil content and yield. The PCA score and loading plot analysis revealed that a significant amount (97.4%) of the variation among the different parameters was observed. PC1 accounted for a substantial portion (92.3%) of the total variation, while PC2 contributed 5.1%. Furthermore, notable positive correlations were observed between the studied parameters including plant fresh weight, plant dry weight, root length, shoot length, total chlorophyll content, chlorophyll florescence, carbonic anhydrase and nitrate reductase activity, and content and yield of essential oil. In case of the score plot, the best treatment of Si100+Ti100at 100 mg L-1 had the greatest addition to PC1. Furthermore, the treatments like Si200+Ti100 and Si100+Ti50 showed a positive correlation with PC1. On the other hand, the treatments Si200+Ti200, Si100+Ti200, and Si50+Ti50, had no significant ameliorative impact.




Figure 6 | (A) Correlation analysis by principal component analysis. (B) Pearson correlation matrix. RL, root length; SL, shoot length; PFW, plant fresh weight; PDW, plant dry weight; TCC, total chlorophyll content; fv/fm, chlorophyll florescence; CAA, carbonic anhydrase activity; NR, nitrate reductase; EO.C, essential oil content; EO. Y, essential oil yield; Eug.C, eugenol content; Ele. C, elemene content; Eug.Y, eugenol yield; Ele.Y, elemene yield.






6 Conclusion

Nanoparticles possess several advantageous characteristics, including cost-effectiveness, eco-friendliness, and water solubility, making them promising tools for improving plant growth and development. The present study emphasises the synergistic effect of SiO2 and TiO2 NPs, resulting in improved growth parameters, physio-biochemical attributes, photosynthetic efficiency and related enzymes, and enhanced yield in Holy basil. Additionally, the optimal treatment (Si100+Ti100 mg L-1) significantly improved the quality of essential oil due to the increasing the concentration of Eugenol. Therefore, current findings offer valuable insights into SiO2 and TiO2 NPs action in O. tenuiflorum plants to maximise crop economic benefits and their use in industrial and medicinal sectors.
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Water shortage seriously restricts the development of grassland agriculture in arid land and dramatically impacts alfalfa (Medicago sativa L.) quality content and hay yield. Reasonable irrigation methods have the potential to enhance the alfalfa quality content, hay yield, and thus quality yield. Whether partial root-zone drying subsurface drip irrigation (PRDSDI) improves the alfalfa quality yield, quality content, and hay yield is still unknown compared with conventional subsurface drip irrigation (CSDI). The effects of PRDSDI compared with that of CSDI and the interaction with irrigation volume (10 mm/week, 20 mm/week, and 30 mm/week) on the alfalfa quality yield were investigated in 2017–2018 and explained the change in quality yield with the alfalfa quality content and hay yield. Here, the results showed that PRDSDI did not increase the alfalfa quality yield in 2 years. PRDSDI significantly increased acid detergent fiber by 13.3% and 12.2% in 2018 with 10-mm and 20-mm irrigation volumes and neutral detergent fiber by 16.2%, 13.2%, and 12.6% in 2017 with 10-mm, 20-mm, and 30-mm irrigation volumes, respectively. PRDSDI significantly decreased the crude protein by 5.4% and 8.4% in 2018 with 10-mm and 20-mm irrigation volumes and relative feed value by 15.0% with 20-mm irrigation volume in 2017 and 9.8% with 10-mm irrigation volume in 2018, respectively. In addition, PRDSDI significantly increased the alfalfa average hay yield by 49.5% and 59.6% with 10-mm and 20-mm irrigation volumes in 2018, respectively. Our results provide a counterexample for PRDSDI to improve crop quality. Although there was no significant improvement in average quality yield by PRDSDI, the positive impact of average hay yield on quality yield outweighed the negative impact of quality content. Thus, it has the potential to improve quality yields. The novel findings regarding the effects of PRDSDI on quality yield are potentially favorable for the forage feed value in water-limited areas.
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1 Introduction

Alfalfa (Medicago sativa L.) is a critical element in dairy cow diets. Because of insufficient domestic production in China, there has been a steady increase in imports from abroad over the past decade (Wang and Zou, 2020; Wang and Zhang, 2023). Despite the fact that 90% of the alfalfa planting area is in Northern China, where the alfalfa produced is of good quality and high yield (Feng et al., 2022; Kamran et al., 2022), water shortage remains a key limiting factor for alfalfa production (Wang et al., 2021; Chen et al., 2023). To address this challenge and enhance the alfalfa quality and hay yield, various water-saving irrigation methods have been implemented (Li et al., 2023; Liu et al., 2023).

The issue of water shortage for irrigation is becoming increasingly serious worldwide, particularly in the developing countries (Schmitt et al., 2022). It is imperative to establish a proper framework for the irrigation techniques tailored to specific crops and purposes, whether the crop is grown for forage, grains, or fiber (Chen et al., 2020). It is very necessary to manage properly the irrigation water for crop production and forage quality (Jiang et al., 2022; Xu et al., 2022). Developing proper water use strategy for the vegetation and forage production, especially under the deficit irrigation (Li et al., 2018; El Mouttaqi et al., 2023), is essential to improve the forage quality and ensure sustainable vegetation production (Fu et al., 2022). Numerous water-saving irrigation methods have been devised for the vegetation and forage production, including furrow irrigation, sprinkler irrigation, and subsurface drip irrigation (Li et al., 2023; Wu et al., 2023). Among them, subsurface drip irrigation is more water-saving, as it replenishes water directly in the water-absorbing zone of plants’ roots, in contrast to furrow irrigation and sprinkler irrigation that add water to the soil surface (Hutmacher et al., 2001; Liu et al., 2021a). However, conventional subsurface drip irrigation (CSDI) often involves large lines spacing, resulting in uneven irrigation where plants closer to the scuppers receive more water than those farther away (Lamm, 2012). The typical solution is to increase the irrigation volume to reach plants farther from the scuppers (Hutmacher et al., 2001; Kandelous et al., 2012). To address the issue of uneven irrigation in CSDI, another irrigation method, namely, partial root-zone drying subsurface drip irrigation (PRDSDI), has been recently developed (Wang et al., 2021). PRDSDI can be viewed as a doubled CSDI, involving the addition of a second subsurface drip irrigation system on the base of CSDI. The scuppers of the second system are located in the middle of the scuppers of the first system, allowing for more even irrigation of plants with the same irrigation volume (Wang et al., 2021). Thus, using the same irrigation volume, CSDI can irrigate plants more evenly than PRDSDI by alternating the two subsurface drip irrigation systems between irrigation events (Wang et al., 2021).

More evened irrigation provides a stable soil water environment for plants (Wang et al., 2021). However, PRDSDI has not consistently demonstrated a promotion in plant yield (Jovanovic et al., 2010; Çolak et al., 2018) and, in some cases, has even reduced hay yield (Wang et al., 2021). The pleasant surprise is that the PRDSDI showed the advantage of improving plant quality content compared with CSDI (Jovanovic et al., 2010; Çolak et al., 2018). Nevertheless, in previous research comparing CSDI under full irrigation, PRDSDI did not show the advantage of improving quality content (Wang et al., 2021). It remains uncertain whether PRDSDI improves alfalfa hay yield under varying irrigation volumes, particularly under deficit irrigation, and whether there is an improvement in quality content.

Maintaining a balance between quality content and yield is crucial, particularly for alfalfa, a forage that is valued for its quality content (McCullock et al., 2014; Peake et al., 2019). Focusing solely on achieving high hay yield while undervaluing the alfalfa quality content may diminish its market competitiveness (Zhang et al., 2020; Wang et al., 2023). Therefore, investigating the synergistic regulation mechanism between the alfalfa quality content and the hay yield is essential for enhancing its overall quality and production efficiency. In this context, we introduce the concept of the alfalfa quality yield to assess the relationship between the alfalfa quality content and the hay yield (Zhang et al., 2018; Deng et al., 2020). Existing studies on quality yield have primarily centered on biomass-based vegetables (Bumgarner et al., 2012; Nyathi et al., 2019), pastures (Zhang et al., 2018; Deng et al., 2020), and other crops (Graham et al., 2018; Li et al., 2021).

This study aims to compare the effects of irrigation methods and the interaction with irrigation volumes on the alfalfa quality yield, alfalfa quality content, and hay yield. We hypothesize that PRDSDI might enhance the alfalfa quality content and hay yield and thus increase its quality yield compared with CSDI. The goal is to explore whether PRDSDI offers advantages in improving the alfalfa quality yield to address the challenge of water limitation constraining the sustainable development of grassland agriculture in arid areas.




2 Materials and methods



2.1 Site description and experimental design

The experiments were carried out at the National Field Scientific Observation and Research Station of Oasis Agroecosystem (35°52′N and 102°50′E; altitude, 1,581 m), located in northwest arid land China. The mean annual precipitation and pan evaporation in this region are 164 mm and 2,000 mm, respectively. The mean annual temperature is 8.8°C, and the annual accumulated temperature (>0°C) is 3,550°C. The air temperature and daily precipitation during 24 June to 30 September 2017 and 8 May to 20 September 2018 as well as the alfalfa growing seasons are shown in Figure 1. The soil of the field is sandy loam, with an average field capacity, wilting point, and soil bulk density of 0.29 cm3 cm−3, 0.09 cm3 cm−3, and 1.50 g cm−3 in the upper 1.6 m of soil, respectively.




Figure 1 | Harvest event, irrigation event, precipitation, and air temperature in the experimental years. The orange arrow indicates the irrigation event time (seedling irrigation not included), and the green × line indicates the harvest event time. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).



The irrigation methods included CSDI and PRDSDI. Three irrigation volumes were set for the comparison of PRDSDI and CSDI. Six treatments had 18 subplots in total, and the experimental subplots were arranged in split area. The irrigation volume of 30 mm (CSDI3 and PRDSDI3) was used to represent the full irrigation of alfalfa consumption by local farmers (Kou, 2014). The other two irrigation volumes used full irrigation water for 2/3 (CSDI2 and PRDSDI2) and 1/3 (CSDI1 and PRDSDI1) (Table 1), respectively. On 29 July 2017, 19 August, 2017, 8 August 2018, 19 August 2018, 26 August 2018, and 2 September 2018, the irrigation schedule was delayed by 1 week because of excessive precipitation (Figure 1). The irrigation frequency was 13 times in 2017 and 19 times in 2018 (Table 1; Figure 1).


Table 1 | Irrigation regime details in 2017 and 2018.



The subsurface drip irrigation system (DAYU Water-saving Group Co. Ltd., Gansu, China) was buried at the depth of 0.2 m before the alfalfa was established in the plots, with a discharge rate of 3 L h−1 and 0.3-m interval inline emitters. As we presented earlier, two sets of subsurface drip irrigation systems were arranged to establish PRDSDI (Wang et al., 2021). Thus, the subsurface drip irrigation system 1 is used for 1, 3, 5, ... irrigation events and subsurface drip irrigation system 2 is used for 2, 4, 6, ... irrigation events (Figure 2).




Figure 2 | Photograph and layout of the proposed subsurface drip irrigation systems for conventional subsurface drip irrigation (A, C) and partial root-zone drying subsurface drip irrigation (B, D). Partial root-zone drying subsurface drip irrigation water supply adopts two subsurface drip irrigation systems, subsurface drip irrigation system 1 provides water during one irrigation event, whereas subsurface drip irrigation system 2 supplies water during the next irrigation event (for interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).



On 20 May 2017, Alfalfa (cv. MF4020) was planted with a drill at a rate of 20 kg ha−1. The sowing depth was 0.05 m, and the row space was 0.2 m. Pest control was applied as per best management practices throughout the experiment, and weeds were removed manually after each harvest.




2.2 Sampling and measurements

The plots were harvested three times during the growing season in 2017 (15 July, 18 August, and 30 September) and four times in 2018 (7 June, 5 July, 7 August, and 20 September) (Table 2). The alfalfa hay yield was determined by combining a large plot (1 m × 1 m) with a small plot (0.2 m × 0.2 m). The fresh grass yield was determined after harvest by randomly selecting five samples in the test area and weighing them. The alfalfa moisture content was measured in the small plot, and the hay yield of the 1 m × 1 m sample plot was calculated on the basis of fresh weight with a large sample plot. The samples from the small plot were placed in an oven for 1 h at 105°C for sterilization. The temperature was then lowered to 65°C, where it was maintained until the weight stabilized. Average hay yield was calculated as the average of three harvests in 2017 and the average of four harvests in 2018.


Table 2 | Harvest regime details in 2017 and 2018.



The dried samples were crushed into a fine powder and then sieved through a 0.5-mm mesh before the quality content characteristics, including acid detergent fiber, neutral detergent fiber, and crude protein, were assessed. Crude protein was evaluated using a FOSS Kjeltec™ 8400 (FOSS Ltd., Denmark) instrument, and acid detergent fiber and neutral detergent fiber were tested with an ANKOM2000 Automated Fiber Analyzer (ANKOM Technology, Macedon, NY, USA) in a bag suspender (Warnke and Ruhland, 2016).

The soil moisture was monitored every 2–3 days, utilizing 0.1 m depth increments within the vertical soil layer, extending to a depth of 1.6 m. This was achieved using a Diviner 2000 system (Sentek Pty Ltd., Australia). Calibration of the data was performed by comparing it with gravimetric soil water content, measured through the oven-drying method at each harvest stage. The soil water content reported here represents the average moisture level across all soil layers that were monitored.




2.3 Calculation

The relative feed value was estimated according to Equation 1.

 

Alfalfa average acid detergent fiber yield, average neutral detergent fiber yield, average crude protein yield, and average relative feed value yield (Zhang et al., 2018; Deng et al., 2020) were calculated as Equations 2–5:

 

 

 

 




2.4 Statistics

Analyses were performed using the SPSS 22 software (SPSS Inc., Chicago, IL, USA). Three-way analyses of variance (ANOVA) with the general linear model univariate procedure were used to test the effects of the harvest events (harvest event), irrigation methods, and irrigation volumes as well as their interaction on the alfalfa quality content (acid detergent fiber, neutral detergent fiber, crude protein, and relative feed value), average hay yield, and quality yield (acid detergent fiber yield, neutral detergent fiber yield, crude protein yield, and relative feed value yield). Different lowercase letters indicate that the results of one-way ANOVA have significant differences, and different uppercase letters indicate that the results of different irrigation volumes have significant differences in Figures 3–5. Principal component analysis of alfalfa average hay yield and quality characteristics at seven harvests in two years was conducted using Origin 2023b (Origin Lab Corp., Northampton, USA).




Figure 3 | Alfalfa average quality yield at three harvests in 2017 and four harvests in 2018. CSDI represents conventional subsurface drip irrigation; PRDSDI represents partial root-zone drying subsurface drip irrigation. CSDI1 and PRDSDI1, CSDI2 and PRDSDI2, and CSDI3 and PRDSDI3 represent 10-mm, 20-mm, and 30-mm irrigation volumes at each irrigation event per week, respectively. Different lowercase letters indicate that the results of single factor analysis have significant differences. Different uppercase letters indicate that the results of different irrigation quotas have significant differences. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).






Figure 4 | Alfalfa average quality content at three harvests in 2017 and four harvests in 2018. CSDI represents conventional subsurface drip irrigation; PRDSDI represents partial root-zone drying subsurface drip irrigation. CSDI1 and PRDSDI1, CSDI2 and PRDSDI2, and CSDI3 and PRDSDI3 represent 10-mm, 20-mm, and 30-mm irrigation volumes at each irrigation event per week, respectively. Different lowercase letters indicate that the results of single factor analysis have significant differences. Different uppercase letters indicate that the results of different irrigation volumes have significant differences. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).






Figure 5 | Alfalfa average hay yield at three harvests in 2017 and four harvests in 2018. CSDI represents conventional subsurface drip irrigation; PRDSDI represents partial root-zone drying subsurface drip irrigation. CSDI1 and PRDSDI1, CSDI2 and PRDSDI2, and CSDI3 and PRDSDI3 represent 10-mm, 20-mm, and 30-mm irrigation volumes at each irrigation event per week, respectively. Different lowercase letters indicate that the results of single factor analysis have significant differences. Different uppercase letters indicate that the results of different irrigation volumes have significant differences. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).







3 Results



3.1 Average volume moisture content

The average volume moisture content was higher under PRDSDI than that under CSDI treatments, and PRDSDI3 exhibited the highest average volume moisture content among these treatments in both years (Figure 6). However, the average volume moisture content of PRDSDI3 reached the field capacity after the first harvest until the third harvest in 2017 (Figure 6).




Figure 6 | Average volume soil water content (VWC) dynamics of 10 cm to 160 cm under two irrigation methods (CSDI represents conventional subsurface drip irrigation; PRDSDI represents partial root-zone drying subsurface drip irrigation) and three irrigation volumes (CSDI1 and PRDSDI1, CSDI2 and PRDSDI2, and CSDI3 and PRDSDI3 represent 10-mm, 20-mm, and 30-mm irrigation volumes at each irrigation event per week, respectively) in 2017 and 2018. The blue line represents the field capacity, and the red line represents permanent wilting point, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).






3.2 Alfalfa quality yield

Irrigation method significantly affected alfalfa neutral detergent fiber yield and crude protein yield in both years (P< 0.01) (Table 3). In 2017, the irrigation method showed no significant impact on alfalfa acid detergent fiber yield and relative feed value yield (P > 0.05). However, in 2018, the irrigation method significantly affected alfalfa acid detergent fiber yield and relative feed value yield (P< 0.001). The interaction between the irrigation method and the irrigation volume significantly affected alfalfa acid detergent fiber yield, neutral detergent fiber yield, crude protein yield, and relative feed value yield in 2017 (P< 0.001). In 2018, the interaction between the irrigation method and the irrigation volume significantly affected alfalfa neutral detergent fiber yield, crude protein yield, and relative feed value yield (P< 0.05), whereas the interaction between the irrigation method and the irrigation volume did not significantly affect alfalfa acid detergent fiber yield.


Table 3 | Three-way ANOVAs (F- and P-values) of the effects of the irrigation method, the irrigation volume, and the harvest event on the alfalfa quality content, hay yield, and quality yield in 2017 and 2018.



CSDI increased the neutral detergent fiber yield by 3.5% to 18.9% in 2017 compared with PRDSDI. Notably, CSDI3 significantly elevated neutral detergent fiber yield by 522.72 kg ha−1 compared with PRDSDI3 in 2017. There was no difference found in acid detergent fiber yield, neutral detergent fiber yield, crude protein yield, and relative feed value yield between the PRDSDI and CSDI in 2017 or 2018 using ANOVA (Figure 3). In 2017, compared with CSDI1, PRDSDI1 improved the acid detergent fiber yield, crude protein yield, and relative feed value yield by 13.6%, 11.0%, and 28.3%, respectively. Similarly, compared with CSDI2, PRDSDI1 improved the acid detergent fiber yield, crude protein yield, and relative feed value yield by 0.2%, 15.6%, and 21.8% in 2017, respectively. In 2018, compared with CSDI, PRDSDI improved the acid detergent fiber yield, neutral detergent fiber yield, crude protein yield, and relative feed value yield by 9.0%–59.1%, 9.1%–63.7%, 6.1%–47.0%, and 5.1%–63.8%, respectively.




3.3 Alfalfa quality content

Irrigation method significantly influenced alfalfa acid detergent fiber and crude protein (P< 0.001), but no significant effects were observed on neutral detergent fiber and relative feed value in 2017 (Table 3). In 2018, the irrigation method had a significant impact on alfalfa neutral detergent fiber and relative feed value (P< 0.001), whereas it did not significantly affect acid detergent fiber and crude protein. The interaction between the irrigation method and the irrigation volume had a significant effect on alfalfa acid detergent fiber and crude protein (P< 0.05), whereas it did not significantly affect neutral detergent fiber and relative feed value in 2017. In 2018, the interaction between the irrigation method and the irrigation volume had a significant effect on alfalfa neutral detergent fiber, crude protein, and relative feed value (P< 0.05), whereas it did not significantly affect acid detergent fiber.

ANOVA analysis indicated that PRDSDI significantly increased the alfalfa acid detergent fiber and neutral detergent fiber and significantly decreased crude protein and relative feed value compared with CSDI in 2017 and 2018 (P< 0.05) (Figure 4). Specifically, alfalfa neutral detergent fiber in 2017 and acid detergent fiber in 2018 of PRDSDI1 were higher by 16.2% and 13.3% than that of CSDI1, respectively. In addition, alfalfa crude protein and relative feed value of PRDSDI1 were lower by 5.4% and 9.8% than those of CSDI1 in 2018. The alfalfa neutral detergent fiber in 2017 and acid detergent fiber in 2018 of PRDSDI2 were higher by 13.2% and 12.2% than that of CSDI2, respectively. Conversely, alfalfa crude protein in 2018 and relative feed value in 2017 of PRDSDI2 were lower by 8.3% and 15.0% than that of CSDI2 in 2018. In addition, the alfalfa neutral detergent fiber of PRDSDI3 was higher by 12.6% than that of CSDI3 in 2017.




3.4 Alfalfa average hay yield

The irrigation method insignificantly affected alfalfa average hay yield in 2017 (P = 0.178), but both the irrigation method and the irrigation volume, along with their interaction, significantly influenced alfalfa average hay yield in 2017 and 2018 (P< 0.001) (Table 3). The average hay yield of PRDSDI1 and PRDSDI2 was slightly higher by 304.96 and 212.84 harvest kg−1 ha−1 than that of CSDI1 and CSDI2 in 2017 (P > 0.05). However, in 2018, the alfalfa average hay yield of PRDSDI1 and PRDSDI2 was significantly higher by 1,083.52 and 1,760.48 harvest kg−1 ha−1 than that of CSDI1 and CSDI2, respectively (Figure 5).




3.5 Principal component analysis of the alfalfa quality characteristics and hay yield

The principal component analysis conducted on the nine most important quality characteristics captured 90.1% of the variance in the first two axes with 56.3% on the first component (PC1) at seven harvests in 2017 and 2018 (Figure 7). PC1 exhibited a negative correlation with alfalfa relative feed value and crude protein, whereas it showed a positive correlation with alfalfa acid detergent fiber, neutral detergent fiber, hay yield, and quality yield (acid detergent fiber yield, neutral detergent fiber yield, crude protein yield, and relative feed value yield) (Figure 7A). With respect to irrigation methods, the principal component analysis scores indicated that PC1 discriminate between CSDI and PRDSDI (Figure 7B). CSDI was characterized by a higher alfalfa relative feed value and crude protein, whereas PRDSDI was characterized by a higher alfalfa hay yield and quality yield. The second principal component (PC2) explained 33.8% of the variation, showing a negative relationship with relative feed value and relative feed value yield but a positive relationship with acid detergent fiber and neutral detergent fiber. PC2 did not discriminate between PRDSDI and CSDI. The PRDSDI was at the positive end of PC2 and had high acid detergent fiber and neutral detergent fiber. PRDSDI was found mostly on the negative side of PC2, with a higher relative feed value than CSDI. Furthermore, principal component analysis based on the irrigation volume (Figure 7C) demonstrated a positive association between the higher irrigation volume and alfalfa hay yield and quality yield while revealing a negative correlation with quality content.




Figure 7 | Two-dimensional representation of the areas defined by the first two principal components (PC1 and PC2) of the principal component analysis of the alfalfa quality characteristics (A) between CSDI and PRDSDI (B) and among three irrigation volumes (C) at seven harvests in 2017–2018. Values assigned to each alfalfa sample for PC1 and PC2 grouped by irrigation method (B) and irrigation volumes (C). CSDI represents conventional subsurface drip irrigation; PRDSDI represents partial root-zone drying subsurface drip irrigation; 10 mm, 20 mm, and 30 mm represent irrigation volumes at each irrigation event per week. The relative contribution of each variable to PC1 and PC2. CP, crude protein; ADF, acid detergent fiber; NDF, neutral detergent fiber; RFV, relative feed value; ADFyield, acid detergent fiber yield; NDFyield, neutral detergent fiber yield; CPyield, crude protein yield; RFVyield, relative feed value yield. The orange circle represents the confidence interval under PRDSDI, and the green circle represents the confidence interval under CSDI (for interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).







4 Discussion

In this study, the alfalfa quality yield, quality content, and average hay yield under two irrigation methods and three irrigation volumes were investigated in a 2-year-old field experiment. Our key point is the changes in the alfalfa quality yield, quality content, and average hay yield with irrigation methods and interaction with irrigation volumes. The changes in the alfalfa quality yield were explained from the aspects of quality content and average hay yield.



4.1 PRDSDI has the potential to improve the alfalfa quality yield

Figure 7, Table 3, and Supplementary Figure 1 collectively highlight the potential of PRDSDI in enhancing the alfalfa quality yield, aligning with our initial hypothesis. To our knowledge, this study represents the first exploration of the alfalfa quality yield under PRDSDI. The interaction between irrigation methods and irrigation volumes in both years significantly affected the alfalfa quality yield, indicating that the effects of irrigation methods on the alfalfa quality cannot be ignored and depend on the deficit irrigation degree of irrigation volumes. Previous studies have reported that reduced irrigation volume significantly decreases the crude protein yield of soybean, oat, and vetch (Lai et al., 2022), and their results also support deficit irrigation cut-down forage quality yield. This is also consistent with our results, where 1/3–2/3 irrigation volumes of full irrigation significantly reduced the alfalfa quality yield (Figure 3). Figure 7, Table 3, and Supplementary Figure 1 collectively highlight the potential of PRDSDI in enhancing the alfalfa quality yield, aligning with our initial hypothesis. To our knowledge, this study represents the first exploration of the alfalfa quality yield under PRDSDI. The interaction between irrigation methods and irrigation volumes in both years significantly affected the alfalfa quality yield, indicating that the effects of irrigation methods on the alfalfa quality cannot be ignored and depend on the deficit irrigation degree of irrigation volumes. Previous studies have reported that reduced irrigation volume significantly decreases the crude protein yield of soybean, oat, and vetch (Lai et al., 2022), and their results also support deficit irrigation cut-down forage quality yield. This is also consistent with our results, where 1/3–2/3 irrigation volumes of full irrigation significantly reduced the alfalfa quality yield (Figure 3). When deficit irrigation occurs, PRDSDI improved the alfalfa acid detergent fiber yield, neutral detergent fiber yield, and crude protein yield in two years (Figures 3, 7) and reversed the negative effects on acid detergent fiber yield and neutral detergent fiber yield of PRDSDI in 2017 (Figure 3). These results suggest that optimizing the combination of irrigation methods and irrigation volumes is crucial for improving the alfalfa quality as a forage crop. Our results provide novel insights into the effects of irrigation methods and irrigation volumes on alfalfa quality. These results underscore the pivotal role of optimizing the combination of irrigation methods and irrigation volumes in enhancing the alfalfa quality as a forage crop, providing valuable insights for farm management and policy decisions.

Notably, we observed that the accumulation of crude protein yield and relative feeding value yield of alfalfa treated with PRDSDI2 in 2018 was not inferior to the highest irrigation volume (PRDSDI3 and CSDI3) (Supplementary Figure 1). The introduced indicator of the alfalfa quality yield effectively evaluates the trade-off between quality content and hay yield under PRDSDI and CSDI, serving as a practical tool for informed decision-making at both the farm and policy levels. This indicator has found utility in forage field management and other natural grassland ecosystems (Holman et al., 2016; Wang et al., 2020; Kamran et al., 2022), as well as in other natural grassland ecosystems (Wang et al., 2011; Grant et al., 2014; Schaub et al., 2020; Li et al., 2021).




4.2 PRDSDI decreased the alfalfa quality content

One-way ANOVA and principal component analysis demonstrated that PRDSDI increased alfalfa acid detergent fiber, neutral detergent fiber, reduced alfalfa crude protein, and relative feed value compared with CSDI (Figures 4, 7). This unexpected outcome contradicts our initial hypothesis and stands out as one of the few studies reporting a negative impact of PRDSDI on plant quality. Previous research has consistently shown positive effects of PRDSDI on the quality content of vegetables and fruits under deficit irrigation compared with CSDI (O'Connell and Goodwin, 2007a; O'Connell and Goodwin, 2007b; Jovanovic et al., 2010; Çolak et al., 2018). However, it is worth noting that these studies typically focused on tubers or fruit, whereas our investigation centered around alfalfa biomass harvesting (Xiao et al., 2015; Zhang et al., 2020; Zhang et al., 2021). Zhang and colleagues (2021) found that partial root-zone drying based on furrow irrigation could significantly increase nitrogen content in alfalfa stems and leaves, which indicated that partial root-zone drying under furrow irrigation could improve the alfalfa quality content, contrary to our results. This prompts speculation that the discrepancy in quality content may arise from the use of different fundamental irrigation methods.

The only study attempting to elucidate the mechanism of quality content based on a pot experiment suggested that PRDSDI increased metabolite content in potato tubers by minimizing the decrease in glucose and fructose concentrations and doubling the amount of mannitol compared with CSDI (Elhani et al., 2019). Although PRDSDI has been observed to increase wheat proline (a protein component) (Raza et al., 2017), the negative mechanism of PRDSDI on the alfalfa quality content remains poorly understood, necessitating further in-depth exploration.

Wang et al. (2021) identified significant uncertainty in the impact of irrigation methods on the alfalfa quality content under full irrigation. In their study, PRDSDI significantly reduced the acid detergent fiber of 1-year-old alfalfa at the third harvest compared with CSDI, thereby improving overall quality content under full irrigation (Wang et al., 2021). However, under full irrigation, PRDSDI increased the acid detergent fiber and neutral detergent fiber of 2-year-old alfalfa at the second harvest, whereas it reduced the neutral detergent fiber at the fourth harvest, resulting in decreased the overall alfalfa quality content (Wang et al., 2021). Our observations revealed slight fluctuations in PRDSDI with acid detergent fiber with 10-mm and 30-mm irrigation volumes in 2017 and neutral detergent fiber with a 20-mm irrigation volume in 2018. Although no significant differences were observed between PRDSDI and CSDI in these instances (Figure 4), uncertainties in alfalfa neutral detergent fiber and relative feed value were still present at the fourth harvest in 2018 (Supplementary Figures 3, 5). Consequently, the response of the alfalfa quality content to PRDSDI appears to be complex, warranting further research to comprehensively compare the effects of PRDSDI on the alfalfa quality content.

The negative correlation between irrigation volume and quality content (Figures 7A, C) implies that reducing irrigation volumes intensifies interactions with irrigation methods (Table 3). This suggests that the impact of incorporating deficit irrigation implementations tends to be amplified when we consider the effects of irrigation volumes. Some research partial root-zone drying is usually similar irrigation volume to deficit irrigation; thus, it is difficult to distinguish the influence of irrigation methods and irrigation volumes on the quality effect (Tang et al., 2005; Jovanovic et al., 2010; Romero et al., 2016). A pot experiment on partial root-zone drying research also found the interaction between the irrigation method and the irrigation volume in potato antioxidant activity, total polyphenols, and sugars (Elhani et al., 2019). Consequently, conducting more interactive experiments to explore the effect of partial root-zone drying with optimal deficit irrigation gradients for the best quality content is recommended.




4.3 PRDSDI increased the alfalfa hay yield under deficit irrigation

In contrast to the alfalfa quality content, our findings indicate that PRDSDI enhanced the average hay yield of seven harvests with 1/3–2/3 irrigation volumes of full irrigation in 2018 compared with CSDI (Figure 5). The positive effects of PRDSDI on yields align with observations in other crops (O'Connell and Goodwin, 2007a; O'Connell and Goodwin, 2007b; Jovanovic et al., 2010; Çolak et al., 2018; Liu et al., 2021b). It is worth noting that PRDSDI did not exhibit a significant yield-enhancing effect under full irrigation in the previous study (Wang et al., 2021). In their research, PRDSDI with full irrigation actually led to a reduction in annual 1-year-old alfalfa hay yield, with no significant effect on 2-year-old alfalfa hay yield compared with CSDI. Our results complement this research by demonstrating that PRDSDI can mitigate average hay yield losses under moderate deficit irrigation (2/3 irrigation volume of full irrigation), achieving average hay yields that are not significantly different from full irrigation (Figure 3). Given that deficit irrigation is a common practice in the Northwest of China and other water-limited regions, our findings suggest that PRDSDI provides a promising irrigation method to enhance alfalfa production in such areas.

In addition, we observed consistent responses in the 2-year average hay yield to both PRDSDI and CSDI under deficit irrigation (Figure 5). In 2017, there was a slight improvement in PRDSDI for average hay yield under deficit irrigation compared with that in CSDI, although no statistically significant differences were detected. We recommend that 1-year-old alfalfa should not undergo deficit irrigation, as it poses a risk of average hay yield loss. Notably, average hay yields’ significant improvement with PRDSDI under deficit irrigation compared with CSDI was evident in 2018, approaching no significant difference under full irrigation conditions (Figure 5). Thus, employing novel PRDSDI in 2-year-old alfalfa under moderate deficit irrigation conditions ensures that hay yield is not less than that under full irrigation.

We also observed a potential reduction in hay production in 2018 for CSDI under deficit irrigation (CSDI1 and CSDI2), a trend also noted for PRDSDI1. This phenomenon may be attributed to maintaining the same irrigation treatment in 2018 as in 2017 within the same plot, potentially leaving a lasting impact of the water deficit treatment on alfalfa yield from 2017 to 2018. This suggests the occurrence of drought legacy effects (De Boeck et al., 2018; Jing et al., 2022). Further research is warranted to unravel the underlying mechanisms of these observations.





5 Conclusion

The 2 years of field experiments aimed to investigate the impact of PRDSDI and CSDI on the alfalfa quality yield, quality content, and average hay yield. The results demonstrated that, in comparison with CSDI, PRDSDI led to an improvement in the alfalfa quality yield. This improvement was elucidated by the increase in average hay yield as the quality content decreased. The interaction between the irrigation method and the irrigation volume significantly impacted the alfalfa quality yield, quality content, and average hay yield in the majority of cases. These findings underscore the necessity of considering the trade-off at irrigation volume gradients between the alfalfa quality content and the average hay yield when employing PRDSDI and CSDI in water management. We recommend that alfalfa can be fully irrigated with PRDSDI. Furthermore, moderate deficit irrigation of 2-year-old alfalfa has the potential to increase neutral detergent fiber and relative feeding value without causing a significant reduction in hay yields. Subsequently, our forthcoming research will focus on conducting a profit analysis based on the alfalfa quality content and hay yield under these two irrigation methods and volumes, aiming to contribute to the maximization of profitability in forage production systems at both the farm and policy levels.
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Rational fertilization is the main measure to improve crop yield, but there are differences in the optimal effects of nitrogen (N), phosphorus (P) and potassium (K) rationing exhibited by the same crop species in different regions and soil conditions. In order to determine the optimum fertilization ratio for high yield of Sapindus mukorossi in western Fujian to provide scientific basis. We carried out the experimental design with different ratios of N, P and K to investigate the effects of fertilization on the yield. and leaf physiology of Sapindus mukorossiand soil properties. Results showed that the yield of Sapindus mukorossi reached the highest value (1464.58 kg ha-1) at N2P2K2 treatment, which increased to 1056.25 kg ha-1 compared with the control. There were significant differences in the responses of soil properties and leaf physiological factors to fertilization treatments. Factor analysis showed that the integrated scores of soil factors and leaf physiological characteristic factors of Sapindus mukorossi under N2P2K2 fertilization treatment were the highest, which effectively improved the soil fertility and leaf physiological traits. The yield of Sapindus mukorossi showed a highly significant linear positive correlation with the integrated scores (r=0.70, p<0.01). Passage analysis showed that soil available nitrogen content, organic carbon content, and leaf area index were the key main factors to affect the yield. RDA showed that soil organic carbon and available phosphorus were the most important factors to affect leaf physiological traits. We recommend that the optimum fertilization ratio of Sapindus mukorossi was 0.96Kg N, 0.80Kg P and 0.64Kg K per plant. Reasonable fertilization can improve soil fertility and leaf physiological traits, while excessive fertilization has negative effects on soil fertility, leaf physiology and yield. This study provides theoretical support for scientific cultivation of woody oil seed species.
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1 Introduction

With the increasing global demand for energy, bioenergy species have received widespread attention as an emerging and promising energy resource (Xu et al., 2023). As an energy species, Sapindus mukorossi, distributed in tropical and subtropical regions of China, is widely used in biomedicine, bioenergy and cosmetics (Zhao et al., 2019; Wang et al., 2021; Xu et al., 2021; Liu et al., 2022). The whole plant of Sapindus mukorossi, including its fruits, roots, bark and leaves, has been used widely in traditional medicine in China (Xu et al., 2023). For instance, Saponin, extracted from the pericarp (protein content of about 22%) of Sapindus mukoross, is become a good foaming agent and pesticide. And the kernel of the soap berries contains about 40% fatty acids, which can be used to produce biodiesel and advanced lubricants. It is also a woody oilseed species that has been promoted for use in recent years (Xu et al., 2022). Only in Fujian Province in Chinese, the planting area reaches 20000 ha, which is one of the main production areas. However, under the previous planting mode of rough management, the yield and quality of Sapindus mukorossi were low (Gao et al., 2018, 2022). Therefore, it is a key issue to improve the yield of Sapindus mukorossi. Previous studies have found that scientific fertilization is the most direct and effective method to improve the yield, except good seed selection, density control, and shaping and pruning mixed plantation (Gao et al., 2018; Zhang et al., 2019; Zhou et al., 2020; Uçgun and Altindal, 2021; Liu et al., 2022; Xiang et al., 2022). It has been shown that nitrogen (N), phosphorus (P) and potassium (K) fertilization has a significant effect on soil physical and chemical properties of cash crops, and fertilization promotes root and inter-root microbial exudation, the effectiveness of soil fast-acting nutrients that can be directly absorbed and utilized by the plant, which ultimately affects the yield (Brunetto et al., 2015; Liu et al., 2021; Li et al., 2022). However, current research on the effect of fertilization on yield in Sapindus mukorossi focuses on the role of single nutrient fertilizers, while the interaction between N, P, and K on how it affects the yield of Sapindus mukorossi is yet to be studied.

The application of fertilizers in different ratios between N, P and K is a balanced fertilization method. Balanced fertilization refers to the application technology of reasonable fertilizer dosage and ratio based on the fertilizer demand characteristics of crops, soil fertilizer supply performance and fertilizer dosage to maintain nutrient balance between the proposed fertilizer dosage and ratio. For example, Zhang et al. (2023) showed that N, P and K fertilizers have different effects on fruit yield and quality, of which K fertilizer is the main factor affecting yield and quality, and reasonable fertilization can significantly improve the yield and fruit quality of blueberries (Vaccinium virgatum). Yin et al. (2018) found that the crop of mung bean (Vigna radiata) has a significant increase with N, P and K fertilizers. Relevant studies have shown that moderate nitrogen, phosphorus, and potassium fertilization can effectively increase the nutrient content of plant leaves and soil, thereby increasing crop yield and quality (Zhang et al., 2020; Wan et al., 2021; Zhang et al., 2022). Proper fertilizer management can maximize lettuce biomass production, but excessive fertilizer supply can lead to disease episodes that impair leaf and root development and nitrate accumulation (Shi et al., 2021). In addition, excessive fertilizers will also cause soil acidification leading to severe soil nutrient imbalance, which induces leaf nutrient imbalance and ultimately affects yield and economic efficiency (Raliya et al., 2017; Xue et al., 2020). Therefore, the proportions of N, P, and K are often unbalanced due to the lack of scientific ratios in actual production, which affects the uptake and utilization of nutrients by plants, and reduces yield and quality, and increases the risk of nutrient loss and environmental pollution (Rahman and Zhang, 2018). Therefore, an appropriate ratio of N, P and K can significantly promote plant growth and reduce the usage of different fertilizers relatively (Yang et al., 2020).

Fertilizer application can directly or indirectly change the physical and chemical properties of soil, thus altering soil productivity (Li et al., 2020; Ren et al., 2020; Hou et al., 2023). Li et al. (2019) found that fertilizer application had a significant effect on soil available nutrients and yield of citrus, but soil available nutrients and yield showed an increasing and then a decreasing trend. Reasonable combination of N, P, and K application can improve soil nutrients and fruit yield (Mete et al., 2015; Zhang et al., 2020). Whereas, excessive fertilization will result in lower N, P and K content in the soil (Li et al., 2019). Meanwhile, fertilization has significant effects on leaf functional traits (Bassi et al., 2018), such as chlorophyll content (Xiong et al., 2015), non-structural carbohydrates (Sun et al., 2020), and leaf nutrients (Liu et al., 2021). For example, Sardans et al. (2017) found that in temperate forests, fertilization increased leaf nitrogen content, while the effect on phosphorus content was not significant (Sardans et al., 2017). Bassaco et al. (2018) found that the addition of N, P, and K fertilizers had a boosting effect on specific leaf area, soluble sugar content, protein content, and photosynthetic rate of eucalyptus (Eucalyptus urograndis) (Bassaco et al.2018), however, over-fertilization can negatively affect the morphological and chemical traits of leaves. For example, excessive nitrogen fertilization can have a negative effect on leaf physiological traits of banana (Musa nana) and reduce soil nutrient content (Sun et al., 2020). In conclusion, under- or over-fertilization can have an effect on soil physical and chemical properties, leaf traits, and yield of plants (Yang et al., 2020; Zhang et al., 2020).

In this study, we used 6-year-old Sapindus mukorossi as a test material, and adopted the “3414” fertilizer formulation method, focusing on which fertilizer rate is the most effective and which soil properties and leaf traits play a key role in yield. Three hypotheses were formulated as follows: (1) Is yield highest at the highest N, P and K fertilization rate? (2) Determine the major soil and leaf factors that influence Sapindus mukorossi yield; (3) Which leaf traits influence soil nutrients under different NPK fertilization treatments. Meanwhile, we explore Sapindus mukorossi yield and the combined scores of soil and leaf factors to estimate the optimal fertilization ration. This study can further determine the optimal ratio and mechanism of N, P and K fertilization of Sapindus mukorossi in western Fujian, and provide theoretical support for scientific improvement of Sapindus mukorossi yield.




2 Materials and methods



2.1 Study site

The study site was located in Jianning County, Sanming City, Fujian Province (116°47′20″E, 26°40′3″N), with an average annual temperature of 17.0°C, an average annual rainfall of 1,792 mm, and a relative humidity of 84%. The soil of the test site was sandy clay loam, with soil organic carbon content of 7.75 g kg-1, total nitrogen content of 1.40 g kg-1, total phosphorus content of 0.36 g kg-1, total potassium content of 27.95 g kg-1, fast-acting potassium content of 48.16 mg kg-1, effective phosphorus content of 1.32 mg kg-1, and alkaline dissolved nitrogen content of 36.01 mg kg-1.The raw material forest of Sapindus mukorossi was the asexual line of ‘Yuanhua’, with an average height of 2.38 m, an average diameter of 6.97 cm, and an average crown width of 2.4 m × 1.4 m. The average height was 2.38 m, with an average diameter of 6.97 cm. The average tree height was 2.38m, the average diameter was 6.97cm, and the average crown width was 2.4m×2.2m.




2.2 Experimental design

We conducted a field trial using a combination of different levels of nitrogen (N), phosphorus (P), and potassium (K) (0 level: 0kg/hm2 of N, P, and K; 1 level: 300kg/hm2 of N, 250kg/hm2 of P, and 200kg/hm2 of K; 2 level: 600kg/hm2 of N, 500kg/hm2 of P, and 400kg/hm2 of K; and 3 level: 900kg/hm2 of N, 750kg/hm2 of P, and 600kg/hm2 of K) fertilizers in combination with unfertilized control treatments, Fertilizer application rates are shown in Table 1, and isolated rows were set up between treatment plots. Fertilizer was applied three times throughout the year, April 10 (flowering fertilizer, accounting for 30% of the total), July 20 (strong fruit fertilizer, accounting for 30% of the total), November 1 (post-harvest fertilizer, accounting for 40% of the total), using furrow fertilization method to apply fertilizer, according to the fertilizer dosage mixed into the application of the soil immediately after mulching, and other maintenance and management measures are the same as those of the control group. The test fertilizers were urea (containing N 46.0%) as the only source of N, calcium superphosphate (containing P2O5 12.0%) as the only source of P, and potassium sulfate (containing K2O 60.0%) as the only source of K.


Table 1 | Combination of factors and levels in each treatment.






2.3 Plant and soil sampling

Soil sampling: On August 20, 2023, three randomly selected sampling points in each plot, respectively, 0-20cm soil samples, soil samples collected were divided into two parts, one part of the self-sealing bag to bring back to the laboratory to naturally dry 2mm sieve, for the determination of soil chemical properties; the other part of the 50ml centrifugal tubes, with an ice box to save the soil samples, brought back to the laboratory at a low temperature of 4 °C preservation for soil microbial biomass. Soil organic carbon was determined by potassium dichromate oxidation-external heating method, available nitrogen (AN) was determined by alkaline dissolution diffusion method, soil effective phosphorus was determined by molybdenum antimony colorimetric method, Soil available potassium was determined by flame photometric method, and pH was measured by using a mixture of soil and water (1:2.5) (Klotz et al., 2023; Lin et al., 2023). Microbial biomass carbon (MBC) and nitrogen (MBN) were measured by chloroform fumigation-K2SO4 extraction method assay (Borah et al., 2023; de Souza et al., 2023).

Leaf sampling: collected at the same time as soil samples. A standard branch was selected in the middle canopy of each tree and 20 well-developed, well-rounded leaves were collected from it. The upper part of the functional leaves on the main stem that were well developed and fully expanded without disease were selected and the middle and upper parts were sampled. The leaves were killed at 105°C for 30min, dried at 55°C until constant weight, crushed and sieved to determine the leaf nitrogen (N), phosphorus (P) and potassium (K) content. Leaf nitrogen content was determined by Kjeldahl method; leaf phosphorus content was determined by Molybdenum antimony colorimetric method; leaf potassium content was determined by flame photometric method (Yang et al., 2021).

Chlorophyll SPAD measurement: chlorophyll content was measured using a SPAD-502 portable chlorophyll meter prior to leaf sampling. Three SPAD readings were taken on the same leaves, eight plants per plot, and the average SPAD reading was calculated.

Leaf area index (LAI): The canopy leaf area index (LAI) of Sapindus mukorossi was determined by using the LAI-2200 plant canopy analyzer of Li-Cor, U.S.A. The horizontal direction of the instrument’s sensor probe was kept in the same level with the ground when the measurement was carried out.

Non-structural carbohydrates: soluble sugar and starch contents were determined by anthrone colorimetric method (Hajihashemi et al., 2020).

Yield determination: sapodilla was harvested at maturity. Sapindus mukorossi yield was calculated as the average yield of a single plant by weighing the weight through electronic scale after harvesting.




2.4 Statistical analyses

One-way grouped data were analyzed by analysis of variance (ANOVA) and multiple comparisons by the new complex extreme variance method (Duncan) using SPSS 21.0. The effects of different fertilization treatments on soil properties and physiological characteristics of sapodilla leaves were comprehensively evaluated by factor analysis. In factor analysis, principal component analysis (PCA) was used to extract factors from selected variances. It attempts to explain complex variance with a minimum number of factors that explain the variance better. Factors were extracted in the order of the weight of each factor. Factors with eigenvalues ≥ 1 change in the data were retained (Sun et al., 2020). Direct and indirect effects of soil and foliage factors on the yield of Sapindus mukorossi were evaluated using pathway analysis. The direct effects could be obtained from the direct path coefficients. Indirect effects were calculated from the equation of path coefficient × correlation coefficient. The relationship between leaf physiology and soil factors was analyzed using the R language Vegan package. First, the raw data were subjected to detrended correspondence analysis (DCA) to determine whether they were suitable for using the single-peak model (CCA) or the linear model (RDA). The results showed that the data of this experiment were analyzed using the redundancy of linear model. Important soil factors affecting the overall variation in leaf physiological attributes were investigated.





3 Results



3.1 Effect of different fertilization treatments on the yield of Sapindus mukorossi

Different fertilization treatments significantly affected the yield of Sapindus mukorossi (Figure 1). The highest value of Sapindus mukorossi yield (1464.58 kg ha-1) was achieved at N2P2K2 treatment, which increased by 258.67% as compared to control.




Figure 1 | Effects of different nitrogen, phosphorus and potassium fertilizers on the yield of Sapindus mukorossi. Different letters in the same column represent significant differences in sapodilla at p < 0.05 for different fertilization treatments (Tukey's test).



At the P2K2 level, the Sapindus mukorossi yield under each fertilization treatment showed a trend of increasing and then decreasing with the addition of N application, and there was no significant difference between fertilization treatments of N2P2K2 and N3P2K2. At the N2K2 level, the Sapindus mukorossi yield under each fertilization treatment showed a trend of increasing and then decreasing with the addition of P application, and there was a significant difference between treatments of N2P2K2 and N2P3K2. At the N2P2 level, the yield of Sapindus mukorossi under all fertilization treatments showed a trend of increasing and then decreasing with the addition of K, and there was a significant difference between N2P2K2 and N2P2K3 treatment.




3.2 Effect of different fertilizer treatments on soil properties

There were significant differences in the nutrient characteristics of Sapindus mukorossi soils with different fertilization treatments (Table 2). Soil organic carbon, available phosphorus, available potassium, available nitrogen, microbial nitrogen, and microbial carbon contents were higher than the control except for soil pH. Compared with the control, the organic carbon, alkaline dissolved nitrogen, microbial nitrogen, available phosphorus, and available potassium contents of Sapindus mukorossi soils in fertilizer treatments were increased by 14.17%~52.53%, 3.36%~40.37%, 11.84%~46.50%, respectively, 118.58% to 407.08%, and 5.39% to 39.69%.


Table 2 | Soil properties under different fertilization treatments.



At the P2K2 level, except for pH, all other indexes showed a trend of increasing and then decreasing with the addition of N application, and the difference between fertilized treatments N2P2K2 and N0P2K2 was significant (p < 0.05), while there was no difference between available phosphorus, available nitrogen, and microbial nitrogen content with N3P2K2. At the N2K2 level, soil available phosphorus and microbial nitrogen contents showed a gradual increase with the increase in phosphorus application, and the differences were significant (p < 0.05) between N2P2K2 and N2P0K2 treatment. At the N2P2 level, the trends of soil organic carbon and available nitrogen were similar to those at the P2K2 level.

One-way ANOVA showed that different N, P and K treatments had significant effects on soil organic carbon, available phosphorus, available potassium, available nitrogen, microbial nitrogen and carbon contents. The results showed that the soil factors had different effects on the response of each fertilization, and the soil nutrient factor indexes increased its soil nutrient content gradually with the increase of fertilizer application. When the fertilizer application reached a certain amount, soil nutrient content reached their peak. But there will exist a decreasing trend, if the fertilizer continued to be increased.




3.3 Effect of different fertilization treatments on leaf traits

Different fertilization treatments had significant effects on leaf traits (Table 3). The leaf area index, chlorophyll, soluble sugar, starch, nitrogen, phosphorus and potassium contents of Sapindus mukorossi leaves under all fertilization treatments increased and improved to different degrees compared with the control.


Table 3 | Leaf traits of Sapindus mukorossi under different fertilization treatments.



At the P2K2 level, leaf area index, chlorophyll, starch, phosphorus content indicators under each fertilization treatment showed a trend of increasing and then decreasing with the addition of nitrogen application, and reached the highest value in the N2P2K2 treatment, and soluble sugar, nitrogen, and potassium content showed a gradual increase with the addition of nitrogen application; at the N2K2 level, leaf area index, chlorophyll, starch, phosphorus content, and potassium content indicators of Sapindus mukorossi leaves increased and improved to different degrees with the addition of nitrogen application and potassium content indicators all showed an increasing and then decreasing trend with the addition of nitrogen application, and soluble sugar content showed a gradual increasing trend with the addition of nitrogen application; at the N2P2 level, leaf area index, chlorophyll, soluble sugar, starch, nitrogen, phosphorus and potassium content all showed an increasing and then decreasing trend with the addition of nitrogen application.

One-way ANOVA showed that fertilizer application had a significant effect on soluble sugar, starch, total potassium, total nitrogen, total phosphorus content, and yield of Sapindus mukorossi leaves, and there was no significant difference on leaf area index and chlorophyll content. In conclusion, leaf physiological traits were reached the highest value in N2P2K2 treatment, whatever applying different levels of N, P and K fertilizer.




3.4 Comprehensive evaluation of different fertilization treatments on soil factors and leaf traits

Soil factors and leaf physiological traits under each fertilization treatment were attributed into five factors by factor analysis with a cumulative contribution of 85.47% (Table 4). Factor 1 contributed 39.12% to soil organic carbon (0.337), soil available nitrogen (0.334), and available phosphorus (0.369). The fertilizer combination with the highest score (4.49) for factor 1 was N2P2K2. This indicates that N2P2K2 was the most effective in improving the soil factors of sapodilla. Factor 2 contributed 17.01% with higher absolute factor loadings of leaf nitrogen and potassium content. Factor 2 was named as leaf nutrient factor. N1P1K2 fertilization combination had the highest factor 2 score (2.45). This indicated that N1P1K2 treatment was dominant in increasing the nutrient content of sapodilla leaves. Factor 3 contributed 14.00% positive factor loading for chlorophyll content (0.56) and was named as photosynthetic pigment factor. N2P2K2 treatment had the highest factor 3 score (2.25) indicating that N2P2K2 treatment was the most effective in improving photosynthetic physiological traits of leaves. Factor 4 contributed 8.21% and had the highest loading of soil quick potash (0.447) and was named as soil potassium nutrient factor. N2P2K3 treatment had the highest score (2.34) for factor 4 indicating that N2P2K3 treatment was the most effective in improving soil quick potash. Factor 5 contributed 7.12% with high absolute factor loadings of leaf soluble sugar and starch and factor 5 was named as sucrose metabolism factor. N2P1K2 treatment had the highest score (2.34) for factor 5 which indicated that N2P1K2 treatment was dominant in increasing sucrose metabolism in Sapindus mukorossi.


Table 4 | Composite scores under different fertilization treatments.



The N2P2K2 treatment had the highest integrated scores among all treatments. The integrated scores of the top five treatments were as follows: N2P2K2> N2P2K3> N1P1K2> N2P2K1> N1P2K1. Further correlation analysis showed highly significant positive correlation between integrated scores and Sapindus mukorossi yield under different fertilization treatments (Figure 2).




Figure 2 | Fit of linear regression between integrated scores and yield of Sapindus mukorossi under different fertilization treatments.






3.5 Influence of soil and leaf physiological factors on the yield of Sapindus mukorossi

The direct and indirect effects of soil and leaf factors on Sapindus mukorossi yield were assessed through path coefficient analysis. As shown in Table 5, among the soil indicators, soil available nitrogen had the highest direct positive effect on sapodilla yield (0.62), followed by SOC (0.23), and MBC (0.15). These results indicated that soil available nitrogen and SOC were the major factors in increasing crop yield. As for leaf physiological indexes, the direct positive effects on the yield of Sapindus mukorossi were in the following order: LAI (0.79) > K (0.37) > ST (0.21) > chlorophyll content (-0.008) > P (-0.03) > SS (-0.13) > N (-0.14). The indirect path coefficients revealed that soil and leaf factors contribute to some extent to the yield of Sapindus mukorossi by influencing other factors.


Table 5 | Direct and indirect path coefficient values of soil and leaf factors on the yield of Sapindus mukorossi.






3.6 Factors influencing soil properties on leaf traits

To fully assess the relationship between soil properties and leaf traits, we evaluated the effect of soil properties on leaf attributes through RDA analysis (Figure 3). The first and second sorting axes explained 35.3% of the total variation. Organic carbon and available phosphorus were closely related to leaf trait attributes. available phosphorus, pH and available nitrogen were more correlated with the first axis, while the second axis was mainly closely related to SPAD soil available potassium. The results showed that organic carbon and effective phosphorus were the two most important soil factors affecting changes in leaf physiological attributes (Table 6).




Figure 3 | Redundancy analysis (RDA) between soil properties and leaf physiological traits. Soil factors are indicated by solid arrows. Leaf properties are indicated by dashed lines. The first (horizontal) and second (vertical) axes explain 20.07% and 15.23% of the variation. ** means that correlation is significant at the 0.01 level.




Table 6 | Revealing the relationship between leaf physiological indicators and soil properties.







4 Discussion



4.1 Effect of fertilization on yield

N, P, and K fertilizers are key elements for high crop yields, and proper application can effectively improve crop yield and quality (Nemadodzi et al., 2017; Xing et al., 2023). It has been shown that there is a close relationship between fertilizers, soil, and plants, and the availability of fertilizers can directly affect soil fertility, which in turn affects plant yield (Chen et al., 2019; Zhang et al., 2023). In this study, it was found that N2P2K2 treatment was the best fertilizer application rate for the combined indexes, and over-fertilization reduced the yield (Figure 1, Table 4). The possible reason for the increase in yield with the application of N, P and K when the fertilization rate did not reach the threshold was the increase in soil nutrients with the increase in fertilization rate. This was shown by the increase in both soil effective phosphorus and organic carbon content. The path coefficient analysis showed that soil effective phosphorus and organic carbon content played the most important role in increasing the yield of Sapindus mukorossi(Table 5). This was verified in previous studies (Li et al., 2019; Bindraban et al., 2020). In addition, another reason contributing to the increase in yield may be the increased resistance of the tree itself caused by fertilizer application, the reduction of diseases in the plant and the reduction of insect pests. However, when the rate of fertilizer application exceeds the threshold, fertilizer application can have a negative effect on the plant. Studies in citrus (Citrus reticulata) (Li et al., 2019), blueberry (Zhang et al., 2023) and heather (Phoebe zhennan) (Yang et al., 2020) also support our finding. The reason for this negative effect may be (1) when the fertilizer application exceeds the threshold, the soil nutrient supply capacity is reduced instead. So, there will be a lower yield because of the weak ability of soil nutrient supply. Another reason is that the higher content of leaves when they are high in nitrogen may imply leaf senescence and delayed growth of other nutrient organs, which leads to consumption of more carbon skeleton and energy by the fruit or storage organs and low carbohydrate accumulation (Li et al., 2019). (2) Excessive fertilizers can be harmful to the environment (Xue et al., 2020). Relevant studies have shown that fertilizer is one of the main sources of soil, water and air pollution. Excessive fertilizers can lead to serious soil sloughing, resulting in the imbalance of soil nutrient structure, which in turn restricts the growth and development of the plant root system, reduces the ability to absorb nutrients and water, and ultimately leads to lower yields. (3) In addition, over-fertilization will also increase plant diseases. For example, studies on diseases of Panax notoginseng (Xia et al., 2016), Zea mays (Vilela et al., 2022) and citrus unshiu (Li et al., 2019) showed that over-fertilization increased the incidence of root rot in Panax notoginseng and brown spot in Coffea species as well as induced severe defoliation, which resulted in adverse short- and long-term consequences. The present study also found that many new branches sprouted on the whole tree of Sapindus mukorossi in high fertilization and the incidence of leaf sooty blotch increased. Therefore, rational application of N, P and K fertilizers will be effective to improve soil and leaf physiological attributes in Sapindus mukorossi stands, and play an important role in increasing Sapindus mukorossi yield.




4.2 Effect of fertilizer application on soil properties

This study showed that the application of nitrogen, phosphorus and potassium had a positive effect on the increase of soil available nutrients. The application of nitrogen, phosphorus and potassium fertilizers increased soil organic carbon and available nitrogen content, but with the increase of nitrogen fertilizers soil organic carbon and available nitrogen content increased firstly and then decreased (Table 2). According to the theory of “stoichiometric decomposition” proposed by Hessen et al. (2004), the stoichiometric imbalance of N addition has been shown to accelerate soil organic carbon decomposition in order to maintain the soil C/N, and the decomposition rate and microbial activity are highest when the C and N inputs correspond to the microbial stoichiometric carbon to nitrogen ratio (Hessen et al., 2004). Simultaneous increases in N fertilization accelerated soil organic matter decomposition by increasing the rate of organic carbon decomposition and microbial activity. In energy forests, N additions accompanied by pruning residues (carbon sources) met microbial growth requirements and stimulated mineralization of native soil organic matter and release of reactive N during nitrification, denitrification, and leaching (Chen et al., 2020; Zhao et al., 2020). When excess N fertilizer affects the number and activity of soil microorganisms and the biodegradation of organic carbon sources, it may lead to a reduction in organic carbon content (Ma et al., 2021). Application of excess N fertilizer can lead to soil acidification and reduce soil organic carbon content, with N fertilization (urea application) contributing more to soil acidification than other fertilizers. Urea can be rapidly converted to NH4+ by soil microorganisms, and during the oxidation of NH4+, H+ is released into the soil. N application leads to the loss of cations (Ca2+, K+, Mg2+) in the soil, which are taken up by plants thereby accelerating soil acidification (Tang et al., 2022, 2023; Wang et al., 2023). Thus, the results illustrate the importance of rational application of N fertilizer in Sapindus mukorossi energy woodlands.

The present study also found that the soil available phosphorus content increased gradually with the addition of phosphorus application, indicating that fertilizer application was able to increase the effective phosphorus content in the soil (Table 2). This may be due to the fact that fertilizers promoted P-rich microbial activity in the soil, and the addition of phosphorus fertilizers may have resulted in higher levels of residual fast-acting phosphorus nutrients in the soil (Bindraban et al., 2020). The overall trend of increase in total phosphorus, available phosphorus content and total potassium, available potassium content with increase in P and K addition was attributed to the fact that P and K fertilizers themselves contain a large amount of P and K, and the increase in fertilizer application led to more P and K in the soil, which reduces the ability of soil to sequester more P and K. In this study, we found that P addition could increase the available nitrogen content within a certain range, indicating that P addition promoted the mineralization of organic nitrogen and improved the nitrogen uptake and utilization capacity of Sapindus mukorossi. Excessive application of potash fertilizer in this study led to a decrease in effective nitrogen and effective phosphorus content, which may be due to the antagonistic effect of phosphate and sulfate ions, related to the high application rate of potassium element (Li et al., 2019). In summary, the appropriate ratio of N, P, and K will increase soil organic carbon, alkaline dissolved nitrogen, and effective phosphorus content, and have obvious effects on soil fast-acting nutrient content, and fertilizer application is an effective way to improve soil nutrients.




4.3 Effect of fertilizer application on leaf trait characteristics

Dry matter partitioning is a major determinant of yield formation and involves the yield, total productivity of the plant (Kulmann et al., 2023). The source-sink relationship hypothesis is widely accepted in explaining dry matter production and allocation. The hypothesis proposes three main influencing factors: the competitiveness of sinks, the transport capacity of the phloem, and the supply capacity of the source. Competition between sinks implies that more photo assimilates are preferentially translocated to the fruit during fruit growth and development; the transport capacity of the phloem is closely related to the transport distance; and the supply capacity of the source is closely related to the external environment (fertilization, pruning, canopy). The path coefficient analysis showed that leaf area index, leaf potassium content, and starch content played the most important roles in increasing the yield of Sapindus mukorossi (Table 5). Sapindus mukorossi, as a sun-loving tree species, is significantly affected by canopy microclimate (Zhang et al., 2019). The canopy plays a role in plant growth and development, including respiration and photosynthesis (de Mattos et al., 2023). The distribution of light intensity within the canopy plays a key role in determining photosynthesis throughout its plant canopy, and an overcrowded canopy with poor light intensity has been identified as a major factor in yield decline (Burroughs et al., 2023).

Different fertilization treatments had significant effects on leaf trait characteristics of Sapindus mukorossi (Table 3). Reasonable application of N, P and K fertilizers can effectively improve the dynamics of leaf nutrient content of plants and significantly increase fruit yield. We found that the addition of N fertilizer significantly improved the leaf physiological traits of Sapindus mukorossi, which may be due to the involvement of fertilizer in more physiological and metabolic processes of plant growth (Deng et al., 2019; Lasheen et al., 2021). The results of the study showed that different NPK fertilizer application rates had significant effects on leaf starch and soluble sugars, the total amount of NSCs in Sapindus mukorossi leaves increased firstly and then decreased with the application of NPK, the content of soluble sugars increased gradually with the increase of N and P fertilizers, and the content of starch showed an increase firstly and then decreased. Firstly, this may be that more starch was converted to soluble sugar after over-fertilization, which in turn supplemented the carbon demand for plant growth, and physiological processes (Sun et al., 2020). Secondly, at high nitrogen and phosphorus levels, the soluble sugar of the leaves increased significantly, while the starch content decreased significantly, and it is also possible that the soluble sugar of the leaves was more sensitive to high nitrogen and phosphorus treatments, while inhibiting the starch content (Peng et al., 2021). In this study, we also found that K fertilization can promote the absorption of nitrogen in the leaves of Sapindus mukorossi N fertilization can increase the potassium content of the leaves. It indicates that leaf physiological processes have to maintain the stoichiometry of nitrogen, phosphorus and potassium, which in turn suggests that the combined application of multiple fertilizers has a more pronounced effect on the physiological metabolism of the leaves than the application of a single type of fertilizer (Guo et al., 2016). The mixed application of nitrogen and potassium fertilizers can improve plant absorption of nitrogen and potassium, nitrogen as an external signal transmitted to the plant root system, the root system to respond to the response, adjusting its own morphological structure to improve the absorption of nitrogen and potassium, and then increase the nitrogen and potassium content in the leaves. At the same time, fertilization can affect leaf chlorophyll synthesis (Xiong et al., 2015). There was no significant difference in chlorophyll content and leaf area index among different fertilization treatments, but the highest chlorophyll content was N2P2K2 treatment. RDA analysis, organic carbon, and effective phosphorus were the two most important soil factors influencing changes in leaf traits (Figure 3).





5 Conclusions

We demonstrated that fertilization ratio of N, P and K have a great influence on soil properties, leaf physiological traits as well as yield of Sapindus mukorossi. Excessive fertilization can negatively affect soil properties and leaf physiological traits. When simultaneously considering the yield, leaf physiological traits and soil fertility, the recommended optimum fertilization ratio for this region are 0.96 kg of N, 0.8 kg of P, and 0.64 kg of K per plant. Soil available nitrogen, soil organic carbon, and leaf area index, were the main factors to improve the crop yield. Soil organic carbon and soil available phosphorus were the most important factors affecting leaf physiological traits. Our results showed that the application of appropriate amounts of N, P, and K fertilizers is an effective way to improve soil fertility and crop yield, and fertilizer application strategies should be developed to meet soil productivity and reduce environmental hazards.
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Direct seeding ratoon rice (DSRR) system is a planting method that can significantly increase grain yield, improving light and temperature utilization efficiency and reducing labor input. However, the current nitrogen fertilizer management method which does not aim at the seedling emergence and development characteristics of DSRR just is only based on the traditional method of transplanting ratoon rice, and which is not conducive to the population development and yield improvement. To determine the suitable nitrogen fertilizer application optimization, we set four nitrogen fertilizer application treatments (N0, no nitrogen fertilizer; N1, traditional nitrogen fertilizer; N2, transferring 20% of total nitrogen from basal fertilizer to tillering stage; N3, reducing total nitrogen by 10% from N2 tillering fertilizer) on a hybrid rice “Fengliangyouxiang1 (FLYX1)” and an inbred rice “Huanghuazhan (HHZ)” under DSRR. The effects of treatments on dry matter accumulation, root growth and vigor, leaf area index, leaf senescence rate and yield were investigated. Our results demonstrated that the yield of main crop in N2 treatment was the highest, which was 63.3%, 6.6% and 8.8% higher than that of N0, N1 and N3 treatment, respectively, mainly due to the difference of effective panicle and spikelets number per m2. The average of two years and varieties, the annual yield of N2 was significant higher than that of N1 and N3 by 4.94% and 8.55%, respectively. However, there was no significant difference between the annual yields of N1 and N3. N2 treatment had significant effects on the accumulation of aboveground dry matter mass which was no significant difference in 20 days after sowing(DAS), but significant difference in 50 DAS. Meanwhile, the root activity and the leaf senescence rate of N2 treatment was significant lower than that of other treatments. In summary, “20% of total nitrogen was transferred from basal fertilizer to tillering stage” can improve the annual yield and main crop development of DSRR system. Further reducing the use of nitrogen fertilizer may significantly improve the production efficiency of nitrogen fertilizer and improve the planting income in DSRR system.
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1 Introduction

Ratoon rice (RR) is a planting system in which the dormant buds on the rice stubble survive after harvesting in the main crop, and reasonable cultivation measures are taken to promote the germination and growth of dormant buds into ratoon buds, then heading, filling and fruiting, and harvesting of rice for ratoon crop. In recent years, due to the advantages of high yield, excellent rice quality, and saving labor, fertilizer, seeds, water, pesticides and seedbeds, the planting area has gradually expanded (Peng, 2014; Wang et al., 2023). It is also considered one of the sustainable and promising production systems to increase the frequency of harvesting, and the total area of RR in China has exceeded 1 million hectares (Yu et al., 2022). By adopting reasonable varieties and management measures, the yield of ratoon rice in the first and second seasons can reach 9-10 t ha-1 and 5-6 t ha-1, respectively. Compared with mid-season rice, RR significantly reduced production resource input, but increased rice farmers’ income, and RR’s environmental footprint was significant lower than that of mid-season rice (Yuan et al., 2019; Peng et al., 2023). Moreover, RR has lower input of agricultural production factors and higher resource utilization efficiency than double-cropping rice (Feng et al., 2013). The planting pattern of RR has made an important contribution to food security in China.

With the increasing of production cost, the further development of light and simplified system is an important measure to reduce production input and increase planting income. The area of direct-seeded rice has been expanding rapidly in recent years because it reduces water consumption, labor requirements, nursery supplies and increases system productivity and resource use efficiency (Jiang et al., 2016; Sha et al., 2019). Direct seeding ratoon rice (DSRR) was formed by combining seeding rice technology and RR technology, which could save cost and improve production efficiency. Some studies have shown that the annual rate of direct regrowing rice can reach 15.7 t ha-1, and the yield of ratoon season can exceed 5.5 t ha-1 under experimental conditions (Dong et al., 2017). Chen et al. (2018) has demonstrated that the yield of hybrid rice cultivars was significant higher than that of inbred rice cultivars which is due to higher ratoon rate under DSRR. And in the system, it can not only improve grain quality but also mitigate yield-scaled CH4 gas emission and total organic carbon loss rate of rice fields (Zhang et al., 2022). But in the meanwhile, lodging is also a potential disadvantage for the development of direct seeded rice (Sinniah et al., 2012). Reasonable population construction is an important way to ensure stable production of DSRR. Fertilizer management, that is, fertilization method and fertilization ratio, is often an important means to determine whether the population is reasonable and the plant productivity is high.

Studies have shown that deep application of base fertilizer 70% as base fertilizer and 30% as topdressing can significantly increase nitrogen content and population dry matter accumulation in soil (Wang et al., 2019). One-time deep fertilization can also significantly improve grain yield, nitrogen use efficiency and reduce greenhouse gas emissions (Li et al., 2021). Delaying the first fertilization time of direct seeding rice can significantly increase yield, delaying leaf senescence and improving population quality (Liu et al., 2019; Li et al., 2023). Real-time and on-the-spot nitrogen management measures can improve nitrogen use efficiency, growth state and yield composition (Ali et al., 2015; Mohanty et al., 2021). However, the above is basically the direct seeding nitrogen management technology of middle rice. Although it is consistent with the direct seeding technology of DSRR, the two systems have a long difference in seeding time, resulting in a big difference in temperature and light resources during direct seeding, and there should be a relatively big difference in nitrogen management technology. At present, most of the fertilization methods under DSRR system refer to the traditional direct-seeding nitrogen fertilizer management technology of middle rice or the traditional transplanting and RR nitrogen fertilizer management technology. In the middle and lower reaches of the Yangtze River, DSRR seeding time is generally in early April, when the temperature has not stabilized above 15°C, and the plant production process such as emergence and tillering is relatively slow (Jiang et al., 2008; Wang et al., 2013). This means that the early stage of rice growth, a period of time after sowing, does not require much external nutrient supply during the rice emergence or seedling stage. Traditional transplanting and replanting rice focuses on heavy application of bottom fertilizer to promote tillering (Yang et al., 2021), or to resist low temperature and cold damage (Zhou et al., 2018). For the characteristics of slow growth in the early stage of direct seeding rice, excessive nutrient supply may lead to loss due to surface runoff on the one hand (Zhang et al., 2018), and to growth of a large number of ineffective tillers on the other hand (Huang et al., 2013), to cause the unhealthy main crop population. However, there are very few studies on nitrogen fertilizer management in the main crop of DSRR.

In view of this, the rational management of nitrogen fertilizer in the main crop under DSRR system is of great significance to whether this system can produce high yield and high efficiency. In order to solve this problem, we conducted a 2-year field experiment under the DSRR system aiming to examine whether the traditional nitrogen application method is suitable for the DSRR and estimate the effect of changes in nitrogen method on the population growth of the main crop, and then explore a more reasonable nitrogen fertilizer management method.




2 Materials and methods



2.1 Site description

Field experiments were conducted at the Sanhu Farm, Jiangling County, Hubei Province, China, during the rice growing seasons of 2019 and 2020. Total N, Olsen phosphorus (P), available potassium (K), organic matter, and pH of the topsoil (0-20 cm layer) were 2.0 g kg-1, 15.5 mg kg-1, 160 mg kg-1, 2.7% and 5.5, respectively. The climate data regarding daily solar radiation, rainfall, and air temperature were collected from a weather station (U30-NRC; Onset Inc., USA) near the experimental field (Figure 1).




Figure 1 | Effective accumulative temperature, effective radiation and rainfall during the main crop growth stage in 2019 (A, C, E) and 2020 (B, D, F). SD, sowing date; PI, panicle initiation; HD, heading date; MD, mature date.






2.2 Experimental design

The experiments were randomized in a complete block design with three replications. The plot size was 100 m2 (20 m × 5 m). All plots were ploughed and puddled by rotary cultivator before seed sowing. Two rice cultivars, an inbred Huanghuazhan (HHZ) and a hybrid Fengliangyouxiang1 (FLYX1), were used for the experiment. Both cultivars have been widely grown for ratoon rice in the study region. Four nitrogen management treatments for main crop included N0, N1, N2, and N3. In N0 treatment, no N fertilizer was applied as a zero-N control. In N1 treatment, 180 kg N ha-1 was split-applied with 50% as basal nitrogen (BSN) at 1 day before sowing, 20% at tiller nitrogen (TLN) at 20 day after sowing (DAS), and 30% at panicle initiation nitrogen (PIN) at 52 DAS. Total N rate was also 180 kg ha-1 for N2 treatment, but it was split-applied with 30% as BSN, 40% as TLN, and 30% as PIN. In N3 treatment, 162 kg N ha-1 was applied in three equal splits as BSN, TLN, and PIN, respectively. Detailed information about N treatments was listed in Table 1. In all plots, 90 kg P2O5 ha-1 and 75 kg K2O ha-1 were applied at 1 d before seeding, and 75 kg K2O ha-1 was applied at PI. The sources of N, P, and K were urea, calcium superphosphate, and potassium chloride, respectively. To minimize leakage between plots, all buds were covered with plastic film installed into a depth of 20 cm below soil surface.


Table 1 | The rate of N fertilizer application under different treatments.



The germinated seeds were sown on 12 April in 2019 and 10 April in 2020. The sowing rate was 60 kg ha-1 for HHZ and 30 kg ha-1 for FLYX1, depending on the difference in tillering ability between inbred and hybrid rice cultivars. Sowing was done at a hill spacing of 10 cm × 25 cm, using a precision rice hill-drop drilling machine (2BDXS-10CP, Shanghai Star CO. Ltd., China). The main crop was harvested by hand on, with a stubble height of 40 cm. Weeds, diseases, and insects were intensively controlled to avoid yield loss.




2.3 Sampling and measurements

At the maturity of main crop and ratoon crop, the grain yield was determined from a 5 m2 area in the center of each plot. Then the grain were removed by an electric thresher and natural dried until its moisture content can’t change. The grain moisture content was adjusted to the standard moisture content of 0.135 g H2O g-1 fresh weight by a digital moisture tester (PM-8188, Kitt, Japan). Plants were sampled from an 0.5 m2 area in each plot. Panicle number was counted in each sample to determine the panicle number per m2, and then plants were separated into straw and panicles. Through hand-threshing, all spikelets parted from the rachis were submerged into the tap water to separate the filled grains and the empty spikelets. Three subsamples with 30 g filled spikelets and three subsamples with 2 g empty spikelets were taken to count the number by grain counting apparatus (SC-G, Wseen, China).

Since nitrogen fertilizer treatment was carried out in the main crop, the following indexes were determined in the main crop to observe the changes of rice plants more directly.

Plants from 0.5 m2 area were sampled in each plot at 20 DAS, 52 DAS, panicle initiation, respectively. Then the plant samples were divided into stem and leaves. Dry weight of each organ were measured after oven-drying at 80°C to constant weight and weighed, then grounded into powder for determination of nitrogen content. The nitrogen content was measured using an elemental analyzer (Smart Chem140, Alliance, France). Leaf area index (LAI) of rice was measured by canopy meter (LP-80, Meter, USA) at panicle initiation and heading stage. Two points were measured in each plot, parallel to the row and perpendicular to the row, and the average of the two points was the LAI of the plot. SPAD values of leaves were measured by chlorophyll analyzer (SPAD-502plus, Konica Minolta, Japan) at full heading stage and about 15 days after full heading, and were recorded as SPAD1 and SPAD2, respectively. The senescence rate of leaves is the ratio of the difference between SPAD1 and SPAD2 to the number of recorded days.

At the stage of young ear differentiation, 3 rice plants were selected from each plot and the number of stems (NS) in each plot was recorded. At 6:00 pm, cut off some plants on the ground about 12 cm from each stem, place the pre-weighed (m1) absorbent cotton ball in a ziplock bag and place it at the cutting edge of the stem left in the field, so that the absorbent cotton is in full contact with each stalk, and tie the ziplock bag into the stalk with a rubber band. Retrieve the absorbent cotton bag with wound fluid at 6:00am the next day and weigh it (m2). Root bleeding intensity=(m2-m1)/NS/12. Ten rice seedlings from each plot were separated from the roots and the above-ground parts, and the roots were washed with tap water. Then the root scanning system (WinRHIZO, Regent, Canada) was used to determine the root related apparent properties, including length, surface area, average diameter, number of root tips, number of root crosses, and root dry weight.




2.4 Data analysis

Statistical data analysis was performed using analysis of variance (Statistix 9.0, Analytical Software, Tallahassee, FL, USA). Mean comparisons were carried out based on the least significant difference (LSD) test at the 0.05 probability level. All graphical representations of data were performed using SigmaPlot 12.5 (Systat Software Inc., Point Richmond, CA, USA).





3 Results



3.1 Effective accumulated temperature, effective radiation and rainfall

The effective accumulated temperature, effective radiation and rainfall of rice different growth periods and months were showed in Figure 1 in 2019 and 2020. The growth period of two varieties is basically the same. As can be seen from Figure 1, the total effective accumulated temperature during rice growth in 2019 was 2089.5°C, which was 207.2°C more than the 1882.3°C in 2020. The effective accumulated temperature during in 2019 was slightly lower than 2020, and the effective accumulated temperature in the other two periods was higher than the latter. In particular, the effective accumulated temperature in the HD-MD period in 2019 was 166.7°C higher than that in 2020. The change of two-year effective radiation was similar to the effective accumulated temperature, and the effective radiation in 2019 was 305.1 MJ m-2 higher than that in 2020, mainly because the former PI-HD and HD-MD were 208.4 MJ m-2 and 210.4 MJ m-2 higher than the latter, respectively. The analysis of rainfall showed that the rainfall in the first three periods of the 2020 season was significant higher than that in 2019, and the cumulative rainfall in the former is 291.4 mm higher than that in the latter. The difference was mainly in the PI-HD period, where the rainfall in 2020 was 310.0 mm higher than that in 2019. The higher rainfall in 2020 was the reason for the lower effective accumulated temperature and effective radiation during the PI-HD.




3.2 Grain yield and yield components

The grain yield of MC and yield components showed great difference under treatments (Table 2). The yield of both varieties treated with N2 was the highest, and the yield was showed as N2>N1>N3>N0, the trend is consistent for two years. The two-year average yield of FLYX1 treated with N2 was 63.6%, 7.6% and 9.4% higher than that of N0, N1 and N3, and that of HHZ treated with N2 was 62.9%, 5.5% and 8.2% higher than that of N0, N1 and N3, respectively. Analysis of yield composition, effective panicles and spikelets number per unit area were the main factors affecting yield. The two-year average panicle of FLYX1 treated with N2 was 62.0%, 2.3% and 9.9% higher than that of N0, N1 and N3, respectively, and that of HHZ treated with N2 was 56.6%, 4.3% and 11.7% higher than that of N0, N1 and N3, respectively. The average number of spikelets per m2 of FLYX1 treated with N2 was 67.4%, 7.2% and 13.8% higher than that of N0, N1 and N3, and the average number of spikelets per m2 of HHZ treated with N2 was 59.3%, 12.1% and 16.7% higher than that of N0, N1 and N3. The yield of the two varieties in 2020 is lower than that in 2019, which is greatly related to the higher rainfall in 2020, which may directly affect the number of panicles and spikelets.


Table 2 | The yield and yield components at each treatment during the main crop in 2019 and 2020.



The grain yield of ratoon crop under N1 and N2 treatment showed significant higher than that of N3 and N0 treatment (Figure 2). However, the yield of two former treatments was not significant difference. The annual yield of N2 treatment was the highest among all treatments. The two varieties showed the same trend in 2019 and 2020. Except that the annual yield of FLYX1 treated with N1 in 2019 was significantly higher than that of N3 treatment, the annual yield of N1 under other varieties and years was only slightly higher than that of N3 treatment, but the difference between the two was not significant. Two years on average, the annual yield of N2 in FLYX1 were higher than that of N1 and N3 by 4.94% and 8.55%, respectively. And the annual yield of N2 in HHZ were higher than that of N1 and N3 by 4.17% and 7.66%, respectively.




Figure 2 | Main crop yield, ratoon crop yield and annual yield compared of FLYX1 and HHZ at each treatment in 2019 and 2020. The lowercase letters on the bar for the same variety and same color in the same year represent significant differences at 0.05 probability level. The capital letters on the bar in the same year represent significant differences at 0.05 probability level. (A, B) represent the annual yield of FLYX1 and image (C, D) represent the annual yield of HHZ. N0, no N fertilizer; N1, 180 kg N ha-1 was split-applied with 50% as basal nitrogen (BSN) at 1 day before sowing, 20% as tiller nitrogen (TLN) at 20 DAS, and 30% as panicle initiation nitrogen (PIN) at 52 DAS. N2, 180 kg N ha-1 was split-applied with 30% as BSN at 1 day before sowing, 40% as TLN at 20 DAS, and 30% as PIN at 52 DAS; N3, 162 kg N ha-1 was applied in three equal splits as BSN, TLN, and PIN, respectively.






3.3 Above ground dry matter mass and total nitrogen accumulation

The comparison of above-ground dry matter mass and nitrogen accumulation of rice plants were indicated significant different at 20 days and 52 days of sowing with each nitrogen fertilizer treatment. As can be seen from Table 3, the above-ground dry matter mass and total nitrogen accumulation at 20 days of seeding showed no significant difference between N1, N2 and N3 except that N0 was significant lower than other treatments, and the change trend of the two varieties was consistent, with AB and TN in 2020 slightly lower than that in 2019. Each nitrogen treatment had a significant effect on rice plants 50 DAS. N2 treatment had the highest AB, followed by N1, N3 and N0, and the change trends of the two varieties were consistent, while the AB of the two varieties in 2020 was higher than that in 2019, indicating that the higher accumulated temperature and effective radiation during this period promoted the growth of rice plants (Figure 1). The nitrogen accumulation of plants also showed the same trend, N2>N1>N3>N0.


Table 3 | The above ground dry matter mass(AB) and total nitrogen accumulation(TN) at each treatment during the main crop in 2019 and 2020.






3.4 LAI value in PI and HD

All treatments had significant effects on LAI at PI stage and HD stage of the two varieties and two years (Figure 3). As can be seen from the Figure 3, LAI under N2 treatment was the highest in PI stage, while there was no significant difference between LAI under N1 and N3 treatments, and LAI under all three treatments was significant higher than that under N0. At the same time, the average LAI of FLYX1 treatment was 35.3% higher than that of HHZ, indicating that the former group was constructed faster in the early stage. In HD phase, LAI under N2 treatment was also significant higher than that under other treatments, while there was no significant difference between LAI under N1 and N3 treatment, and LAI of the three treatments was significant higher than N0. Under the same treatment, the influence of different varieties on LAI was reduced. Across treatments and years, the average LAI of FLYX1 was only 5.5% higher than HHZ at HD stage.




Figure 3 | LAI compared of FLYX1 and HHZ at each treatment during the main crop in 2019 and 2020. The lowercase letters on the bar figure for the same variety in the same year represent significant differences at 0.05 probability level. (A, B) represent LAI at PI and (C, D) represent LAI at HD. N0, no N fertilizer; N1, 180 kg N ha-1 was split-applied with 50% as basal nitrogen (BSN) at 1 day before sowing, 20% as tiller nitrogen (TLN) at 20 DAS, and 30% as panicle initiation nitrogen (PIN) at 52 DAS. N2, 180 kg N ha-1 was split-applied with 30% as BSN at 1 day before sowing, 40% as TLN at 20 DAS, and 30% as PIN at 52 DAS; N3, 162 kg N ha-1 was applied in three equal splits as BSN, TLN, and PIN, respectively.






3.5 Leaf senescence rate

The leaf senescence rate of the two varieties showed significant difference under each treatment. As can be seen from the Figure 4, there were significant differences in leaf senescence rate under different nitrogen treatments, and the leaf senescence rate under N0 treatment was the highest, which was significant higher than other treatments, and the change trend of the two varieties was consistent in two years. The leaf senescence rate of FLYX1 was 60.8%, 32.8% and 33.9% lower than that of N0, N1 and N3, and that of HHZ was 26.6%, 13.4% and 14.2% lower than that of N0, N1 and N3, respectively. At the same time, the leaf senescence rate of FLYX1 was significant lower than that of HHZ, and the average value of the former under each treatment was 75.8% lower than that of the latter, indicating that the ability of FLYX1 leaves to maintain higher chlorophyll content in the later stage was stronger than that of HHZ.




Figure 4 | Leaf senescence rate of FLYX1 and HHZ at each treatment during the main crop in 2019 (A) and 2020 (B). The different letters between different treatments in the same year all showed significant differences at 0.05 probability level. N0, no N fertilizer; N1, 180 kg N ha-1 was split-applied with 50% as basal nitrogen (BSN) at 1 day before sowing, 20% as tiller nitrogen (TLN) at 20 DAS, and 30% as panicle initiation nitrogen (PIN) at 52 DAS. N2, 180 kg N ha-1 was split-applied with 30% as BSN at 1 day before sowing, 40% as TLN at 20 DAS, and 30% as PIN at 52 DAS; N3, 162 kg N ha-1 was applied in three equal splits as BSN, TLN, and PIN, respectively.






3.6 Root growth status

The root system is the organ most directly affected by soil nutrients. In this study, different nitrogen fertilizer treatments had significant effects on root growth status. From Table 4, the root length, surface area, root diameter, number of root tips, forks number and dry matter weight under N2 treatment were higher than those under other treatments, and the performance of N3, N1 and N0 decreased successively, and the change trend of the two varieties was consistent in two years. At the same time, the root various measurement indicators of FLYX1 treatment was higher than the HHZ of the same treatment, and the root performance of the same treatment in 2020 was lower than that in 2019.


Table 4 | Root phenotype analysis at each treatment during the main crop in 2019 and 2020.






3.7 Root bleeding intensity

The amount of crop root bleeding intensity indicates the health state of the plant. In this study, different nitrogen fertilizer treatments had significant effects on the root activity of the two varieties (Figure 5). It can be seen that the root injury flow rate under N2 treatment was significant higher than that under other treatments, that under FLIYX1 treatment was 69.1%, 22.6% and 9.8% higher than that under N0/N1 and N3, and that under HHZ treatment was 101.7%, 33.7% and 10.7% higher, respectively. At the same time, the root bleeding intensity of FLYX1 under the same treatment was higher than HHZ.




Figure 5 | Root bleeding intensity of FLYX1 and HHZ at each treatment during the main crop in 2019 (A) and 2020 (B). The different letters between different treatments in the same year all showed significant differences at 0.05 probability level. N0, no N fertilizer; N1, 180 kg N ha-1 was split-applied with 50% as basal nitrogen (BSN) at 1 day before sowing, 20% as tiller nitrogen (TLN) at 20 DAS, and 30% as panicle initiation nitrogen (PIN) at 52 DAS. N2, 180 kg N ha-1 was split-applied with 30% as BSN at 1 day before sowing, 40% as TLN at 20 DAS, and 30% as PIN at 52 DAS; N3, 162 kg N ha-1 was applied in three equal splits as BSN, TLN, and PIN, respectively.



Figure 6 shows the correlation analysis of root wound flow, leaf senescence and leaf area index with yield. As can be seen from the figure, the three indexes are highly significant correlated with yield. The root wound flow rate of FLYX1 and HHZ is significant positively correlated with yield, and the correlation coefficients R2 reach 0.754 and 0.833, respectively. The leaf aging rate of FLYX1 and HHZ is significant negatively correlated with yield, and the correlation coefficients R2 reach 0.822 and 0.815, respectively. In addition, the leaf area index of the two groups was also significant positively correlated with yield, and the correlation coefficients R2 reached 0.852 and 0.984, respectively.




Figure 6 | The correlation of yield with root bleeding intensity, leaf senescence and LAI in 2019 and 2020. * and ** represent significant at the 0.05 probability level. (A–C) show the correlation between yield and root bleeding intensity, leaf senescence and LAI, respectively.







4 Discussion

In recent years, key measures such as reasonable sowing date, fertilizer and water management and stubble height have significant promoted the increase of grain yield of ratoon rice in China (Peng et al., 2023), among which the scale of production of ratoon rice has been increasing and has attracted more and more attention (Wang et al., 2017). Compared with traditional transplanting, rice direct seeding technology can save fresh water better, reduce labor force and improve production efficiency (Tao et al., 2016). The DSRR mode in this study is a planting mode that combines the advantages of direct seeding rice and ratoon rice (Dong et al., 2017). Compared with transplanting ratoon rice, its nutrient management method is not suitable for direct regenerated rice, because the field environment after sowing is very different between the two plant modes. In this study, the rice yield under the treatment of reducing the amount of base fertilizer and increasing the amount of tillering fertilizer (N2) was significant 6.6% higher than that under the traditional management (N1), and 63.3% higher than that of N0 (Table 2). This is similar to the results of previous studies that significant increased the yield of direct seeding rice by means of front-to-back nitrogen transfer (Duan et al., 2020; Jiang et al., 2021). In this study, the yield of N3 treatment showed a tendency to decrease compared with N1 treatment, while N2 treatment was 8.8% higher than N3 treatment (Table 2), indicating that for DSRR, the application of part of nitrogen fertilizer could be delayed, while direct reduction was not conducive to yield improvement. According to Dong (Dong et al., 2017), higher yields can be achieved if one third of the total nitrogen fertilizer was applied to base fertilizer and all other nitrogen fertilizers are applied at a later stage. The main reason of yield difference of this study were the difference in effective panicle and spikelet number per unit area. The effective panicle of N2 treatment was 59.3%, 3.3% and 10.8% higher than that of N0/N1/N3, and the spikelet number per unit area was 63.3%, 9.6% and 15.4% higher, respectively (Table 2). The results showed that the difference of nitrogen fertilizer treatment had great influence on the plant population in the early stage. Increasing the amount of fertilizer at seedling stage significant promoted tillering, and the maximum number of tillers was significant positively correlated with the amount of fertilizer at seedling stage (Tan et al., 2016). However, the amount of base fertilizer in N1 treatment was large, and the plant utilization was not much, resulting in partial nitrogen loss and the total amount of fertilizer acting on tillering part is reduced. As rainfall increases, fertilizer loss to the environment will also increase (Chen et al., 2017), because nitrogen concentration in surface water will remain high for 7-10 days after fertilization (Davis et al., 2016). Reasonable reduction of basal fertilizer application may be an effective way to improve nitrogen use efficiency, decrease the loss of nitrogen to environment and increase the planting income in DSRR mode. From Figure 2, the annual yield of N1 was highest value among all the treatments, that significant improved the nitrogen use efficiency. At the same time, the reduction of total nitrogen application further reduced the risk of nitrogen loss, and was beneficial to reduce production input and increase production income (Dong et al., 2017).

Dry matter accumulation of rice population is a direct reflection of soil nutrient supply (Zhang et al., 2011). The results of this study showed that the above-ground dry matter quality at 20 days after seeding was significant lower than that of N0, and the other three treatments showed no significant difference under the same variety, while the above-ground dry matter quality at 50 days after seeding gradually showed differences under different treatments (Table 3). Just as the results of Tian et al.’s study showed that because there was no seedling cultivation link, the vegetative growth period of direct seeding rice was shortened, with relatively low substance accumulation in the early stage, large growth in the middle and late stage, and fast population development (Tian et al., 2016). In this study, after seeding in DSRR, the temperature was not high and unstable (Figure 1), and the plant production process such as emergence and tillering was slower than that of direct seeding in medium rice. When the temperature is stable above 15°C, it is conducive to dry matter accumulation (Wang et al., 2013), and then the demand for nutrients will be more. In this study, the first topdressing time was 20 days after seeding, and N2 treatment just increased the amount of nitrogen fertilizer applied, making LAI significantly higher than other treatments in PI and HD periods. The senescence process of leaves in the later stage is also a reflection of changes in soil nutrient supply and transfer (Lee and Masclaux-Daubresse, 2021). The leaf senescence rate of N2 treatment was significant lower than that of other treatments, followed by N1 and N3 treatments, and N0 treatment had the fastest senescence rate, and the change trend of the two varieties was consistent in two years (Figure 4), indicating that the traditional fertilization mode (N1) under DSRR could easily cause premature leaf senescence in the later stage, which was not conducive to the light energy conversion and transport in the later stage. As Liu (Liu et al., 2019) showed, postponing the application of early fertilizer to the period between tillering and young panicle initiation had positive effects on maintaining late leaf color, higher photosynthetic accumulation in rice canopy and grain setting rate. In addition, in this study, the late senescence rate of leaves of HHZ was significant higher than that of FLYX1, indicating that the performance of hybrid rice and inbred rice in DSRR was significant different, and a better plant state of hybrid rice was conducive to reducing production inputs such as fertilizer (Yuan et al., 2017).

The root system is an effective reflection of the growth state of direct-seeding rice (Islam et al., 2023), and different nitrogen fertilizer application rates significantly affect the root development length and root activity of rice (Xu et al., 2019). In this study, the root length, surface area, diameter and dry matter mass of N2 treatment were significant higher than those of N1 and N0 treatment (Table 4). Combined with the above analysis of dry matter accumulation (Table 3), it was indicated that DSRR mode could effectively promote the growth of aboveground plant and roots under N2 treatment, while the promotion effect of lower nitrogen fertilizer was lower. Studies have shown that increasing seeding density can significantly improve root morphology and distribution under low nitrogen fertilizer application, which has a positive effect on direct seeding rice yield (Deng et al., 2020). The DSRR mode may also be able to further improve the absorption and utilization of nitrogen fertilizer by increasing the sowing amount. As can be seen from Figure 5, the single stem bleeding intensity of N3 treatment is higher than that of N1 treatment, and the effective panicle number of the former is lower than that of N1 treatment, indicating that increasing the number of single stems may improve the absorption and utilization of fertilizer, but cannot improve the root vitality of a single rice stem. It also has a great impact on the lodging resistance of roots (Zhang et al., 2021). Figure 6 shows that there is a significant positive correlation between root activity and yield, which further indicates the importance of root activity for yield. Studies have been conducted to improve the yield of direct seeding rice by improving the comprehensive phenotype of roots (Ajmera et al., 2022), which is an approach for rice breeding and may also provide an important indicator for evaluating the high-efficiency production of DSRR system.




5 Conclusions

It was a useful method that transferring 20% of total nitrogen from basal fertilizer to tillering stage in DSRR can effectively promote the accumulation of dry matter in the above and underground parts, maintain high root vitality, promote population construction, postpone senescence process of leaves, promote the accumulation, and significant increase the main crop yield and the annual yield. On the basis of the above method, further reducing the amount of tillering fertilizer by 10% will have a negative impact on the yield, but the yield will not be reduced compared with the traditional fertilization method, which is beneficial to improve the production efficiency of nitrogen fertilizer and improve the planting income in DSRR system.
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Seedling mode plays a crucial role in the rice production process, as it significantly affects the growth and development of seedlings. Among the various seedling modes, the seedling tray overlapping for seed emergence mode (STOSE mode) has been demonstrated to be effective in enhancing seedling quality. However, the impact of this mode on the germination and growth of seeds with varying plumpness remains uncertain. To investigate the effect of the STOSE mode on seedling emergence characteristics, growth uniformity, and nutrient uptake of seeds with varying plumpness levels, we conducted a study using super early rice Zhongzao 39 (ZZ39) as the test material. The seeds were categorized into three groups: plumped, mixed, and unplumped. The results indicated that the STOSE mode significantly improved the seedling rate for all types of seeds in comparison to the seedling tray nonoverlapping for seed emergence mode (TSR mode). Notably, the unplumped seeds exhibited the most pronounced enhancement effect. The soluble sugar content of the seeds increased significantly after 2 days of sowing under the STOSE mode, whereas the starch content exhibited a significant decrease. Furthermore, the STOSE mode outperformed the TSR mode in several aspects including seedling growth uniformity, aboveground dry matter mass, root traits, and nutrient uptake. Overall, the STOSE mode not only promoted the germination and growth of plumped and mixed seeds but also had a more pronounced impact on unplumped seeds.




Keywords: rice, seedling raising mode, seed plumpness, seedling emergence characteristics, seedling quality, nutrient uptake




1 Introduction

Rice (Oryza sativa L.) is a vital food crop, with approximately 50% of the world’s population relying on it as a primary source of sustenance (Tian et al., 2022). Furthermore, with the global population steadily increasing, the demand for rice continues to rise annually (Muthayya et al., 2014). China is a major producer and consumer of rice in the world. However, the traditional manual cultivation methods are inadequate for the current development needs, due to the rapid economic growth and urbanization in recent years that have caused a large transfer of the rural labor force (Chen et al., 2019). Mechanized rice production significantly decreases the reliance on manual labor and contributes greatly to enhancing labor productivity and increasing yields and profits. It represents the developmental trajectory of modern rice farming technology (Palacios-Lopez et al., 2017; Emran and Shilpi, 2018; Mukhamedova and Wegerich, 2018; Zhu et al., 2019). Furthermore, mechanized rice planting relies on machine transplantation. The core of machine transplantation is cultivating seedlings (Yu et al., 2006). The traditional method of raising seedlings is highly susceptible to environmental influences. This often leads to issues including low seedling emergence rates, uneven emergence, and poor quality seedlings. Consequently, machine-transplanted seedlings frequently have high leakage rates, poor uniformity, and reduced quality. Ultimately, these factors restrict improvements in rice yield as well as the development and application of machine transplanting technologies (Zheng et al., 2014). To address the aforementioned problems with rice planting, the China National Rice Research Institute (CNRRI) adopted the seedling tray overlapping for seed emergence mode (STOSE mode). It also developed the necessary facilities, equipment, and seedling cultivation techniques to support this mode. The mode uniformly employs stackable trays to sow seeds. The trays are then transferred to the seedling center which provides suitable temperature and humidity conditions for germination. Once the seedlings reach 0.5 cm in length, the trays are shipped to seedling farms for further cultivation. The farm includes greenhouses, dry paddy field nurseries, and so on. Consequently, a “1+N” mode has been established, whereby one seedling center raises seedlings for multiple seedling farms (Zhu et al., 2018). This mode centralizes seedling cultivation and supply, broadening the scale of seedling availability and improving service capacity. Centralized seedling supply reduces the risks and costs of production while enabling larger-scale, specialized, and intensified rice seedling cultivation.

Rice seed germination, a critical stage of the life cycle, directly impacts seedling growth and development (Bewley, 1997; Donohue et al., 2010). The germination rate and speed depend on the temperature and soil moisture content (Kebreab and Murdoch, 2000). Previous studies have shown that high temperatures inhibit seed germination in model plants such as Arabidopsis and crops such as sunflower and rice (Chiu et al., 2012; Wen, 2015; Mangrauthia et al., 2016). Moreover, low temperatures decrease gibberellin (GA) and increase abscisic acid (ABA) levels in rice seeds. This alters hormone balances, slowing seed development. A study by Wang et al. (2018) also demonstrated that low temperatures reduce the biological activity of gibberellins, impairing soluble sugar utilization in rice seeds. This effect is closely associated with impaired seed germination and seedling formation, as soluble sugars are critical energy sources for these processes. Furthermore, water availability is also critical for inducing seed germination (Bradford, 1990). Previous studies have demonstrated that drought increases abscisic acid (ABA) and reactive oxygen species (ROS) levels in rice seeds, both of which inhibit germination (Liu et al., 2019). Therefore, providing optimal temperature and humidity conditions tailored to different species will promote seed germination and seedling formation. However, traditional seedling methods use seedling trays that are sown and then flattened. These methods cause unstable temperature and humidity for germination and seedling production, leading to poor seedling quality and affecting machine transplanting. STOSE mode uses customized stackable trays that provide heat preservation and moisture retention. This mode can maintain soil moisture stability and reduce water loss, according to Wang et al. (2022b). The seedling center also uses temperature and humidity control equipment to provide suitable conditions for seed germination. There are variations in seed development at different grain positions on the rice spike. Generally, grains situated on the upper panicle primary branches exhibit earlier flowering, faster irrigation, and higher seed plumpness compared to grains on the lower secondary branches (Yang et al., 2006). It has been reported that the plumped seeds exhibited a significantly higher germination rate and seed vigor compared to unplumped seeds (Zheng et al., 2022).

Many studies have confirmed that the STOSE mode has a high seedling rate, seedlings uniformity, and better seedling quality (Shou et al., 2017; Chen et al., 2020; Wang et al., 2022b). However, the effects of the STOSE mode on the germination and seedling quality of variable rice seed plumpness have rarely been reported. In this study, we used super early rice Zhongzao 39 (ZZ39) as a test material, categorizing seeds as plumped, mixed, and unplumped by screening. Seedling emergence traits and quality among the different seed plumpness were compared under STOSE mode, with the seedling tray nonoverlapping for seed emergence mode (TSR mode) as a control. The objective of this study is to establish a theoretical foundation and offer practical recommendations for the innovation and enhancement of rice seedling modes.




2 Materials and methods



2.1 Experimental materials and environments

This experiment was conducted in 2023 at the China National Rice Research Institute. We used Zhongzao 39 (ZZ39), a popular and widely cultivated rice variety, as the test material. Empty grains were removed by a rice wind sorter, followed by screening of unplumped seeds using 15% NaCl solution. The seedling tray overlapping for seed emergence mode (STOSE mode) was simulated by us in a thermostatic incubator with a temperature of 30°C and a humidity of 90%. We performed the seedling tray nonoverlapping for seed emergence mode (TSR mode) in a greenhouse and recorded temperature and humidity changes for one month after sowing, as illustrated in Figure 1.




Figure 1 | Changes of temperature and humidity in greenhouses.






2.2 Experimental design

The experiment compared two seedling cultivation modes: the STOSE and TSR modes. Three seed types were tested under each mode: plumped seeds (T1; 1000-grain weight 27.05 g), mixed seeds (T2, 80% plumped and 20% unplumped seeds), and unplumped seeds (T3, 1000-grain weight 16.88 g). The experiment consisted of six treatments, with each treatment sown in six seedling trays. Stackable seedling trays (30 cm x 25 cm) were used for the STOSE mode, while conventional flat trays (60 cm x 30 cm) were used for the TSR mode. The same rice-specific substrate was used uniformly as the seedling soil in both cultivation modes. Before sowing, the seeds were soaked for 48 hours and sterilized using a fungicide.

The amount of seed sown varied between treatments. The number of plumped seeds (T1) needed to sow 80 g of dry grain per tray under the TSR mode served as the reference to calculate sowing quantities for the mixed (T2) and unplumped seed treatments (T3). The goal was to use the same number of seeds per tray under the TSR mode. Sowing quantities for the plumped, mixed and unplumped seed treatments under the STOSE mode were calculated to match the sowing density used under the TSR mode. Under the TSR mode, trays are laid flat in greenhouses after sowing and managed as dry nursery seedlings. Under the STOSE mode, trays were placed in a constant temperature incubator for 36 h and then moved to greenhouses, where they received the same treatment as the TSR mode. Seedling samples were collected at 2, 6, 10, 18, and 30 days after sowing to examine the effects of different treatments on seedling quality (plant height, aboveground and root dry weight), growth uniformity, root traits (total root length, root surface area, root volume and number of roots), seed sugar and starch content, and aboveground nutrient uptake.




2.3 Measurements and methods

Prior to the experiment, 50 seeds of each seed type (plumped, mixed and unplumped) were sown into 7 cm diameter circular positioning rings (made of hollow nylon tubing). Three seedling trays per treatment were chosen, with three positioning rings placed evenly in each tray. The number of seedlings from each treatment was investigated, starting 2 days after sowing when the emergence length was approximately 5 mm. Subsequent surveys were conducted every 2 days until 10 days after sowing. The seedling rate was calculated using Equation 1 (Wang et al., 2022a):



The study investigated the plant height and growth uniformity of seedlings in each treatment at 18 and 30 days after sowing. Each treatment had three replications, and 100 seedlings were investigated in each replication. The uniformity of seedling growth was calculated using the following formula:



Ssh indicates the standard deviation of seedling heights; xish indicates seedling height observations;   indicates the average seedling height (Equation 2) (Wang et al., 2022b).

Moreover, the root systems of the seedlings were cleaned and scanned with a plant root scanner (Epson Perfection V700 Photo). The scanned images were stored in a computer and analyzed by Win-RHIZO PRO 2013, a root analysis system software. The software measured parameters such as total root length, number of roots, root surface area and root volume. The seedlings were oven-dried at 80°C until they reached a constant weight. Then, the dry weights of the aboveground and root parts were measured separately.

The anthrone method was utilized to determine soluble sugar content in seeds (Zhou et al., 2009). Seed samples from each treatment were collected at 2, 6, and 10 days after sowing, cleaned, dried, and milled. Seeds prior to sowing served as experimental controls. For each sample, 0.1 g of seeds was weighed into 10 ml reagent tubes, combined with distilled water, and homogenized. Samples underwent hot water extraction in a boiling water bath (temperature exceeding 95°C) for 30 min, followed by centrifugation at 8000 rpm for 10 min. The resulting supernatants were collected in 25 ml volumetric flasks, and the extraction procedure was repeated twice. Pooled supernatants were brought up to volume, comprising the soluble sugar extract. The absorbance values of the samples were determined using a spectrophotometer at a wavelength of 630 nm. The starch content of seeds was measured by the perchloric acid method (Wang et al., 1993). The experiment involved six treatments, with three replications for each treatment.

The nitrogen (N), phosphorus (P), and potassium (K) contents in the aboveground parts of seedlings were measured according to a previously reported method (Zuo et al., 2023). Samples were collected from different treatments at 18 and 30 days after sowing. Only the aboveground parts of the seedlings were retained and dried before being ground. A 0.1 g sample was then weighed in a test tube and decocted by adding concentrated H2SO4-H2O2. The resulting solution was fixed in a 50 ml volumetric flask, which served as the solution to be measured. The total nitrogen (N), total phosphorus (P), and total potassium (K) contents of the aboveground seedlings were measured using the Kjeldahl nitrogen determination, molybdenum-antimony colorimetric method, and flame photometric method, respectively. The N, P, and K uptake under different treatments was calculated using Equation 3 (Hu et al., 2019):






2.4 Statistical analysis

In this study, the data were organized and calculated using Excel 2021 software, and SPSS 23.0 statistical software was used to perform three repeated one-way analyses of variance (ANOVA) and Duncan’s multiple comparisons tests. All values were reported as the means ± SD (standard deviation). Pictures were drawn using SigmaPlot 10.0 software.





3 Results



3.1 Seedling rate

Seedling rates were significantly higher under the STOSE mode than the TSR mode across all seed treatments. Under the STOSE mode, the seedling rates over time followed the trend of T1 > T2 > T3 (Figure 2). The seeds under the STOSE mode sprouted into seedlings at 2 days after sowing and increased gradually until 10 days, when the seedling rate stabilized (Figure 3A). The seedling rate of the T3 treatment under the STOSE mode showed a significant increase of 82.84 and 153.16% at 4 and 6 days after sowing, respectively, compared to 2 days (Figures 2A–C). Under the TSR model, the seeds sprouted into seedlings at 8 days after sowing and reached a stable seedling rate at 10 days (Figure 3B). The seedling rates of T1, T2 and T3 increased by 6.66, 15.19 and 27.29%, respectively, from 8 to 10 days after sowing. Compared to the TSR mode, the STOSE mode increased the seedling rates of T1, T2 and T3 by 67.11, 39.66 and 469.7%, respectively, at 8 days after sowing. The increase was lower at 10 days after sowing, with 57.50, 23.81 and 390.48% for T1, T2 and T3 (Figures 2D, E). The results indicate that the STOSE mode can significantly enhance the seedling rate compared to the TSR mode. The enhancement effect was more pronounced for unplumped seeds than for other seed types.




Figure 2 | Changes in seedling rate of each seed treatment under STOSE and TSR modes. Nonoverlapping and overlapping represent TSR and STOSE modes, respectively. 2d, 4d, 6d, 8d and 10d indicate the number of days after sowing. T1, T2 and T3 represent different types of seeds (plumped, mixed and unplumped seeds, respectively). Bars mean SD (n=3). **, indicates that the difference in seedling rate of the same type of seeds under different seedling modes was highly significant (P<0.01, LSD method).






Figure 3 | Pictures of seedling emergence under different treatments at 10d after sowing. Row (A) shows the seed treatments under STOSE mode: OPT1 for plumped seeds, OPT2 for mixed seeds and OPT3 for unplumped seeds. Row (B) shows the seed treatments under TSR mode: NPT1 for plumped seeds, NPT2 for mixed seeds and NPT3 for unplumped seeds.






3.2 Soluble sugar and starch content

The seed soluble sugar content in all treatments under the STOSE mode exhibited a variation over time, initially increasing and then decreasing. The TSR mode demonstrated an overall increasing trend. In contrast, the seed starch content decreased with time under both seedling modes (Figure 4). The soluble sugar content of the seeds in the T1, T2, and T3 treatments under the STOSE mode exhibited a significant increase within 2 days after sowing. T1 reached its maximum level at 2 days (Figure 4A), whereas T2 and T3 showed a slight further increase before declining at 6 days (Figures 4B, C). Within the first 6 days after sowing, the soluble sugar content of seeds was significantly lower under the TSR mode than the STOSE mode. However, at 10 days after sowing, the trend reversed with the TSR treatments showing significantly higher soluble sugar content. The changes in seed starch content were significantly different between the STOSE and TSR modes. Under the STOSE mode, the T1, T2, and T3 treatments showed a significant decrease within 2 days after sowing, followed by a slower decreasing trend. On the other hand, under the TSR mode, the T1, T2, and T3 treatments exhibited a slow decrease in seed starch content within 2 days after sowing, followed by a sharp decrease (Figures 4D–F).




Figure 4 | Changes in soluble sugar and starch content of seeds under different treatments within 10 d after sowing. Nonoverlapping and overlapping represent TSR and STOSE modes, respectively. T1, T2 and T3 represent different types of seeds (plumped, mixed and unplumped seeds, respectively). Bars mean SD (n=3).






3.3 Seedling height and growth uniformity

Seedling height was significantly higher under the STOSE mode than the TSR mode for all treatments at both 18 and 30 days after sowing (Figure 5). Compared to the TSR mode, seedling height increased by 10.63, 26.33 and 15.93% for T1, T2, and T3, respectively, at 18 days under the STOSE mode (Figure 5A). Similarly, at 30 days, the increase was 12.40, 12.34 and 16.52% for T1, T2, and T3, respectively (Figure 5B). The seedling growth uniformity of each treatment was higher and significantly different under the STOSE mode than the TSR mode at both 18 and 30 days after sowing (Figures 5C, D). These results indicate that the STOSE mode not only enhances seedling growth but also improves the uniformity of seedling.




Figure 5 | Differences in seedling height and growth uniformity of seeds with different plumpness under two seedling modes. Nonoverlapping and overlapping represent TSR and STOSE modes, respectively. 18d and 30d indicate the number of days after sowing. T1, T2 and T3 represent different types of seeds (plumped, mixed and unplumped seeds, respectively). There were three replicates for each treatment and each replicate included 100 seedlings. Bars mean SD (n=3). *, indicates that the difference in seedling height (or growth uniformity) of the same type of seeds under different seedling modes was significant (P<0.05, LSD method); **, indicates that the difference in seedling height (or growth uniformity) of the same type of seeds under different seedling modes was highly significant (P<0.01, LSD method).






3.4 Shoot and root dry weight

The shoot weight of seedlings under the STOSE mode was significantly higher than that under the TSR mode at all times after sowing (Figure 6). The shoot dry weight of the T1 and T2 treatments under the STOSE mode significantly increased at 30 days compared to that at 10 days after sowing by 166.31 and 212.02%, respectively. In contrast, T3 showed a greater increase of 281.37%, which was more significant than the previous two treatments. Moreover, the shoot dry weight of the T3 treatment under the STOSE mode increased by 144.52%, 49.11% and 51.67% at 10, 18 and 30 days after sowing, respectively, which was the highest increase among all the treatments compared to the TSR mode (Figures 6C–E).




Figure 6 | Differences in shoot dry weight of seeds with different plumpness under two seedling modes. Nonoverlapping and overlapping represent TSR and STOSE modes, respectively. 2d, 6d, 10d, 18d and 30d indicate the number of days after sowing. T1, T2 and T3 represent different types of seeds (plumped, mixed and unplumped seeds, respectively). There were three replicates for each treatment and each replicate included 100 seedlings. Bars mean SD (n=3). **, indicates that the difference in shoot dry weight of the same type of seeds under different seedling modes was highly significant (P<0.01, LSD method).



The root dry weight of seedlings was significantly greater under the STOSE mode than the TSR mode within 30 days after sowing (Figure 7). Under the STOSE mode, the T3 treatment showed increases in root dry weight of 48.65% at 10 days, 49.91% at 18 days, and 46.04% at 30 days after sowing compared to the TSR mode (Figures 7C–E). These results indicate that the STOSE mode significantly increased the shoot and root dry weight of seedlings compared to the TSR mode. The enhancement effect was most pronounced for the unplumped seed treatment.




Figure 7 | Differences in root dry weight of seeds with different plumpness under two seedling modes. Nonoverlapping and overlapping represent TSR and STOSE modes, respectively. 2d, 6d, 10d, 18d and 30d indicate the number of days after sowing. T1, T2 and T3 represent different types of seeds (plumped, mixed and unplumped seeds, respectively). There were three replicates for each treatment and each replicate included 100 seedlings. Bars mean SD (n=3). *, indicates that the difference in root dry weight of the same type of seeds under different seedling modes was significant (P<0.05, LSD method); **, indicates that the difference in root dry weight of the same type of seeds under different seedling modes was highly significant (P<0.01, LSD method).






3.5 Seedling root traits

Root length, surface area, volume, and number differed significantly between the STOSE and TSR modes at all measured time points after sowing (Table 1). The STOSE mode improved seedling root traits compared to the TSR mode. The total root length of seedlings under the STOSE mode was significantly higher than that of seedlings under the TSR mode for all treatments (T1, T2, and T3) and at all time points after sowing. The root surface area and number were significantly higher under the STOSE mode than the TSR mode across all seed treatments, except for the T2 treatment at 30 days after sowing. Moreover, at 10, 18, and 30 days after sowing, the root volume in the T3 treatment under the STOSE mode was significantly greater than that in the TSR mode. However, the differences in root volume among the other treatments were not significant between the two modes.


Table 1 | Difference analysis of root traits during different periods under STOSE and TSR modes.






3.6 N, P and K uptake

The nitrogen (N) and phosphorus (P) contents of aboveground seedlings were significantly higher under the TSR mode than the STOSE mode at 18 and 30 days after sowing. However, the potassium (K) contents did not differ significantly between the two modes (Figure 8). The aboveground N and P contents of seedlings in the T3 treatment were higher than those of the other seed treatments under both the STOSE and TSR modes. The N and P contents of seedlings decreased at 30 days after sowing compared to 18 days, across all treatments. In contrast, potassium contents did not change significantly between these two time points.




Figure 8 | Differences in aboveground nutrient contents of seedlings between treatments under different seedling modes. Nonoverlapping and overlapping represent TSR and STOSE modes, respectively. 18d and 30d indicate the number of days after sowing. T1, T2 and T3 represent different types of seeds (plumped, mixed and unplumped seeds, respectively). Bars mean SD (n=3). **, indicates that the difference in aboveground nutrient contents of seedlings of the same type of seeds under different seedling modes was highly significant (P<0.01, LSD method).



The aboveground nutrient uptake of seedlings under the STOSE mode was higher than that under the TSR mode at both 18 and 30 days after sowing (Figure 9). Compared to the TSR mode, the aboveground N, P, and K contents of seedlings in the T3 treatment under the STOSE mode increased significantly by 13.73, 27.66 and 49.11%, respectively, at 18 days after sowing. Moreover, compared to the TSR mode, the aboveground N, P, and K contents of seedlings in the T3 treatment under the STOSE mode increased significantly by 49.31, 29.17 and 50.69%, respectively, at 30 days after sowing. These results indicate that the STOSE mode promotes greater nutrient uptake in the later stages of seedling growth compared to the TSR mode.




Figure 9 | Differences in aboveground nutrient uptake of seedlings between treatments under different seedling modes. Nonoverlapping and overlapping represent TSR and STOSE modes, respectively. 18d and 30d indicate the number of days after sowing. T1, T2 and T3 represent different types of seeds (plumped, mixed and unplumped seeds, respectively). Bars mean SD (n=3). *, indicates that the difference in aboveground nutrient uptake of seedlings of the same type of seeds under different seedling modes was significant (P<0.05, LSD method); **, indicates that the difference in aboveground nutrient uptake of seedlings of the same type of seeds under different seedling modes was highly significant (P<0.01, LSD method).







4 Discussion



4.1 Effects of changes in soluble sugar and starch content on seed germination under the STOSE mode

The seedling tray overlapping for seed emergence mode (STOSE mode) controls the temperature and humidity after sowing to create optimal environmental conditions for rice seed germination. This mode increases the seedling rate and helps to solve the problems of poor and uneven emergence (Zou, 2018; Chen et al., 2020). In this study, compared with the seedling tray nonoverlapping for seed emergence mode (TSR mode), the STOSE mode significantly increased the seedling rates of plumped, mixed, and unplumped seed treatments from 2 to 10 d after sowing. The STOSE mode also shortened the germination time of seeds and accelerated seedling growth and development (Figure 2). Furthermore, the size of the seed weight had a significant effect on seedling emergence. Generally, a higher seed weight corresponds to a higher seedling emergence rate (López-Castañeda et al., 1996). Our results also showed that plumped seeds had a significantly higher seedling emergence rate than unplumped seeds under the same seedling mode. This result agrees with previous studies. Moreover, we found that the STOSE mode greatly enhanced the seedling emergence rate of unplumped seeds compared to the TSR mode (Figures 2D, E). Previous studies have demonstrated that endospermic starch breakdown into soluble sugars provides necessary energy for seed germination (Wang et al., 2018). β-amylase activity plays a key role in starch activation, depolymerization, and release. Its activity can serve as an important indicator of the seedling emergence rate (Nandi et al., 1995). Under low temperature conditions, amylase activity was inhibited, resulting in significantly decreased soluble sugar content in seeds, which subsequently suppressed seed germination (Guan et al., 2009). In this study, the soluble sugar content of seeds under the STOSE mode rose sharply 2 days after sowing, while the starch content decreased significantly. Seeds of different types sprouted during this period. The soluble sugar content of seeds under the TSR mode increased greatly 6 days after sowing, coinciding with the seedling emergence period. Therefore, these results suggest that the STOSE mode promotes starch breakdown within seeds, increasing soluble sugar content and accelerating seed germination.




4.2 Effects of the STOSE mode on seedling growth uniformity, root traits and nutrient uptake

Seed germination rates were similar and seedling growth was uniform and robust under stabilized temperature and humidity conditions in STOSE mode (Wang et al., 2022b). Previous studies have shown that plumped seeds have higher physiological metabolism and biosynthesis capacity, which enable them to maintain higher activity and stability during drying, storage, and sowing (Gairola et al., 2011; Xie et al., 2020). Furthermore, seed activity was found to be positively correlated with seedling growth rate and uniformity (Gomes Junior et al., 2014). This means that seeds with higher plumpness exhibited faster seedling growth and uniformity. Our results demonstrated that the mixed seeds (T2) under the TSR mode had the lowest seedling growth uniformity at 18 and 30 days after sowing compared to the plumped (T1) and unplumped seeds (T3). Our hypothesis is that the difference in activity and rates of seed germination between plumped and unplumped seeds in the T2 treatment led to poorer uniformity of seedling growth. Moreover, seedling growth uniformity improved significantly in the T2 treatment under the STOSE mode compared to the TSR mode at 18 and 30 days after sowing (Figure 5). The results indicate that the STOSE mode contributed to an increase in the activity of the unplumped seeds in the T2 treatment, resulting in a narrower gap between their germination rates and those of the plumped seeds. This ultimately had a positive impact on the uniformity of seedling growth. The emergence of plant roots is accompanied by rapid cell division, and higher temperatures greatly facilitate this process (Teklehaimanot, 2004). Our results indicate that the average temperature was higher under the STOSE mode than the TSR mode, resulting in a significantly shorter duration for seed germination and root formation (Table 1).

The root system is a vital plant organ that enables water and nutrient uptake, affecting plant growth and development (Duque and Villordon, 2019; Bayala and Prieto, 2020). Previous studies have reported that crops with higher root biomass, surface area, and volume also have higher nitrogen uptake efficiency (Cassman et al., 2002; Wei et al., 2008). In this study, the total aboveground NPK uptake of seedlings in different treatments under the STOSE mode was significantly higher than that under the TSR mode at 18 and 30 days after sowing. It is speculated that the STOSE mode enhanced the development and expansion of the root system after seed germination, consequently leading to a substantial improvement in nutrient uptake efficiency by the seedlings. Previous studies have reported that the nitrogen concentration in crops decreases with increasing plant dry matter, a phenomenon known as nitrogen dilution (Cao et al., 2020). Moreover, studies on the rate of nitrogen uptake have indicated that providing sufficient nitrogen for the early stages of crop growth is the basis for obtaining higher yields (Sheehy et al., 1998). In this study, the aboveground dry matter mass of seedlings was significantly higher under the STOSE mode than the TSR mode. However, the nitrogen and phosphorus contents were lower under the STOSE mode, and this difference was highly significant. We hypothesized that this phenomenon could be attributed to two factors. First, there was a dilution of nitrogen concentration. Second, the high density of seedlings under the STOSE mode and the limited nutrient content in the substrate also played a role. Therefore, to ensure the normal growth of seedlings under the STOSE mode, it is recommended to supplement nitrogen and phosphorus nutrients during the later stages of seedling growth.





5 Conclusion

The STOSE mode shortened the seed germination time and accelerated seedling growth and development. Compared to the TSR mode, the STOSE mode significantly increased the seedling rate and enhanced uniformity of seedling growth. Furthermore, the STOSE mode exhibited more noticeable advantages in terms of dry matter mass, root traits, and nutrient uptake efficiency of aboveground seedlings compared to the TSR mode. Overall, the enhanced seedling rate of unplumped seeds under the STOSE mode not only reduces the number of seeds needed but also positively impacts the increase in effective number of spikes and rice yield during later stages.
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Agronomy research traditionally relies on small, controlled trial plots, which may not accurately represent the complexities and variabilities found in larger, real-world settings. To address this gap, we introduce a Bayesian methodology for the analysis of yield monitor data, systematically collected across extensive agricultural landscapes during the 2020/21 and 2021/22 growing seasons. Utilizing advanced yield monitoring equipment, our method provides a detailed examination of the effects of green manure on wheat yields in a real-world context. The results from this comprehensive analysis reveal significant insights into the impact of green manure application on wheat production, demonstrating enhanced yield outcomes across varied landscapes. This evidence suggests that the Bayesian approach to analyzing yield monitor data can offer more precise and contextually relevant information than traditional experimental designs. This research underscores the value of integrating large-scale data analysis techniques in agronomy, moving beyond small-scale trials to offer a broader, more accurate perspective on agricultural practices. The adoption of such methodologies promises to refine farming strategies and policies, ultimately leading to more effective and sustainable agricultural outcomes. The inclusion of a Python script in the appendix illustrates our analytical process, providing a tangible resource for replicating and extending this research within the agronomic community.
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1 Introduction

Green manure is the practice of incorporating plants into the soil as a nutrient source, has gained increasing attention in recent years due to its potential to enhance soil fertility, improve crop productivity, and promote sustainable agricultural practices Ye et al. (2014); Cai et al. (2019); Ma et al. (2021). Additionally, the escalating expenses linked with chemical fertilizers have underscored the significance of exploring and implementing green manure practices Tanveer et al. (2019); Li et al. (2020); Lei et al. (2022). Green manure offers ecological services by harnessing the power of natural processes to protection against soil erosion, reduction of nutrient losses, improvement of soil and water quality, and to some extent, the reduction of occurrence of pests and weeds Dabney et al. (2001); Hartwig and Ammon (2002); Ryder and Fares (2008); Dorn et al. (2015). Crops such as leguminous species have been used widely as green manures to increase the available nitrogen in the soil and organic matter in general Vyn et al. (2000); Thorup-Kristensen et al. (2003).

The positive impact of field peas as green manure crops on wheat yield and quality is well-established. Wheat stands as a pivotal crop in human civilization, being the most extensively cultivated cereal globally, with over 220 million hectares planted annually across various climatic zones on all continents. Therefore, even a modest enhancement in wheat production sustainability, such as through greenhouse gas emission reduction, can exert a significant impact on the global environment. However, the effects of legume crops on subsequent cereals are highly variable Kirkegaard et al. (2008); Preissel et al. (2015) and pose challenges in predictability. This variability can be attributed to diverse environmental conditions and agronomic practices.

Agricultural researchers traditionally conducted small-scale field trials using appropriate experimental designs in order to evaluate or compare the performance of different treatments, crop varieties, or management practices. Classical experimental designs are based on Fisher’s principles: randomization, replication and local control Fisher et al. (1960). Statistical analysis employed by appropriate linear model approaches is based on the key assumption that the model errors are independent, identically distributed and with constant variance Piepho et al. (2013). Frequently, all these assumptions are violated due to omnipresent within-field spatial variability. It implying the presence of the small scale variability or among plot correlation. Gilmour et al. (1997) divided the experimental design variation into three meaningful types of variation i.e., (i) local trend which reflect small variations in soil fertility and moisture; (ii) large scale variation reflects the global trend of variation typically along the row or column directions and (iii) extraneous variation caused from agricultural management practices that may have a recurrent pattern (for example, direction of planting or harvesting). Availability of the linear mixed models lead the development of the powerful methodologies and approaches for analysis of data from well-designed randomized experiments Besag and Kempton (1986); Grondona et al. (1996) which gained in precision and power of the conclusions Marchant et al. (2019).

In contrast to small-scale field trials, the large-scale field or on-farm trials are more variable and less precise but more representative when compared with a standard agronomic practice in a given production region Piepho et al. (2011). Intensive developments in the field of precision agriculture open the possibilities for conducting of the on-farm experiments to compare the different agronomic practices or to test the conclusions from a small-scale field experiments with advanced possibilities in data collection with a spatial resolution such as the yield monitor data throughout the standard machineries Paccioretti et al. (2021); Hegedus et al. (2023).

Previously mentioned techniques for analysis small-scale experiments cannot be readily applied for data analysis of the on-farm experiments due to their complexity, heterogeneity and spatial scale variability. There are large number of methodological approaches for the analysis of on-farm experiments ranging from geospatial regression models to Bayesian statistical methods Kyveryga (2019); Cho et al. (2021); Paccioretti et al. (2021); Hegedus et al. (2023).

Bayesian statistics is a “yet another” and powerful framework for making informed decisions from the data Kruschke (2015). It allows researchers to incorporate existing knowledge, beliefs, or previous data into the model. For example, existing a priori knowledge about physiological parameters of the crop, soil properties, as well as weather variables can be used for the improvement of the prediction accuracy. Furthermore, Bayesian statistics provides a framework for explicit modeling uncertainty of various sources such as weather conditions or occurrence of pests and plant diseases Bi and Chen (2011).

Bayesian statistics played a crucial role in our proposed model for estimation of the green manure effect on the commercial crop. Our approach, which involves updating the probability for a hypothesis as more evidence or information becomes available, allowed us to incorporate both the inherent variability in data and the uncertainty in our prior beliefs into Bayesian model. This provided a distinct and robust understanding of the effectiveness of green manure, and allowed us to make more informed recommendations for its use on production fields.

Green manure is an important natural and sustainable tool for maintaining the production of the healthier food while reducing the negative environmental impact of agriculture on living environment and making agriculture more resilient on climate change. To our best knowledge this is first large-scale study to compare the effectiveness of the green manure on yield of commercial crop using Bayesian estimation model and spatial resolution of yield monitor data. The primary objective of this study is to demonstrate the proposed model functionality using three real field datasets from two growing seasons. Secondly, the theoretical behind of our proposed Bayesian model will be outlined. The Python script for the easy implementation of the proposed model will be described.




2 Materials and methods



2.1 Site description

The sites (Figure 1) climatic zone is characterized by a long-term annual average temperature of 11.1°C and a frost-free period extending over 180 days. The region typically receives an annual precipitation sum of 580 mm. However, the year 2021 experienced precipitation levels exceeding this multi-year average by 88 mm. Despite this overall increase, a critical drought period lasting from late May through June significantly affected the critical growth stages of wheat, namely flowering and grain filling, due to reduced nutrient availability and constrained yields. This drought was exacerbated by an increase in the annual air temperature by 1.4°C above the long-term average, further stressing the crops. In contrast, 2022 saw a reduction in precipitation, with the Mužlja (MU) and Ðurdevo¯ (DJ) locations receiving 153 mm and 175 mm less than the multi-year average, respectively. Drought periods were notably severe, especially from May to June and June-July for MU, and from May through the first decade of August for DJ. The annual temperature also increased by 2.1°C, affecting both soil moisture and air humidity (Figure 2).




Figure 1 | Aerial view of agricultural fields in Mužlja and Ðurđevo Vojvodina, Serbia, where data was analyzed for the year 2022. The legend differentiates between fields treated with green manure (Test) and untreated fields (Control), providing a visual representation of the experimental design for the assessment of green manure’s impact on crop yield.






Figure 2 | Comparison of seasonal weather data for MU (2021 and 2022) and DJ (2022), illustrating average monthly air temperatures, precipitation sums, and freeze probabilities. The x-axis categorizes months alongside freeze probabilities, while dual y-axes display temperatures and precipitation, respectively.



The soil across the experimental sites is classified as Pellic Vertisol (Aric, Mollic, Gleyic, Raptic) (VR-pe-ai.mo.gl.rp) according to the WRB classification. This heavy clay soil, with a combined silt and clay content ranging from 76-85%, exhibits significant physical characteristics that influence its agricultural potential. Detailed information on the soil texture is provided in Table 1. The soil’s structurelessness when wet and its propensity to crack deeply (up to 50 cm) when dry, alongside high bulk density, substantial total porosity, and very low water infiltration rates, underscore a prevalence of micropores. These features contribute to its high water holding capacity, as detailed in Table 2, yet hinder drainage and soil aeration. During spring, the soil remains cool and moist for an extended period, effectively shortening the vegetation season.


Table 1 | Soil texture (%) up to 30 cm in depth.




Table 2 | Physical attributes of soil up to 30 cm in depth.



Acidic in nature, the soils at both locations have a very low calcium carbonate (CaCO3) content and a moderate to high level of organic matter, contributing to their fertility profile. Available phosphorus levels are very low, while potassium levels are adequate (Table 3). It is important to note that the last application of synthetic mineral fertilizers occurred in the autumn of 2018, as part of the transition to organic farming practices, ensuring that residual effects on soil nutrient status during our study period were minimized.


Table 3 | Chemical attributes of soil up to 30 cm in depth.





2.1.1 Plant material description



2.1.1.1 Green manure crop

Field peas (Pisum sativum var. sativum), the local cultivar NS Mraz, were utilized as a green manure crop. This cultivar is a winter semidwarf field pea variety, characterized by the development of lush vegetative biomass reaching an average height of 75-80 cm at the flowering stage (BBCH-scale 65). It is an early-maturing variety, with relatively thick and sturdy stems, exhibiting good standing ability and favorable tolerance to major pea diseases. Additionally, it demonstrates excellent tolerance to low temperatures, even in the absence of snow cover. The achieved yields of green biomass, dry matter, content of key macroelements, and ash are presented in Table 4


Table 4 | Winter field peas, cv. NS Mraz, aboveground biomass yield and chemical composition at flowering stage (BBCH-scale 65).






2.1.1.2 Wheat crop

The French winter soft wheat (Triticum aestivum L.) variety Solenzara has been utilized across all environments. It is recognized for its notable yield potential and good disease tolerance. It demonstrates satisfactory performance even in heavy clay soils and semi-arid climates, making it a viable option for various agricultural conditions, including organic farming systems.






2.2 Data

Our study meticulously curated yield monitoring data from agricultural fields for a detailed analysis of crop yields influenced by green manure application. The initial phase in 2021 concentrated on fields within MU, where we established two sets of fields: test fields (TF) which had green manure applied, and control fields (CF) which did not, to set a benchmark for yield comparison within this locale. For the 2022 season, we extended our observation to include a different set of fields in MU, alongside newly incorporated fields from DJ, maintaining the division into TF and CF in both areas for our comparative study. These fields were selected based on their historical management sequences being consistent across both TF and CF, ensuring comparability with the sole variable being the application of green manure. This selection process, in conjunction with aerial imagery presented in the article, allowed for a detailed bifurcated analysis of two geographically proximate locations—separated by roughly six kilometers—thereby enhancing the robustness of our comparative framework. The dataset’s comprehensive details, such as the number of measurements, field counts, and total area sizes for each location, are systematically listed in Table 5.


Table 5 | Summary of dataset characteristics per location.



To further refine our experimental design, as depicted in Figure 3, the fields were segmented into precisely measured polygons to serve as distinct observational units. These polygons were dimensioned to align with the width of the harvesting equipment and the length determined by the interval of measurement combined with the harvester’s speed. This granular method of field division was critical in capturing the subtle variances within each field. Through this structured approach, we ensured that the fields within each pair—TF and CF—were not only similar in terms of past management practices and soil types, with slight variations between MU and DJ, but also that they were geographically aligned to minimize environmental variability. Thus, our experimental design allowed for a nuanced analysis that could accurately evaluate the impact of green manure on crop yield variations, controlling for other potential confounding factors.




Figure 3 | This image showcases the meticulous segmentation of agricultural fields into discrete polygons, illustrated by a detailed example with a yield of 4040 kg/ha over an 86.6 m2 area. Such precise partitioning is vital for capturing the subtle variability across the field, allowing for a nuanced analysis of crop yield determinants.





2.2.1 Data preparation



2.2.1.1 Filtering

Our data filtering process aimed to bolster the reliability and validity of the subsequent analysis. Initially, outliers were rigorously identified by applying a statistical threshold based on the 3-sigma rule. This rule posits that in a normal distribution, nearly all values (99.7%) lie within three standard deviations (sigma) of the mean. Measurements falling outside this range were deemed outliers and excluded from the datasets. This criterion was chosen as it effectively removes extreme deviations that could disproportionately influence the analysis, ensuring a focus on data that accurately represents the central tendency and variability of our sample populations.




2.2.1.2 Sampling

In MU22 and DJ22 datasets, we encountered a significant disparity in area sizes between TF and CF, which necessitated the implementation of a sampling process to equilibrate the representation of each field within our analysis. For MU22, we had 423 measurements for the TF and 188 for the CF, while for DJ22, both the TF and CF contained 964 measurements each.

To address this, we employed a stratified random sampling technique. Each field, whether a test or control, was treated as a stratum from which we randomly selected a proportional number of measurements. This approach ensured that each field contributed equally to the final analysis, irrespective of its size, thus maintaining the integrity of the comparison between the TF and CF groups. For MU22, this meant random sampling from the TF and CF measurements to balance the two groups. In contrast, for DJ22, since the number of measurements was already balanced, we ensured that the selection was random and representative.

This sampling strategy served three key purposes:

	It guaranteed that each field, regardless of acreage, had an equivalent influence on the overall results, thereby preventing larger fields from unduly affecting the analytical outcome.

	It reduced the potential for bias that might favor the test group if the TF areas were significantly larger, as larger sample sizes can lead to overestimation of effects.

	It increased the comparability between the TF and CF groups, thereby enhancing the reliability and validity of the study’s conclusions.



In summary, this meticulous filtering and sampling process was designed to refine our datasets, ensuring that they accurately reflect the true effects of green manure application on crop yield without distortion from outliers or uneven field representation.






2.3 Theoretical framework



2.3.1 Bayesian analysis and Markov Chain Monte Carlo techniques

In our study, we employed Bayesian analysis, a statistical approach that combines prior knowledge with observed data to update the probability of a hypothesis Kruschke (2015); West (2016). This method is particularly advantageous when dealing with complex systems or limited data, as it facilitates a more comprehensive interpretation of results Kruschke (2010).

We also utilized Markov Chain Monte Carlo (MCMC) techniques, a class of algorithms designed to approximate complex probability distributions often encountered in Bayesian analysis Besag et al. (1995). MCMC methods generate random samples from a target distribution by simulating a Markov chain, a sequence of random variables where each variable depends solely on its immediate predecessor Karras et al. (2022). Over time, the chain converges to the desired distribution, enabling the estimation of various quantities of interest Robert (1995).

In the context of evaluating the effectiveness of green manure, these statistical techniques were instrumental in analyzing the extensive yield monitor data. Traditional agronomic research often relies on comparing control and test groups comprising microplots, which may not adequately account for field heterogeneity or other factors influencing crop yields.

By harnessing the capabilities of Bayesian analysis and MCMC techniques, our study surmounted these limitations. The extensive yield monitor measurements offered a more detailed and accurate representation of each field, facilitating a deeper understanding of the relationships between green manure application and crop yields. This approach allowed us to account for field heterogeneity and other confounding factors, yielding more robust and statistically significant results.



2.3.1.1 Estimating priors

In this study, the posterior distribution is derived from the dry yield measurements observed in both scenarios - with and without the application of green manure. Each measurement is modeled as a function of the mean (µ) and standard deviation (σ). These parameters, µ and σ, are priors that are computed given the posterior, under the assumption that the distribution follows a Normal (Gaussian) pattern. The direct analytical calculation of prior values µ and σ can be complex. Therefore, it is standard practice to estimate these values using MCMC methods, which provide a powerful and efficient approach for approximating these parameters.

MCMC methods are a class of algorithms for sampling from a probability distribution Van Ravenzwaaij et al. (2018). They construct a Markov chain that has the desired distribution as its equilibrium distribution. The states of the chain, after a large number of steps, are then used as samples from the desired distribution.

The MCMC method operates in the following manner:

	Initialization: Start from any position. This could be a random position or an educated guess.

	Iteration: For each iteration of the algorithm, propose a new position. The method to propose new positions is specific to the MCMC algorithm being used.

	Acceptance or rejection: Based on the likelihood of the new position (which is calculated from the desired distribution), decide whether to move to the new position or stay at the current position. This decision is made using the acceptance rule, which, in the case of the Metropolis-Hastings algorithm, for example, accepts movements that increase the likelihood and also sometimes accepts movements that decrease it.



This process is repeated many times. The positions form a Markov chain, where each position is dependent only on the previous one, and after a large number of iterations, the distribution of positions will approximate the desired distribution.

In the context of Bayesian inference, MCMC is used to sample from the posterior distribution of the parameters. In the provided code, the No-U-Turn Sampler (NUTS) Hoffman et al. (2014), an extension of the Hamiltonian Monte Carlo, is used for this purpose. The foundation of MCMC technique is anchored in Bayes’ theorem Harney (2003), as presented in Equation (1).

 

The components of Equation (1) can be delineated as:

	P(θ|D) is the posterior distribution of the parameters (θ) given the data (D). This is what we want to compute.

	P(D|θ) is the likelihood of the data given the parameters.

	P(θ) is the prior distribution of the parameters.

	P(D) is the probability of the data, also known as the evidence.



MCMC methods, including NUTS, make it possible to sample from the posterior distribution without needing to compute the evidence P(D), which can be computationally expensive or even intractable.

By employing MCMC on the dry yield measurements, we can derive estimates for the most probable values of µ and σ. In essence, the absolute discrepancy between the reconstructed dry yield values and the observed measurements should be minimized. This process allows us to achieve an optimal estimation of the parameters, thereby providing a robust model for the underlying dry yield distribution.




2.3.1.2 Calculating contrast distribution

Upon determining the statistical properties of the yield measurements distribution for both scenarios-with and without the application of green manure - simulations were conducted to reconstruct the statistics for both cases. The effectiveness of green manure was evaluated by comparing the mean values of posterior distributions, achieved by calculating the contrast distribution.

The process of calculating the contrast distribution of the mean for dry yield data in test and control groups of wheat fields is outlined in the provided Python code snippet (Listing 2). The process commences with the extraction of the necessary dry yield data, followed by the establishment of probabilistic models for both the test and control groups. Subsequent to the generation of samples from the posterior distributions of these groups, the computation of the contrast distribution of the mean is concluded.

F4 illustrates the reconstructed dry yield distributions for wheat fields MU21, comparing fields that utilized green manure (TF) to those that did not (CF). The central image represents the contrast distribution, alternatively referred to as the posterior distribution of the difference. On the right, the posterior contrast is displayed, signifying the likelihood of measurements in the TF surpassing those in the CF. Essentially, this illustrates the proportion of Test group measurements that exceed those of the CF.

The posterior distribution of the difference between the TF and CF groups serves as a robust metric, accurately quantifying the effectiveness of the treatment administered to the Test group in contrast to the CF. It is not permissible to simply compare the overlap in distributions. The contrast distribution indeed embodies this difference.

When evaluating the wheat fields MU22, the mean difference value between fields with and without wheat stands at 2860, a value significantly and reliably above zero. However, it is important to note that the overlapping distributions of the TF and CF groups do not denote a reliable difference. The contrast distribution essentially comprises the distribution of the difference between the simulated measurement pairs for the TF and CF groups. Furthermore, the overlap of distributions should not be misconstrued as an indication of identical distributions.




2.3.1.3 Statistical considerations of the impact of the unobserved factors

It is important to note that the yield data we analyzed were not direct observations of the actual yield, but rather of yield monitor measurements. As such, there is a potential for error introduced by the yield monitor system. However, the precision of the yield monitor system is sufficiently high, minimizing the impact of this potential error impact on our analysis.

In addition to yield monitor error, we also considered the heterogeneity of the observed fields and other unobserved factors such as variations in humidity and other environmental conditions. These factors can significantly influence crop yields and, if not properly accounted for, could introduce bias into results.

To mitigate the impact of these unobserved factors, we adopted a comparative approach for each observation. Specifically, we compared neighboring fields, ensuring that any unobserved factors would have a similar impact on both the test and control sets. This approach allowed us to isolate the effect of green manure application on crop yield from the effects of these unobserved factors.

To further address field heterogeneity, we divided each field into smaller polygons (Figure 3, with each polygon represented by a single yield monitor measurement. This approach allowed us to compare yields at the polygon level rather than at the field level, effectively canceling out the impact of field heterogeneity on our results.

By adopting these strategies, we were able to conduct a more robust and accurate analysis of the impact of green manure on crop yields, accounting for potential sources of error and bias. This rigorous approach to data analysis underscores the validity of our findings and their implications for sustainable agricultural practices.







3 Results

The results of our methodology are summarized in Table 6 and Figures 4–6, including mean yield values for both the TF and CF groups, as well as the contrast mean for MU21, MU22, and DJ22. In each case, the mean values are accompanied by the percentage of the total observed area where the effects are statistically evident, leaving the remaining percentage not statistically discernible due to other factors affecting yield.


Table 6 | Experimental results for the effectiveness of green manure on crop yield.






Figure 4 | Mean yield values for MU21, showing the TF mean (3540 kg/ha), CF mean (2550 kg/ha), and contrast mean (1034 kg/ha). The effects are statistically evident in 68% of the total observed area.






Figure 5 | Mean yield values for MU22, illustrating the TF mean (5990 kg/ha), CF mean (3220 kg/ha), and contrast mean (2620 kg/ha). The effects are statistically evident in 87% of the total observed area.






Figure 6 | Mean yield values for DJ22, with the TF mean (2480 kg/ha), CF mean (1170 kg/ha), and contrast mean (1263 kg/ha). The effects are statistically evident in 80% of the total observed area.



For the growing season of MU21, the application of green manure resulted in a TF yield average of 3540 kg/ha, compared to the CF average of 2550 kg/ha. The calculated contrast mean yield, standing at 1034 kg/ha, represents the mean of the differences between matched pairs of TF and CF, rather than the difference of the group means. This nuanced approach, which is discernible across 68% of the observed area, underpins the agronomic benefits of green manure, as evidenced in Figure 4.

Moving on to MU22, the mean yields for the TF and CF groups were 5990 kg/ha and 3220 kg/ha, respectively. The contrast mean was notably higher at 2620 kg/ha, with the effects being statistically evident in an impressive 87% of the observed area. This season’s results, depicted in Figure 5, further corroborate the efficacy of green manure in enhancing crop productivity.

Lastly, in DJ22, the mean yields for the TF and CF groups were 2480 kg/ha and 1170 kg/ha, respectively. The contrast mean here was 1263 kg/ha, and the effects were statistically discernible in 80% of the observed area, as illustrated in Figure 6.

The central panel in each of Figures 4–6 represents the contrast distribution - a Bayesian estimation of the difference between yields in TF and CF, computed for each matched pair rather than derived from the simple difference in group means. This estimation accounts for the variability within each pair, providing a more accurate depiction of the effect size. The figures printed on the central panel indicate the HDI, which contains the range of most credible values for the contrast mean.

The right-most panels in these figures reflect the posterior distribution of the contrast estimates, with the percentages indicating the probability of the TF yields exceeding the CF yields. It’s noteworthy that these distributions appear non-normal, which may be attributed to the Bayesian estimation process that accounts for prior information and the data’s inherent variability, rather than assuming a normal distribution for the yield data.

These comprehensive results, through rigorous statistical analysis, consistently reinforce the positive impact of green manure on crop yields across different locales and seasons. The visual comparison provided in Figure 7 through box plots of the yield values for the TF and CF in MU21, MU22, and DJ22, conveys the substantial and consistent yield improvement associated with green manure application, underscoring its potential as a sustainable agronomic practice.




Figure 7 | Box plots of the yield values for the test and control groups in MU21, MU22, and DJ22. the figure illustrates the differences in yield associated with the application of green manure (2021 MU GM, 2022 MU GM, and 2022 DJ GM) and control groups (2021 MU Control, 2022 MU Control, and 2022 DJ Control).





4 Discussion

In this research, we endeavored to elucidate the effects of green manure application on wheat yields over two consecutive growing seasons, integrating novel methods that move beyond traditional trial plots to encompass larger field scales. Our results affirm the benefits of green manure, echoing the findings of N’Dayegamiye and Tran (2001), who reported similar enhancements in wheat yields and nitrogen uptake.

Mineral nitrogen provision is a key factor in the response of cereals following legumes compared with cereals following non-legumes Peoples and Herridge (1990); Chalk (1998); Evans et al. (2001); Peoples et al. (2009). However, the response in wheat grain yield may not be entirely due to plant available N. Improvements in soil structure, phosphorus mobilization, the breaking of pest and disease cycles which afflict cereal monoculture, and phytotoxic and allelopathic effects of different crop residues have all been implicated in the yield response Ma et al. (2021). The yield benefits, which encompass a wide range of experimental results, vary from -0.2 to +3.1 Mg/ha extra yield (-11 to +156% of the reference yield) for temperate sites and from -2.1 to +3.0 Mg/ha extra yield (-44 to +265% of the reference yield) for Mediterranean sites Preissel et al. (2015). Peoples and Herridge (1990) cite studies by various authors that highlight the beneficial effects of warm-season legumes used as preceding crops on wheat grain yield. The observed increase in wheat grain yield, compared to a cereal-cereal cropping sequence, varied from 0.27 to 1.6 t/ha, with a relative increase ranging between 10% and 98%. In our research, as soil conditions degrade, the efficacy of green manure application becomes increasingly pronounced. Particularly in scenarios marked by poor soil quality, wherein the reference grain yield of wheat notably falls below the national average of 4,900 kg/ha Vucicevic (2023), the utilization of green manure demonstrates remarkable effectiveness. The amplification in wheat grain yield associated with the winter pea green manure application spanned from 1034 to 2620 kg/ha, and positive effects varied between 39% and 112%. Blanco-Canqui et al. (2012) reported that summer cover crops increased crop yields, particularly at low rates of N application. Without additional application of N mineral fertilizer, wheat yield was increased by 1.60 times. The incorporation of green manure crops into the soil at an optimal depth range of 20-25 cm likely indicates improved soil management practices, which in turn lead to enhanced soil structure, reduced compaction, and improved soil aeration Rinnofner et al. (2008); Tanveer et al. (2019). These favorable conditions foster the activity of microorganisms responsible for organic matter mineralization, ultimately resulting in increased mineral nitrogen provision Lyu et al. (2023). However, the novelty of our work lies not merely in reinforcing the advantageous outcomes of green manure but in the adoption of an innovative approach that evaluates these effects across expansive agricultural areas. The granularity of our field measurements, facilitated by dividing the fields into smaller polygons, allowed for a more detailed and accurate representation of each field, thereby overcoming the challenge of field heterogeneity—a factor often neglected in conventional small-scale trials. This methodological advancement has enabled us to detect yield variations with greater precision, as each polygon could be considered an independent experimental unit, providing a high-resolution dataset that captures the intricate interplays within a crop’s environment. Our use of Bayesian analysis and MCMC techniques represents a significant methodological leap in agricultural research. These techniques, as applied in the works of Besag and Higdon (1999) and Rodrigues-Motta and Forkman (2022), allow for a sophisticated interpretation of data that classical statistical methods may not fully capture. By integrating prior knowledge and considering the probability distributions of our data, we have unearthed a deeper understanding of the yield responses to green manure. It is crucial to note that yield monitor data, while invaluable, are not infallible proxies for actual yields. The potential errors inherent in yield monitor data were assumed to be minor and comparable across TF and CF, thus not substantially influencing the comparative analysis. Nevertheless, this assumption warrants further scrutiny, as any systematic discrepancies could affect the robustness of our conclusions. Our findings contribute to a growing body of evidence that supports the use of green manure as a sustainable agricultural practice, capable of boosting crop yields across diverse growing conditions. However, this study’s scope, confined to Mužlja and Ðurđevo, suggests the need for broader research across varying soil types, climates, and management practices to generalize these results. Future investigations should also delve into the long-term impacts of green manure on soil health and nutrient dynamics, which could offer insights into the sustainability of these practices. Moreover, advanced statistical models, such as dependency-extended two-part models Rodrigues-Motta and Forkman (2022), could refine our understanding of the intricate relationships within agricultural data. In conclusion, while acknowledging the limitations and assumptions inherent in our methodology, our research presents a compelling case for the adoption of yield monitor data in large-scale agricultural settings. By extending the application of rigorous, large-scale field analyses and advanced statistical techniques, future research can continue to unravel the complexities of sustainable farming practices, thereby enhancing the global agricultural landscape.




5 Conclusion

This study signifies a pivotal shift in agricultural research methodologies, integrating sophisticated statistical techniques such as Bayesian analysis and MCMC to evaluate green manure’s impact on large-scale fields over two growing seasons. These methodological advancements enhance the reliability of our findings, demonstrating the agronomic benefits of green manure through rigorous assessment of yield monitor data and field heterogeneity. Our results not only confirm the effectiveness of green manure in boosting crop yields but also highlight its role in promoting sustainable farming practices. The adoption of these advanced statistical methods provides a more solid foundation for decisions in sustainable agriculture, advocating for green manure’s integration into farming systems. Looking ahead, it’s crucial to explore green manure’s broader applications and its potential to improve soil health and agricultural sustainability. Our study presents a compelling case for the use of green manure as a scientifically backed strategy to enhance both yield and sustainability in agriculture, marking a significant advancement towards eco-friendly farming practices.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

NG: Data curation, Formal Analysis, Investigation, Methodology, Software, Visualization, Writing – original draft. ĐK: Methodology, Resources, Supervision, Validation, Writing – review & editing. MZ: Conceptualization, Investigation, Methodology, Validation, Writing – original draft, Writing – review & editing. ST: Writing – review & editing, Supervision.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article. The study was conducted as part of the activities in LoginEKO Research and Development Center, located in Aradac, Serbia.





Conflict of interest

Authors NG, ĐK, MZ, and ST were employed by company Login EKO d.o.o.




Abbreviations

MCMC, Markov Chain Monte Carlo, NUTS, No-U-Turn Sampler; TF, Test Fields; CF, Control Fields.




References

 Besag, J., Green, P., Higdon, D., and Mengersen, K. (1995). Bayesian computation and stochastic systems. Stat. Sci. 3–41.

 Besag, J., and Higdon, D. (1999). Bayesian analysis of agricultural field experiments. J. R. Stat. Soc. Ser. B: Stat. Method. 61, 691–746. doi: 10.1111/1467-9868.00201

 Besag, J., and Kempton, R. (1986). Statistical analysis of field experiments using neighbouring plots. Biometrics, 231–251. doi: 10.2307/2531047

 Bi, C., and Chen, G. (2011). “Bayesian networks modeling for crop diseases,” in Computer and computing technologies in agriculture IV: 4th IFIP TC 12 conference, CCTA 2010, nanchang, China, october 22-25, 2010, selected papers, part I 4 (Springer), 312–320.

 Blanco-Canqui, H., Claassen, M., and Presley, D. (2012). Summer cover crops fix nitrogen, increase crop yield, and improve soil–crop relationships. Agron. J. 104, 137–147.

 Cai, A., Xu, M., Wang, B., Zhang, W., Liang, G., Hou, E., et al. (2019). Manure acts as a better fertilizer for increasing crop yields than synthetic fertilizer does by improving soil fertility. Soil Tillage Res. 189, 168–175. doi: 10.1016/j.still.2018.12.022

 Chalk, P. (1998). Dynamics of biologically fixed n in legume-cereal rotations: a review. Aust. J. Agric. Res. 49, 303–316. doi: 10.1071/A97013

 Cho, J. B., Guinness, J., Kharel, T., Maresma, Á., Czymmek, K. J., van Aardt, J., et al. (2021). Proposed method for statistical analysis of on-farm single strip treatment trials. Agronomy 11, 2042. doi: 10.3390/agronomy11102042

 Dabney, S. M., Delgado, J. A., and Reeves, D. W. (2001). Using winter cover crops to improve soil and water quality. Commun. Soil Sci. Plant Anal. 32, 1221–1250. doi: 10.1081/CSS-100104110

 Dorn, B., Jossi, W., and van der Heijden, M. G. (2015). Weed suppression by cover crops: comparative on-farm experiments under integrated and organic conservation tillage. Weed Res. 55, 586–597. doi: 10.1111/wre.12175

 Evans, J., McNeill, A., Unkovich, M., Fettell, N., and Heenan, D. (2001). Net nitrogen balances for cool-season grain legume crops and contributions to wheat nitrogen uptake: a review. Aust. J. Exp. Agric. 41, 347–359. doi: 10.1071/EA00036

 Fisher, R. A.. (1960). The design of experiments. design experiments.

 Gilmour, A. R., Cullis, B. R., and Verbyla, A. P. (1997). Accounting for natural and extraneous variation in the analysis of field experiments. J. Agricul. Biol. Environ. Stat, 269–293. doi: 10.2307/1400446

 Grondona, M., Crossa, J., Fox, P., and Pfeiffer, W. (1996). Analysis of variety yield trials using twodimensional separable arima processes. Biometrics, 763–770. doi: 10.2307/2532916

 Harney, H. L. (2003). Bayes’ Theorem (Berlin, Heidelberg: Springer Berlin Heidelberg), 8–18. doi: 10.1007/978-3-662-06006-3_2

 Hartwig, N. L., and Ammon, H. U. (2002). Cover crops and living mulches. Weed Sci. 50, 688–699. doi: 10.1614/0043-1745(2002)050[0688:AIACCA]2.0.CO;2

 Hegedus, P. B., Maxwell, B., Sheppard, J., Loewen, S., Duff, H., Morales-Luna, G., et al. (2023). Towards a low-cost comprehensive process for on-farm precision experimentation and analysis. Agriculture 13, 524. doi: 10.3390/agriculture13030524

 Hoffman, M. D., and Gelman, A. (2014). The no-u-turn sampler: adaptively setting path lengths in hamiltonian monte carlo. J. Mach. Learn. Res. 15, 1593–1623.

 Karras, C., Karras, A., Avlonitis, M., and Sioutas, S. (2022). “An overview of mcmc methods: From theory to applications,” in IFIP international conference on artificial intelligence applications and innovations (Springer), 319–332.

 Kirkegaard, J., Christen, O., Krupinsky, J., and Layzell, D. (2008). Break crop benefits in temperate wheat production. Field Crops Res. 107, 185–195. doi: 10.1016/j.fcr.2008.02.010

 Kruschke, J. K. (2010). What to believe: Bayesian methods for data analysis. Trends Cogn. Sci. 14, 293–300. doi: 10.1016/j.tics.2010.05.001

 Kruschke, J. K. (2015). Doing Bayesian data analysis : a tutorial with R, JAGS, and Stan. 2 edn (Boston: Academic Press Boston).

 Kyveryga, P. M. (2019). On-farm research: experimental approaches, analytical frameworks, case studies, and impact. Agron. J. 111, 2633–2635. doi: 10.2134/agronj2019.11.0001

 Lei, B., Wang, J., and Yao, H. (2022). Ecological and environmental benefits of planting green manure in paddy fields. Agriculture 12, 223. doi: 10.3390/agriculture12020223

 Li, F., Ren, J., Wimmer, S., Yin, C., Li, Z., and Xu, C. (2020). Incentive mechanism for promoting farmers to plant green manure in China. J. Cleaner Produc. 267, 122197. doi: 10.1016/j.jclepro.2020.122197

 Lyu, H., Li, Y., Wang, Y., Wang, P., Shang, Y., Yang, X., et al. (2023). Drive soil nitrogen transformation and improve crop nitrogen absorption and utilization-a review of green manure applications. Front. Plant Sci. 14.

 Ma, D., Yin, L., Ju, W., Li, X., Liu, X., Deng, X., et al. (2021). Meta-analysis of green manure effects on soil properties and crop yield in northern China. Field Crops Res. 266, 108146. doi: 10.1016/j.fcr.2021.108146

 Marchant, B., Rudolph, S., Roques, S., Kindred, D., Gillingham, V., Welham, S., et al. (2019). Establishing the precision and robustness of farmers’ crop experiments. Field Crops Res. 230, 31–45. doi: 10.1016/j.fcr.2018.10.006

 N’Dayegamiye, A., and Tran, T. S. (2001). Effects of green manures on soil organic matter and wheat yields and n nutrition. Can. J. Soil Sci. 81, 371–382. doi: 10.4141/S00-034

 Paccioretti, P., Bruno, C., Gianinni Kurina, F., Córdoba, M., Bullock, D., and Balzarini, M. (2021). Statistical models of yield in on-farm precision experimentation. Agron. J. 113, 4916–4929. doi: 10.1002/agj2.20833

 Peoples, M. B., Brockwell, J., Herridge, D. F., Rochester, I. J., Alves, B. J., Urquiaga, S., et al. (2009). The contributions of nitrogen-fixing crop legumes to the productivity of agricultural systems. Symbiosis 48, 1–7. doi: 10.1007/BF03179980

 Peoples, M. B., and Herridge, D. F. (1990). Nitrogen fixation by legumes in tropical and subtropical agriculture. Adv. Agron. 44, 155–223. doi: 10.1016/S0065-2113(08)60822-6

 Piepho, H., Möhring, J., and Williams, E. (2013). Why randomize agricultural experiments? J. Agron. Crop Sci. 199, 374–383. doi: 10.1111/jac.12026

 Piepho, H.-P., Richter, C., Spilke, J., Hartung, K., Kunick, A., and Thöle, H. (2011). Statistical aspects of on-farm experimentation. Crop Pasture Sci. 62, 721–735. doi: 10.1071/CP11175

 Preissel, S., Reckling, M., Schläfke, N., and Zander, P. (2015). Magnitude and farm-economic value of grain legume pre-crop benefits in europe: A review. Field Crops Res. 175, 64–79. doi: 10.1016/j.fcr.2015.01.012

 Rinnofner, T., Friedel, J., De Kruijff, R., Pietsch, G., and Freyer, B. (2008). Effect of catch crops on n dynamics and following crops in organic farming. Agron. Sustain. Dev. 28, 551–558. doi: 10.1051/agro:2008028

 Robert, C. P. (1995). Convergence control methods for markov chain monte carlo algorithms. Stat. Sci. 10, 231–253. doi: 10.1214/ss/1177009937

 Rodrigues-Motta, M., and Forkman, J. (2022). Bayesian analysis of nonnegative data using dependencyextended two-part models. J. Agricul. Biol. Environ. Stat 27, 201–221. doi: 10.1007/s13253-021-00467-x

 Ryder, M., and Fares, A. (2008). Evaluating cover crops (sudex, sunn hemp, oats) for use as vegetative filters to control sediment and nutrient loading from agricultural runoff in a hawaiian watershed 1. JAWRA J. Am. Water Resour. Assoc. 44, 640–653. doi: 10.1111/j.1752-1688.2008.00189.x

 Tanveer, A., Ali, H. H., and Ikram, N. A. (2019). Green manuring for soil health and sustainable production of agronomic crops. Agronomic Crops: Volume 2: Manage. Pract., 429–444. doi: 10.1007/978-981-32-9783-8

 Thorup-Kristensen, K., Magid, J., and Jensen, L. S. (2003). Catch crops and green manures as biological tools in nitrogen management in temperate zones. Adv. Agron., 227–302. doi: 10.1016/S0065-2113(02)79005-6

 Van Ravenzwaaij, D., Cassey, P., and Brown, S. D. (2018). A simple introduction to markov chain monte–carlo sampling. Psychonom. Bull. Rev. 25, 143–154. doi: 10.3758/s13423-016-1015-8

 Vucicevic, A. (2023). Statistical yearbook (Statistical office of the republic of Serbia).

 Vyn, T. J., Faber, J. G., Janovicek, K. J., and Beauchamp, E. G. (2000). Cover crop effects on nitrogen availability to corn following wheat. Agron. J. 92, 915–924. doi: 10.2134/agronj2000.925915x

 West, R. (2016). Using bayesian analysis for hypothesis testing in addiction science. Addiction 111, 3–4. doi: 10.1111/add.13053

 Ye, X., Liu, H., Li, Z., Wang, Y., Wang, Y., Wang, H., et al. (2014). Effects of green manure continuous application on soil microbial biomass and enzyme activity. J. Plant Nutr. 37, 498–508. doi: 10.1080/01904167.2013.867978





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 © 2024 Gamulin, Zorić, Karagić and Terzić. 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.






Appendix

Listing 1. Estimating µ and σ

import pymc3 as pm

import numpy as np

# Assume that dry y i e l d measurements are stored in t h i s numpy array dry_yield_measurements = np. array ([…]) # replace with actual data

# Calculate prior mean and standard deviation from the measurements

mu_prior = np. mean (dry_yield_measurements)

s t d _ p r i o r = np. std (dry_yield_measurements)

# Create a PyMC3 model

with pm. Model () as model :

# Prior for mean and standard deviation

mu = pm. Normal (‘mu’, mu=mu_prior, sd= s t d _ p r i o r)

sigma = pm. Exponential (‘ sigma ‘, 1/mu_prior)

# Likelihood (sampling d i s t r i b u t i o n) of observations

dry_yield = pm. Normal (‘ dry_yield ‘, mu=mu, sd=sigma, observed= dry_yield_measurements)

# Perform MCMC sampling

with model :

t r a c e = pm. sample (1000, tune =1000)

# Convert the trace to a DataFrame for easier analysis and manipulation

trace_df = pm. trace_to_dataframe (t r a c e)

Listing 2. Contrast Distribution Calculation

# Extracting the dry y i e l d data from the t e s t and control groups

d r y _ y i e l d _ t e s t = s e l f. g d f _ y i e l d _ t e s t [‘ DryYield ‘]. to_numpy ()

dry_yield_control = s e l f. gdf_yield_control [‘ DryYield ‘]. to_numpy ()

# Calculating the prior mean and standard deviation from the grouped dry y i e l d data

prior_mean = s e l f. gdf_dry_yield_grouped [‘ DryYield ‘]. mean ()

p r i o r _ s t d = s e l f. gdf_dry_yield_grouped [‘ DryYield ‘]. std ()

# Defining the marginal l i k e l i h o o d s for the t e s t and control groups

m a r g i n a l _ l i k e l i h o o d _ t e s t = 1

marginal_likelihood_control = 1

# Constructing the p r o b a b i l i s t i c model for the t e s t group

with pm. Model () as test_group_model :

mu = pm. Normal (‘mu’, mu=prior_mean, sd= p r i o r _ s t d)

sigma = pm. Exponential (‘ sigma ‘, 1/prior_mean)

dry_yield = pm. Normal (‘ dry_yield ‘, mu=mu, sd=sigma, observed= d r y _ y i e l d _ t e s t)

t r a c e _ t e s t = pm. sample (1000, tune =1000)

t r a c e _ d f _ t e s t = pm. trace_to_dataframe (t r a c e _ t e s t)

t r a c e _ d f _ t e s t [‘ c l a s s ‘] = s e l f. name_test_group

# Constructing the p r o b a b i l i s t i c model for the control group

with pm. Model () as control_group_model :

mu = pm. Normal (‘mu’, mu=prior_mean, sd= p r i o r _ s t d)

sigma = pm. Exponential (‘ sigma ‘, 1/prior_mean)

dry_yield = pm. Normal (‘ dry_yield ‘, mu=mu, sd=sigma, observed= dry_yield_control)

t r a c e _ c o n t r o l = pm. sample (1000, tune =1000)

t r a c e _ d f _ c o n t r o l = pm. trace_to_dataframe (t r a c e _ c o n t r o l)

t r a c e _ d f _ c o n t r o l [‘ c l a s s ‘] = s e l f. name_control_group

# Concatenating the trace data frames for the t e s t and control groups trace_df = pd. concat ([t r a c e _ d f _ t e s t, t r a c e _ d f _ c o n t r o l])

# Generating samples for the control group using the p o s t e r i o r d i s t r i b u t i o n

samples_control = np. concatenate (

[np. random. normal (m, s, 100) for m, s in zip (t r a c e _ d f _ c o n t r o l [‘mu ‘], t r a c e _ d f _ c o n t r o l [‘ sigma ‘])])

samples_control = np. random. choice (samples_control, size =1000, replace =True)

# Generating samples for the t e s t group using the p o s t e r i o r d i s t r i b u t i o n

samples_test = np. concatenate (

[np. random. normal (m, s, 100) for m, s in zip (t r a c e _ d f _ t e s t [‘mu’], t r a c e _ d f _ t e s t [‘ sigma ‘])])

samples_test = np. random. choice (samples_test, size =1000, replace =True)

# Calculating the contrast d i s t r i b u t i o n of the mean contrast_mean = t r a c e _ d f _ t e s t [‘mu’] − t r a c e _ d f _ c o n t r o l [‘mu’]

contrast_samples = samples_test − samples_control
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Compared to conventional irrigation and fertilization, the Water-fertilizer coupling can significantly enhance the efficiency of water and fertilizer utilization, thereby promoting crop growth and increasing yield. Targeting the challenges of poor crop growth, low yield, and inefficient water and fertilizer utilization in the arid region of northwest China under conventional irrigation and fertilization practices. Therefore, a two-year on-farm experiment in 2022 and 2023 was conducted to study the effects of water-fertilizer coupling regulation on pumpkin growth, yield, water consumption (ET), and water and fertilizer use efficiency. Simultaneously the comprehensive evaluation of multiple objectives was carried out using principal component analysis (PCA) methods, so as to propose an suitable water-fertilizer coupling regulation scheme for the region. The experiment was set up as a two-factor trial using water-fertilizer integration technology under three irrigation volume (W1 = 37.5 mm, W2 = 45.5 mm, W3 = 52.5mm) and three organic fertilizer application amounts (F1 = 3900-300 kg ha-1, F2 = 4800-450 kg·ha-1, F3 = 5700-600 kg·ha-1), with the traditional irrigation and fertilization scheme from local farmers as control treatments (CK). The results indicated that irrigation volume and organic fertilizer application significantly affected pumpkin growth, yield, and water and fertilizer use efficiency (P<0.05). Pumpkin yield increased with increasing irrigation volume. Increasing organic fertilizer levels within a certain range benefited pumpkin plant growth, dry matter accumulation, and yield, however, excessive application beyond a certain level had inhibited effects on those. The increased fertilizer application under the same irrigation volume enhanced the efficiency of water and fertilizer utilization. However excessive irrigation only resulted in inefficient water consumption, reducing the water and fertilizer use efficiency. The Comprehensive evaluation by PCA revealed that the F2W3 treatment outperformed all the others, effectively addressing the triple objectives of increasing production, improving efficiency, and promoting green production. Therefore, F2W3 (Irrigation volume: 52.5 mm; Fertilizer application amounts: 4800-450 kg/ha-1) as a water and fertilizer management scheme for efficient pumpkin production in the arid region of northwest China.




Keywords: irrigation volume and organic fertilizer amount, water-fertilizer coupling, agricultural water management, water-fertilizer use efficiency, pumpkin yield, comprehensive evaluation




1 Introduction

Pumpkin, is an annual herb with a long cultivation history and wide distribution. China is the largest producer and consumer in the world. According to the latest FAO statistics, global pumpkin production in 2021 reached 2.38 million tons, with China accounting for 31.2% at 0.74 million tons (FAO, 2021). Due to its rich raw materials and health benefits, pumpkins offer great economic advantages (Rico et al., 2020; Zeng et al., 2023).

In the traditional planting process, over-irrigation and fertilization are common, leading to the waste of water and fertilizer resources and a decline in crop yield (Wang et al., 2021), thus restricting the sustainable development of the pumpkin planting industry. Therefore, it is great significant to carry out the research on reasonable water-fertilizer coupling regulation of pumpkin for its green and efficient production.

Water-fertilizer coupling effect is defined as the impact of the interaction relationship between nitrogen (N), phosphorus (P), potassium (K) and other elements contained in water and fertilizers (Cheng et al., 2023; Liu et al., 2023), which on crop growth and development, yield formation and its water-fertilizer use efficiency, in agricultural ecosystems (Liu et al., 2019). That can be classified into positive effect of mutual reinforcing (i.e., synergistic effect), negative effect of mutual offsetting (i.e., antagonistic effect), and the effect of no avail, the sum of the effects of each system (i.e., superimposed effect) (Yu et al., 2019). The use of water-fertilizer coupling technology practice in production can achieve the best combination of water and fertilizer (Koc and Nzokou, 2023), which is a powerful measure to promote high-quality sustainable development of farmland (Zhang et al., 2017a). A scientific and reasonable water and fertilizer management system can not only improve crop water consumption and water and fertilizer use efficiency (Cai et al., 2023; Wu et al., 2023), but also holds significant academic significance and practical value for improving crop yield (Dou et al., 2022; Huang et al., 2023).

In summary, although there have been many studies on water-fertilizer coupling effect at present, but most of them are focused on wheat, fruit trees, corn, and other crops (Chen et al., 2016; Li et al., 2023). Research on the mechanism of water-fertilizer coupling effect on the physiological growth, yield and water-fertilizer use efficiency of pumpkin is still vacant or not yet fully explored, which is very important for the research on green and efficient production of pumpkin. In this paper, to adequately fill the knowledge gap in the study, we focus on the potential of water-fertilizer coupling regulation to replace the traditional irrigation and fertilization scheme for yield increase and efficiency in pumpkin, will be explored in depth. Specifically, by a two-year field trial, this research would be conducted to study the regulation mechanism of different water-fertilizer coupling schemes on the physiological growth, yield and water-fertilizer use efficiency of pumpkin in the northwest arid region. Moreover, it will be also combined with principal component analysis, correlation analysis and cluster analysis to seek the optimal water-fertilizer scheme, so that the goals of increased yield and efficiency, green production, on pumpkin in the region, can be achieved.




2 Materials and methods



2.1 Overview of the experimental area

The experiment was conducted in 2022 and 2023 at Minqin Irrigation Experimental Station of Gansu Research Institute for Water Resources, China (103°08´ E, 38°37´ N). The experimental geographic location is shown in Figure 1. The station is in Dongda Village, Datan Township, about 13.5 km north of Minqin County, Gansu Province, which is situated at the junction of the oasis and the Tengger Desert. With an average elevation of 1400m, it belongs to a typical continental desert climate. The soil used for the test is clay loam at a depth of 0~60cm, and gradually changes to sandy loam below 60cm, with an average dry bulk weight, specific gravity, porosity, field water holding capacity, and permanent wilting point of 1.54 g·cm-3, 2.61 g·cm-3, 42.80%, 35.42%, and 7.65% in the 0-100cm soil, respectively. The available water content of 0-60cm soil was 144.45mm.




Figure 1 | Geographical location of the test area.






2.2 Experimental design

In this experiment, based on previous research (Liu et al., 2014; Li et al., 2022), and considering the climate, soil characteristics, local irrigation and fertilization scheme for pumpkin under conventional furrow irrigation in the experimental area, two control factors were selected: irrigation volume and organic fertilizer amounts. The experiment followed a two-factor randomized block design with three levels for each factor, namely low, medium and high, increasing sequentially in quantitative order. The three levels irrigation of volumes were W1 (37.5 mm), W2 (45.0 mm) and W3 (52.5 mm). For the three levels of organic fertilizer amounts, solid bottom fertilizer-liquid fertilizer application amounts were F1 (3900-300 kg ha-1), F2 (4800-450 kg ha-1), and F3 (5700-600 kg ha-1), respectively, with the liquid trailing fertilizer application twice during the growth period, of which effective components are: N+P2O5+K2O ≥ 18% effective bacteria (Bacillus subtilis + Bacillus licheniformis) ≥ 50 million/ml, and amino acids ≥ 3% (Lanzhou Xindali Water Fertilizer Integrated Service Co., Ltd.). Additionally, the conventional irrigation and chemical fertilization scheme from local farmers were chosen as control treatments (CK), including an irrigation volume of 52.5 mm along with bottom fertilizer of 300 kg ha-1 diammonium phosphate (DAP) (0-46-0) and 450 kg ha-1 urea (with N ≥46.3% or 46-0-0, Lanzhou Zhongshi fertilizer Co., Ltd), also trailing fertilizer of 300 kg ha-1 urea twice. Therefore, there are a total of 10 treatments replicated three times, 30 plots of 87.5 m2 (35 m × 2.5 m). Each treatment underwent harrowing, leveling, and furrowing before sowing, and being irrigated once before sowing, with an irrigation volume of 45.0 mm. It was irrigated thrice during the growth period following the same irrigation frequency and irrigation time for all treatments during the entire growth period. The specific experimental design program is shown in Table 1.


Table 1 | Experimental design scheme.



The test variety is “Sweet Pumpkin”, which is a conventional cultivar by local farmers. Pumpkin Seeds for the test were sown on April 28, 2022, and April 29, 2023, respectively. Additionally, pumpkin was harvested, at once tested for yield measurement on August 15, 2022, and August 20, 2023, respectively. The seeds were sown at a spacing of 200 cm between large rows, 50cm between small rows, with a plant spacing of 30cm, 2 rows plant in one furrow and one film, and 1~2 plants per hole. The test site was deeply plowed, and winter irrigated during the leisure period, with an irrigation volume of 120.0 mm.




2.3 Measurement indicators and methods



2.3.1 Growth dynamics indicators

Vine length: At the end of each growth period of pumpkin, 10 plants were selected from each treatment to measure the vine length, with a steel tape measure of 1 mm accuracy, and then averaged.

Stem thickness: At the end of each growth period of pumpkin, 10 plants were selected from each treatment to measure stem thickness, with a vernier caliper of 0.02 mm accuracy, and the average value did take.

Leaf area: 5 plants were sampled from pumpkin seedling stage to maturity in each experimental plot fixation and determined by portable leaf area meter (ECA-YM02 type, YIKANGNONG Co., Ltd, China).




2.3.2 Dry rate

During each growth period of pumpkin, 5 plants were randomly taken from each treatment to measure rhizome fresh weight, leaf fresh weight and total fresh weight, respectively. After marking in sequence, the samples were put into sample bags and put into the oven at 105°C for 30 minutes, then dried at 55°C until a constant weight. Obtaining the dry weights with rhizome and leaf, and total dry weight, respectively, followed. Finally, the drying rate was calculated.

	

Where Dr is the drying rate; DW is the drying weight, g; FW is the fresh weight, g.




2.3.3 Yield

During the pumpkin harvest, each plot was harvested individually and measured for yield and yield components. The yield of the entire planting was then calculated based on the yield of each plot.




2.3.4 Water-fertilizer use efficiency

Water and fertilizer use efficiency is represented by water use efficiency (WUE), irrigation water use efficiency (IWUE) and partial factor productivity (PFP). The formulas for WUE, IWUE, and PFP are as follows, respectively:

	

	

	

Where Y is the economic yield, kg ha-1; W is the total water consumption during planting, m3 ha-1; I is the total irrigation water amount during planting, m3 ha-1; F is the total fertilizer application during planting, kg ha-1; Other symbols, as above.




2.3.5 Weather data

The weather data were measured by the meteorological and ecological environment monitoring system (QX100, SCIENTO Technology Co. LTD, China) at the test site, with 24-hour observation in a day and automatic data recording by data collectors.




2.3.6 Soil moisture monitoring

Soil moisture content was monitored at each treatment by an intelligent wireless moisture monitoring instrument (ET100, Oriental wisdom Sense Technology Co. LTD, China), which automatically collected soil moisture data every 10cm layer from 0-100cm.

The formula for soil water storage was as follows:

	

Where   is the water storage capacity, mm; V is the volumetric water content, cm3·cm-3; and h is the soil depth, cm.

Evapotranspiration (ET): In this experiment, ET was determined using the farm water balance equation, which was calculated as follows:

	

Where ET is the amount of transpiration evaporation, that is the total water consumption, mm; P is the amount of precipitation, mm; I is the amount of irrigation water, mm; and ΔSWS is the change in soil water storage between maturity and seedling period, mm. In this experiment, the terrain of the test plot is flat, the average depth of groundwater is 20 m, and the runoff and deep leakage are ignored.





2.4 Principal component analysis

In this experiment, we conducted principal component analysis by SPSS software (IBM US). The key principal components were selected according to the principle of principal components greater than 1 and the principal component scores were calculated through the comprehensive analysis of the growth dynamic indexes, yield and water and fertilizer use efficiency of pumpkin. Then, the contribution of each principal component was used as weights to derive a principal component composite model. Finally, the ranking of the scores between the different treatments was derived.




2.5 Data analysis

The software SPSS statistics 27 (IBM US) was used for mathematical and statistical analysis, comprehensive evaluation calculation, and cluster analysis. Origin 2022 (Origin Lab US) was used for drawing.





3 Results and analysis



3.1 Effect of water-fertilizer coupling regulation on pumpkin growth dynamics



3.1.1 Vine length

The data in Table 2 demonstrates the consistent impact of water-fertilizer coupling on pumpkin vine length in 2022 and 2023. Significantly different results were observed among treatments during the same growth period (P<0.01). Both irrigation and fertilization significantly affected pumpkin vine length throughout the entire growth period (P<0.01).


Table 2 | Effect of coupled water and fertilizer regulation on Vine length in pumpkin.



The vine stage was crucial for the growth of vines in this experiment. The vines grew slowly during the seedling stage, rapidly during flowering stages, and ultimately reaching its maximum at maturity. The overall growth of the vine exhibited a positive correlation with irrigation and fertilization factors. In 2022 and 2023, under the same level of irrigation volume during of pumpkin, the vine length at the maturity stage was as follows: F3>F2>F1 under fertilization influence, W3>W2>W1 under irrigation influence factors (data used the two -year average value, the same below). The vine length under F3W3 treatment reached the maximum, significantly higher than other treatments. It increased by 44.18%, and 27.50% compared to the F1W1 and CK, respectively. Compared to that at seedling stage, vine growth stage, and blooming stage, The length of F3W3 treated vines increased by 375.70%, 182.80%, and 59.60% at the maturity stage of pumpkin, compared to the first three growth stages, respectively. That of F1W1 treatment increased by 412.50%, 141.30%, and 54.50%, respectively, of CK treatment increased by 200.50%, 152.40%, and 64.20%, respectively.

It could be seen that, the organic fertilizer application increased the growth rate of pumpkin vine length compared to CK, increasing both fertilization amount and irrigation volume promoted the pumpkin vine growth.




3.1.2 Stem thickness

Table 3 shows the effect on pumpkin stem thickness, and the data trend remained consistent in 2022 and 2023. The results indicated significant differences in pumpkin stem thickness under each water-fertilizer coupled regulation scheme (P<0.05). The effects of irrigation and fertilization factors on pumpkin stem thickness were highly significant (P<0.01). However, the interaction between these two factors did not significantly affect pumpkin stem thickness.


Table 3 | Effect of coupled water and fertilizer regulation on Stem thickness in pumpkin.



The stem thickness gradually increased and stabilized during the flowering stage, ultimately reaching its maximum at the maturity stage. Overall, stem thickness showed a positive correlation with irrigation and fertilization factors., The stem thickness under F3W3 treatment reached its maximum at the maturity stage, significantly surpassing other treatments (P>0.05), it increased by 22.55% compared to F1W1 treatment and 23.6% compared to CK treatment.

In conclusion, improving fertilization amounts and irrigation volume promotes pumpkin stem development. Irrigation factors have a greater impact on the pumpkin stem during the early growth stage, while fertilization factors play a more significant role in the flowering stage.




3.1.3 Leaf area index

Table 4 shows the effect on pumpkin leaf area index (LAI), with consistent trends in 2022 and 2023. The results indicated that the differences in pumpkin LAI were significant (P<0.05) under each water-fertilizer coupled regulation scheme. Both irrigation and organic fertilization highly significantly influenced on pumpkin LAI (P<0.01).


Table 4 | Effect of coupled water and fertilizer regulation on LAI.



Pumpkin LAI increased rapidly during the seedling stage, peaked at the flowering stage, then decreased thereafter during the maturity stage. LAI increased by 596.64% at the vine stage, 42.19% at flowering stage, compared to the previous growth stage, respectively. At maturity stage, it was reduced by 20.48% compared to the previous growth period.

Pumpkin LAI increased with irrigation volume, reaching a peak before decreasing with fertilization amounts. Under F2W3 treatment, it was the highest during flowering stage, with a 10.78% and 23.56% increase compared to the CK and F1W1 treatments, respectively. Compared to the next growth period, there was a decrease of 15.56%, 21.10%, and 22.93% for F2W3, CK, and F1W1 treatments, respectively.

In conclusion, increasing fertilization amounts and irrigation volume within a certain range promotes pumpkin LAI growth, however, excessive fertilization inhibited its growth.





3.2 Dry matter accumulation

The effects of water-fertilizer coupling on pumpkin dry matter accumulation in 2022 and 2023 remained basically the same (Table 5). The dry matter accumulation of pumpkin showed significant differences under each water-fertilizer coupled regulation scheme during the same growth period (P<0.05). Irrigation level and organic fertilization amount had highly significant effect on dry matter accumulation of pumpkin rhizomes and leaves (P<0.01).


Table 5 | Effect of coupled water and fertilizer regulation on dry matter accumulation in pumpkin.



In 2022 and 2023, the fresh weight of pumpkin rhizomes showed a positive correlation with irrigation and organic fertilization. The largest rhizomes fresh weight was achieved under F3W3 treatment, which was 29.9% higher than that under the F1W1 treatment, 14.56% higher than that under the CK, respectively. As a whole, the dry weight of pumpkin rhizomes showed an increasing trend with increasing irrigation volume and organic fertilization amounts, reaching a maximum under F3W3 treatment, which was 36.15% higher than the F1W1 treatment, and 18.91% higher than the CK treatment. Pumpkin rhizomes drying rate was the highest under F2W3 treatment.

The fresh weight of pumpkin leaves exhibited a positive correlation with the irrigation volume, while it displayed an increasing-then-decreasing pattern in response to the organic fertilization amount. Leaf fresh weight reached a maximum under F2W3 treatment, which had increased by 30.00% compared to the lowest F1W1 treatment, and increased by 16.07% compared to CK treatment. The pumpkin leaf dry weight overall increased with increasing irrigation volume, also showed an increasing and then decreasing trend with increasing fertilization amount. Reaching the maximum under F2W3 treatment, which having been 43.43% and 14.18% higher than the lowest treatments F1W1 and CK, respectively. Leaf drying rate achieved its maximum under CK and F2W3 treatment was next.

The leaf drying rate of pumpkin was positively correlated with irrigation volume. It showed an increasing and then decreasing trend with fertilizer application amount. These indicate that increasing irrigation volume and fertilization amount promote dry matter accumulation in leaves, although excessive fertilization amount has an inhibitory effect.




3.3 Pumpkin yield

The effect trend of pumpkin yield remained consistent in both 2022 and 2023 year (Table 6). The yield varied significantly across treatments (P<0.01),and significantly affected by irrigation, fertilization and their interaction(P<0.01).


Table 6 | Effect of coupled water and fertilizer regulation on pumpkin yield.



Pumpkin yield was positively correlated with irrigation volume and exhibited a trend of initially increasing and then decreasing with the increase of fertilization amount. It reached the maximum under F2W3 treatment, significantly higher than other treatments, increasing by 25.70% and 42.55%, compared with CK and F1W1 with the lowest yield, respectively. The yield did not significantly increase with increasing irrigation volume under high fertilization amount (F3). When the amount of organic fertilization was raised from F2 to F3, there was a decline in yield. Pumpkin yields were ranked asW2>W3>W1 in terms of irrigation factors, F2>F3>F1 by organic fertilization amount. A regression model was constructed, and a surface was fitted using the average data of 2022 and 2023 years, with irrigation volume and organic fertilization amounts as independent variables, and pumpkin yield as dependent variable (Figure 2). The F-value for the model was 27.81, p<0.01, indicating that the model was extremely significant. Furthermore, the R2 value of 0. 877 indicated a good model fit for the model. The regression model illustrated that increasing the level of irrigation and organic fertilization amounts was beneficial for pumpkin to obtain high yield, but it began to decline when reaching the critical point. All those further illustrated that theF2W3 treatment could promote high yield of pumpkin, while the low irrigation volume and organic fertilizer amount, along with the high amount of organic fertilizer, exerted an inhibitory effect on pumpkin yield formation.




Figure 2 | Regression model of pumpkin yield with irrigation and fertilization coupled.






3.4 Evapotranspiration (ET)

The effect of different water-fertilizer coupled regulation on evapotranspiration (ET) in 2022 and 2023 is shown in Table 7. Significant differences in ET were observed among treatments at each growth stage (P<0.05). Irrigation factors significantly influenced ET, while the impact of fertilization factors varied across growth stages, with no significance effect during the vine stage (P<0.05) and extreme significance in other stages (P<0.01). However, their interaction on ET varies with the growth period.


Table 7 | Effect of coupled water and fertilizer regulation on ET.



The irrigation factors were the main determinants of ET. The highest ET of pumpkin was observed under F3W3 treatment, while the lowest under the F1W1 treatment. The data clearly showed a positive correlation between ET and irrigation volume, organic fertilizer amount. It initially increased and then decreased during the period, with consistent both 2022 and 2023.

The flowering stage was critical for pumpkin water demand, with the highest ET throughout its growth,. The proportion of ET during this stage was 42.66%, 46.70%, and 44.52% for F3W3, F1W1, and CK treatments, respectively, in relation to the total ET. The total ET of F3W3 increased by 27.48% and 2.65%, respectively, compared to F1W1 and CK. In conclusion, appropriately reducing the irrigation level and organic fertilizer amount could reduce ineffective ET. The application of organic fertilizer increased ET during pumpkin growth.




3.5 Water and fertilizer use efficiency

The effects of coupled water-fertilizer regulation on WUE, IWUE and PFP of pumpkin in 2022 and 2023 is shown in Table 8, the basically consistent trends of the two years being. The results showed that water-fertilizer coupling significantly affected the WUE, IWUE and PFP for pumpkin (P<0.05).


Table 8 | Effect of coupled water and fertilizer regulation on water and fertilizer utilization efficiency of pumpkin.



The WUE exhibited a positive correlation with increasing irrigation volume under F2 levels, while it initially decreased with increasing irrigation volume under the F1, F3 levels. The WUE influenced by irrigation volume in the order of W1>W2>W3, and under the influence of fertilization amounts is F2>F3>F1. The F2W3 treatment reached the highest value, significantly superior to the other treatments, and showing an increase of 18.45% and 25.84% compared to CK and F1W1 treatment, respectively. The summary is that modest increasing irrigation volume enhances WUE, while moderate fertilization amounts increase it but excessive amounts inhibit it.

The IWUE showed a negative correlation with irrigation volume and exhibited an initial increase followed by a subsequent decrease with increasing fertilization amount. The IWUE was highest with F3W1 treatment, increasing by 28.96% and 13.62% compared to CK and F1W1 treatment, respectively. The order of IWUE was F2>F3>F1 under different fertilization amounts, and it was W1>W2>W3 under different irrigation volume. Thus, reducing irrigation volume and fertilization amounts appropriately can enhance IWUE. The PFP showed a positive correlation with irrigation volume and a negative correlation with fertilization amount. The maximum PFP was achieved under the F1W3 treatment, showing an 18.35% increase compared to F1W1 treatment, the percentage is 68.65% decrease compared to CK treatments.




3.6 Comprehensive evaluation of pumpkin water-fertilizer coupling scheme



3.6.1 Correlation analysis

Correlation analysis based on nine indicators of pumpkin growth index, yield, ET, WUE, IWUE and PFP under each water-fertilizer coupling scheme (Figure 3) showed that yield was significantly and positively correlated with dry matter, stem thickness, LAI and ET (P<0.05), with the correlation coefficients of 0.89, 0.70, 0.93 and 0.70, respectively. WUE was significantly and positively correlated with IWUE, the correlation coefficient is 0.85. Total dry matter accumulation was significantly and positively correlated with stem thickness, vine length, LAI and ET with correlation coefficients of 0.88, 0.74, 0.94, and 0.79, respectively. Stem thickness was significantly and positively correlated with vine length, LAI and ET with correlation coefficients of 0.95, 0.69 and 0.78, respectively. Vine length was significantly and positively correlated with ET, the correlation coefficient is 0.78.




Figure 3 | Correlation analysis.






3.6.2 Principal component analysis (PCA)

Principal component analysis (PCA) method was performed based on nine indicators of pumpkin under each water-fertilizer coupling treatment using SPSS software, the results being shown in Table 9. Taking the average value of 2022 and 2023 years as an example, at first, the principal components would be selected. In here, the first 3 principal components, with eigenvalues > 1 and the cumulative contribution rate with 95.63% in the extraction results, were selected, all which indicated that these 3 principal components had been able to represent most of the information of the indexes measured and meet the requirements of the PCA. Among them, the contribution rate was 55.77% of the first principal component, and 26.91% of the second principal component, and 12.95% of the third principal component, respectively. Then, for the three principal components analyzed, a matrix of component scores was calculated. Finally, a linear relationship was obtained according to the principal component model, as follows.


Table 9 | Load matrix, eigenvalues, contribution rate and weights of each principal component factor.



	

	

	

	

Where, X1 to X9 respectively represented yield, WUE, IWUE, PFP, dry matter accumulation, stem thickness, vine length, LAI and ET; F1, F2 and F3 represented the score of the three principal component, respectively; and F represented the sum of the three principal component scores.

The results of Table 9 showed that the variance contribution rate of PCA1 the maximum value of the three principal components, indicating that it had the greatest influence on the comprehensive evaluation. The main influencing factors of PCA1 were yield, dry matter, stem thickness, LAI and ET, which were positively correlated with PCA1, indicating the larger value of the principal component loading, the larger the five indexes were. The main influence factors of PCA2 were WUE and IWUE, being positively correlated with PCA2, and indicating that the larger principal component loading value, the larger these 2 indicators were. The PCA3 variance contribution accounted for 15.44%, with PFP identified as the primary influencing factor exhibiting a positive correlation with PCA3. This suggests that higher values of principal component loading correspond to larger PFP values.

The comprehensive evaluation results of different water-fertilizer coupled regulation schemes were obtained by calculating comprehensive scores and ranking them (Table 10). The higher composite score of PCA, the better the growth, yield, and water fertilizer utilization of pumpkin. The composite scores were positive, indicating that the growth, yield, and water-fertilizer utilization of pumpkin were higher than the mean value. Six of the all coupled water-fertilizer regulation schemes, F2W1, F2W2, F2W3, F3W1,F3W2, and F3W3, were higher than the mean value; while F1W1, F1W2, F1W3 and CK were lower than the mean value. The composite score values of the 10 water-fertilizer coupling regulation schemes ranged from -0.95 to 1.33, indicating that the comprehensive growth of pumpkin under different water-fertilizer coupling regulation schemes varied significantly. According to the comprehensive score, the comprehensive ranking of each treatment had been gotten. Moreover, the comprehensive score under F2W3 treatment was the 1st, indicating that the treatment was relatively better, and the 2022 and 2023 data remained consistent. The F2W3 treatment demonstrated superior efficacy in promoting pumpkin growth, enhancing yield, and optimizing water and fertilizer utilization.


Table 10 | Comprehensive scores of treatments under different water-fertilizer coupling regulation.






3.6.3 Cluster analysis

Based on the nine indicators that could reflect the growth, yield, and efficiency aspects of pumpkin, a systematic cluster analysis was using SPSS 27 and a horizontal spectrum was drawn (Figure 4). The 10 treatments at a Euclidean distance of 2.5 were categorized into four groups, the first being F2W3, the second including F2W2, F3W3, F3W2 and F1W3, the third including F1W2, F2W1, CK and F3W1, and the fourth including F1W1. In the first category, values of several indexes reached the maximum, such as yield, WUE, dry matter and LAI, the remaining indicators remain at a significantly elevated level, of which the principal component score was the 1st. In the second category, indicators reached higher levels, with principal component scores all being in the top 5. In the third and fourth categories, the indicators were observed to be at a comparatively lower level, with all of the principal component scores ranking toward the bottom of the list. The results of the cluster analysis were found to be largely consistent with those obtained from the PCA, and the data remained consistent between the 2022 and 2023.




Figure 4 | Cluster analysis.








4 Discussion

In actual agricultural production, the growth and development of pumpkins require appropriate water and fertilizer conditions due to the complex interactions between them. The results indicated highly significant responses of irrigation and fertilization factors on pumpkin vine length, stem thickness and leaf area index, and dry matter (P<0.01). In addition, Within a certain range, increasing fertilization application amount and irrigation quota could significantly promote the growth of pumpkin plants, which was consistent with the findings of Cheng (Cheng, 2020). The coupled regulation of water-fertilizer could significantly promote the leaves growth, dry matter accumulation of pumpkin (Cheng et al., 2019), the same rule was also found in the study of watermelon (Hong et al., 2022). The results of this study indicated that either too high or too low water and fertilizer levels would have negative coupling effect, thereby affecting pumpkin leaf growth. Under low water and fertilizer conditions, insufficient soil moisture led to reduce free water and total water content in pumpkin leaves. Consequently, this hindered the leaves growth and dry matter accumulation of pumpkin, aligning with Khalili’s findings (Khalili and Nejatzadeh, 2021). In this study, higher fertilizer amount inhibited the growth of pumpkin leaf area. The leaf area index (LAI) of pumpkin initially increased and then decreased with increasing fertilization level, consistent with the findings of Naderi (Naderi et al., 2017), as well as a similar pattern was observed in studies on green vegetables and greenhouse tomatoes (Fan et al., 2017; Yue et al., 2022). The excessive nutrition, resulting from high levels of irrigation and fertilization, leaded to futile growth, caused an increase in the vegetative parts of the pumpkin plants, subsequently in turn affected yield formation. This decline in pumpkin yields may be attributed to the excessive use of nutrients and water during the early stages, as well as a deficiency of nutrients for pumpkin fruits during the later stages. These findings align with Ma’s conclusions (Ma et al., 2023), and are similar to those drawn by numerous scholars studying various crops such as sugarcane (Wu et al., 2022), pear (Wang et al., 2022a) and potato (Zhang et al., 2023a).

The conclusion indicated that irrigation, fertilization, and their interaction had a significant impact on yield (P<0.01). Based on experimental data in 2022 and 2023, the yield increased with higher irrigation volume, while the effect of fertilization amounts showed an initial increase followed by a decrease. The excessive fertilization negatively impacted the water-fertilizer coupling during pumpkin yield formation stage, thereby impeding yield development. The amount of fertilizer applied has a greater influence than the amount of irrigation, and appropriate irrigation and fertilization scheme could enhance pumpkin yield (Budak and Güneş, 2023). The increase in irrigation volume under high fertilization amount did not significantly enhance pumpkin yield, consistent with Khalili (Khalili and Nejatzadeh, 2021). The yield initially increases and then decreases with the improvement of fertilizer amounts and irrigation amounts under their coupled control. The relationship between crop yield and irrigation volume and fertilizer amounts follows a quadratic parabola. Excessive or insufficient irrigation and fertilizer levels negatively impact crop yield (Xiao et al., 2021; Zhang et al., 2023b). This conclusion is slightly different from the experimental results. The pumpkin yield did not decrease with the increase of irrigation volume, which may be attributed to the fact that the irrigation volume designed in this experiment did not reach the gradient of negative impact on yield. The experiment revealed a threshold for the impact of water-fertilizer coupling regulation on pumpkin yield. When fertilization amounts exceeded this threshold, a negative effect of water-fertilizer coupling emerged, further increasing the fertilization amounts inhibited the formation of pumpkin yield, which aligns with previous findings (Chen et al., 2019). Therefore, the coupling regulation of water and fertilizer in pumpkin must be carried out within an appropriate range, consistent with the “dilution effect” conclusion by Wang (Wang et al., 2015). Similar findings have also been observed in studies on wolfberry (Liu et al., 2021a), Panax notoginseng (Liu et al., 2021b), and summer maize (Ma et al., 2021).

This study found that irrigation factors significantly influenced Evapotranspiration (ET) (P<0.01). The impact of fertilization factors on ET varied with the growth stage of pumpkins but remained significant overall (P<0.01). The interaction between the two factors on ET changes with the growth period, and the overall level is significant, and irrigation factors had a greater influence than fertilization factors. The water demand of pumpkin varied throughout its growth period in this experiment. The rate of increase in ET was relatively slow during the seedling and vine stages, peaked at the flowering stage, and declined thereafter until maturity. During the flowering stage of pumpkins, there was a significant increase in water demand in, accounting for approximately one-third of the total ET. This could be attributed to the high temperature during this stage (in July), leading to strong transpiration and increased water demand for pumpkin fruit development. These findings align with previous studies (Zhou et al., 2020). Therefore, actual production should provide sufficient water during the flowering stage to ensure normal pumpkin growth and lay the foundation for high yield. The results indicated that increasing irrigation water and fertilizer led to higher ET in pumpkins throughout their growth period. This suggests that applying more organic fertilizer promoted pumpkin’s absorption and utilization of water, especially under lower irrigation volume. The application of W3 irrigation can significantly reduce ET by reducing fertilizer usage. However, the yield decreased under F3 treatment, and reducing fertilizer application not only reduced ineffective ET but also increased the yield. This maximizes the synergistic effect of coupling water and fertilizer, achieving the goal of transferring water with fertilizer and promoting fertilizer with water, the finding aligns with prior research (Fu et al., 2022; He et al., 2023a; Zhang et al., 2023c). In this experiment, There were a quadratic parabolic relationship between irrigation amount and water use efficiency (WUE), with the optimal irrigation amount enhancing WUE. However, when the irrigation level exceeded the critical value, WUE declined, consistent with previous studies (Yang et al., 2016; Jahromi et al., 2023). The experiment demonstrated that irrigation and fertilization had a positive coupling effect within the appropriate range, but excessive fertilization hindered efficient water use in pumpkin production, aligning with previous studies (Ye et al., 2022). The application amount is adjusted based on the irrigation volume in actual production, fully leveraging the coupling effect of water and fertilizer to improve water utilization and achieve high efficiency and high yield.

In this experiment, IUWE decreased with increasing irrigation volume, and initially increased but then decreased with the fertilization amount. This suggests that high irrigation and fertilization levels are not beneficial for water absorption and utilization in pumpkins. Under the F3W1 treatment, IWUE reached its maximum value, indicating that appropriate coupling scheme of water and fertilizer could improve water absorption and utilization in pumpkin plants (Piri and Albalasmeh, 2022; Zhang et al., 2023d).

The PFP exhibited a positive correlation with increasing irrigation amount, while showed a negative association with increasing fertilization amount (Zhang et al., 2017b; Da et al., 2023). A higher PFP did not necessarily result in the highest yield (Zhang et al., 2018). This experiment confirmed this finding, as it showed that F1W3 had the highest PFP, and a reduced yield deficit compared to the treatment F2W3. The scarcity of nutrients may cause pumpkin plants to prioritize their own growth by absorbing more, resulting in lower yields (Yue et al., 2023; He et al., 2023b).

In summary, the growth, yield, and water-fertilizer use efficiency of pumpkin were studied in this experiment under different water-fertilizer coupling control schemes. Principal component analysis and cluster analysis methods were used to comprehensively evaluate the different indices in 2022 and 2023. Both evaluation results were consistent, indicating that the F2W3 treatment ranked first in terms of comprehensive score. This treatment can serve as a valuable reference for high-yield and efficient pumpkin cultivation in the arid region of northwest China.




5 Conclusion

The response mechanism of pumpkin to the water-fertilizer coupling regulation was discussed by analyzing the variations in pumpkin growth and yield, ET, water and fertilizer use efficiency. The irrigation and fertilization levels, whether too low or too high, adversely affect pumpkin plant growth, yield, ET, water and fertilizer use efficiency. The higher fertilization level led to a decrease in pumpkin leaf area index and dry matter accumulation, inhibition of pumpkin yield, increased ET, and low water and fertilizer utilization efficiency. The use of organic fertilizer enhanced pumpkin growth, yield, WUE and IWUE compared to CK. The comprehensive evaluation of different water-fertilizer coupling treatments was conducted using principal component analysis and cluster analysis. The results indicated that F2W3 achieved the highest overall score in both 2022 and 2023. Therefore, the F2W3 treatment is recommended as the optimal water-fertilizer coupled scheme for pumpkin green production in the northwest arid region. It not only increases yield and efficiency but also promotes green environmental protection by saving fertilizers. The findings of this study are practically significant for enhancing crop yield and production efficiency in local and similar climate areas.
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The application rate of potassium fertilizer is closely related to the yield of crops. Thin-shelled Tartary buckwheat is a new variety of Tartary buckwheat with the advantages of thin shell and easy shelling. However, little is known about application rate of potassium fertilizer on the yield formation of thin-shelled Tartary buckwheat. This study aimed to clarify the effect of potassium fertilizer on the growth and yield of thin-shelled Tartary buckwheat. A field experiment to investigate the characteristics was conducted across two years using thin-shelled Tartary buckwheat (Miku 18) with four potassium fertilizer applications including 0 (no potassium fertilizer, CK), 15 (low-concentration potassium fertilizer, LK), 30 (medium-concentration potassium fertilizer, MK), and 45 kg·ha−1 (high-concentration potassium fertilizer, HK). The maximum and average grain filling rates; starch synthase activity; superoxide dismutase and peroxidase activities in leaves; root morphological indices and activities; available nitrogen, phosphorus, and organic matter content in rhizosphere soil; urease and alkaline phosphatase activities in rhizosphere soil; plant height, main stem node number, main stem branch number, leaf number; grain number per plant, grain weight per plant, and 100-grain weight increased first and then decreased with the increase in potassium fertilizer application rate and reached the maximum at MK treatment. The content of malondialdehyde was significantly lower in MK treatment than in other three treatments. The yields of thin-shelled Tartary buckwheat treated with LK, MK, and HK were 1.22, 1.37, and 1.07 times that of CK, respectively. In summary, an appropriate potassium fertilizer treatment (30kg·ha−1) can delay the senescence, promote the grain filling, and increase the grain weight and final yield of thin-shelled Tartary buckwheat. This treatment is recommended to be used in production to achieve high-yield cultivation of thin-shelled Tartary buckwheat.
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1 Introduction

Buckwheat belongs to Fagopyrum Mill. of Polygonaceae. It has three main cultivated species that are widely planted in China: common buckwheat (Fagopyrum esculentum Moench), Tartary buckwheat (Fagopyrum tataricum Gaertn), and golden buckwheat (Fagopyrum cymosum) (Zhou et al., 2023a). Tartary buckwheat grain contains higher flavonoids, polyphenols, protein, fat, starch, dietary fiber, minerals, vitamins, and trace elements than wheat, rice, corn, and other crops (Xiang et al., 2022). It has the effects of preventing and treating hypertension, coronary heart disease, and diabetes; anti-cancer; and anti-tumor (Singh et al., 2021; Yao et al., 2022). Thus, it is considered to be the most medicinal and food homologous food crop with the strongest health care function, and it has high research and development value.

Almost all Tartary buckwheat varieties have the common problem that the grain shell is thick and difficult to shell in production (Chen, 2018). Thin-shelled Tartary buckwheat is a new variety of Tartary buckwheat bred by hybridization breeding in recent years. It has the advantages of no groove, thin shell, and easy shelling. It overcomes the scientific problem that Tartary buckwheat is difficult to shell, but its yield is low, which seriously affects its industrialization process. Therefore, clarifying the mechanism of yield formation of thin-shelled Tartary buckwheat and proposing cultivation measures to increase yield are urgent scientific problems that need to be solved to promote the development of the Tartary buckwheat industry.

The grain filling period is an important physiological stage of crop growth. During this period, the grain is enriched, and the grain filling process is closely related to the enrichment of the grain and the formation of the final yield (Zhang et al., 2023a). The starch in Tartary buckwheat grains accounts for about 70%–80%, so the filling process of these grains is actually the accumulation process of starch (Guo et al., 2022). Photosynthetic assimilates are transported from source organs (e.g., leaves and stems) to sink organs (grains) in the form of sucrose and form starch through a series of enzymatic reactions (Huang et al., 2020). In this process, the key enzymes, such as adenosine diphosphate glucose pyrophosphorylase (AGPase) and soluble starch synthase (SSS), of the sucrose–starch metabolic pathway in grains play an important role (Zhang et al., 2020). Therefore, these studies indicate that AGPase and SSS activities in grains are closely related to grain filling and yield formation.

Potassium, which is involved in various metabolic processes in plants, is one of the three major mineral nutrients necessary for plant growth and development (Broadley et al., 2004). Potassium is mainly distributed in the most active metabolic organs of plants. It plays a key role in photosynthesis, sugar synthesis, and resistance enhancement in plants. It also plays an important role in the formation of crop yield and quality (Jin et al., 2011; Wang et al., 2013). Gu et al. (2023) found that potassium fertilizer application can significantly increase the number of pods per plant and the number of seeds per pod, thereby increasing the grain yield of rape. Lei et al. (2015) found that an appropriate application of potassium fertilizer can significantly promote the grain filling of rice and ultimately achieve high yield. At present, in China’s agricultural production, farmers tend to apply nitrogen or phosphorus fertilizer to improve crop yield, ignoring potassium fertilizer. So, potassium deficiency has become one of the biggest limiting factors to improve crop yield. Influenced by the traditional concept that Tartary buckwheat is a barren-tolerant crop, this phenomenon is particularly obvious in the actual production of Tartary buckwheat, seriously affecting its yield (Huang et al., 2019). Wang et al. (2019) found that an appropriate potassium fertilizer treatment can promote the growth of roots, increase its absorption of rhizosphere soil nutrients, and then increase the final yield of Tartary buckwheat. These studies have shown that the application of potassium fertilizer is closely related to the yield of buckwheat. To date, studies with potassium fertilizer have focused on the yield of buckwheat only from the perspective of cultivation measures and have not analyzed the physiological characteristics. The current study hypothesized that a certain application of potassium fertilizer may increase the grain weight and yield of Tartary buckwheat by regulating grain filling and leaf senescence. However, studies relevant to this hypothesis are currently lacking, particularly related research on thin-shelled Tartary buckwheat Therefore, in the present work, a new variety of thin-shelled Tartary buckwheat named Miku 18 was used as the test material, and different potassium fertilizer applications were set up to study their effects on the grain filling characteristics, root morphology and physiology, senescence, and yield formation of thin-shelled Tartary buckwheat. The major objective was to reveal the effect of potassium fertilizer on the growth and yield of thin-shelled Tartary buckwheat. The results provide theoretical basis and technical reference for the high-yield cultivation of thin-shelled Tartary buckwheat.




2 Materials and methods



2.1 Plant materials and growth

The thin-shelled Tartary buckwheat cultivar Miku 18 was provided by the School of Life Science of Guizhou Normal University, China. The experiment was conducted during the growing season of Tartary buckwheat (August–November) from 2021 to 2022 at Xiaba’s Cultivation Experimental Station of Guizhou Normal University, Guiyang City, Guizhou Province, China (1250 m, 106.9493°E, 26.7309°N). The soil used was xanthic ferralsols, and the nutrient contents of the shallow tillage layer (0–20 cm) at the test site were as follows: 14.12 mg·kg−1 available nitrogen, 29.43 mg·kg−1 available phosphorus, 10.23mg·kg−1 available potassium, and 24.36‰ organic matter. The soil nutrient contents were determined using a multichannel intelligent soil nutrient meter (OK-V24, China).

The experiment was laid out in a randomized complete block design with three replications. The plot area was 2m×5m, and a 35cm ridge was built between the plots, wrapped and isolated with agricultural film (polyethylene, 0.06 mm thick) to prevent fertilizer mixing. On the basis of previous studies, four treatments of potassium fertilizer (potassium chloride, containing 60% K2O) were set up: 0K (CK, 0kg·ha−1), low-concentration potassium fertilizer (LK, 15kg·ha−1), medium-concentration potassium fertilizer (MK, 30kg·ha−1), and high-concentration potassium fertilizer (HK, 45kg·ha−1). Nitrogen fertilizer (urea, containing 46%N) and phosphorus fertilizer (calcium superphosphate, containing 14% P2O5) were applied at the best local dosages of 135 and 70kg·ha−1, respectively. The three fertilizers were mixed and applied as base fertilizer at one time, and no fertilizer was applied during the whole growth period. Sowing was carried out on August 16, 2021, and August 18, 2022. The row spacing and seeding rate were 33cm and 3.65g·m−2, respectively. The basic seedlings were maintained at 90–100 plants·m−2 (thinning or supplementing seedling at the seedling stage to maintain planting density). When 70% of the Tartary buckwheat grains in each plot matured, they were harvested (November 20, 2021, and November 21, 2022). During flowering and grain-filling, artificial irrigation was carried out in accordance with the principle of no less than 80% of field capacity, and the other periods depended on natural precipitation. The other field management and pest control were consistent with local high-yield cultivation.




2.2 Sample preparation

At initial anthesis, the plants with consistent growth and no pests and diseases were selected from each treatment plot, and about 2000 flowers (per plot, located on the top 4–6 nodes of the main stem) that boomed on the same day were marked on the calyx with a brush dipped in black ink. After 7 days, the marked flowers were sampled for the first time and every 7 days until maturation. In each treatment plot, 250 labeled grains were taken, of which 150 were divided into three parts, and the 100-grain weight was calculated after drying. The remaining 100 grains were frozen in liquid nitrogen for 30 s and stored in a refrigerator at−80°C.

At the seedling, flowering, grain-filling, and mature periods, 20 Tartary buckwheat plants with consistent growth were randomly excavated in each treatment plot. During the excavation process, the root system was as complete as possible, and the soil loosely combined with the root system was shaken off, collected as the rhizosphere soil sample, and stored in a refrigerator at −20°C for determination of rhizosphere soil enzyme activity and soil nutrient content. The roots of 10 plants were rinsed with running water and cut off after the water was filtered to determine the root morphological index and root activity. The leaves (located on the top 4–6 nodes of the main stem) of the remaining 10 plants were treated with liquid nitrogen for 30 s and then stored in a refrigerator at −80°C.




2.3 Measurement

In accordance with Zhang et al. (2023a), Richards’ equation was used to describe the grain-filling process as follows: W=A/(1+Be-Kt)1/N, where the W is the grain weight of Tartary buckwheat during grain filling, A is the final grain weight at harvest, B is the coefficient determined by regression analysis, e is a constant, K is the constant growth rate, N is the shape parameter, and t is the time after flowering.

	

	

Where Gmax is the maximum grain-filling rate and Gmean is the mean grain-filling rate.

Crude enzyme solution was extracted according to the following process: 1 g of Tartary buckwheat grains were collected, shelled, weighed, added to 2 mL extract, ground, homogenized, and centrifuged (10000 r min-1, 30 min) for testing. The extraction liquid contained 100 mmol/L Tricine–NaOH (pH 7.5), 8 mmol L-1 MgCl2, 2 mmol L-1 EDTA, 12.5% glycerol, 1% PVP-40, and 50 mmol L-1 β-mercaptoethanol.The activities of ADP-glucose pyrophosphorylase (AGPase) and soluble starch synthase (SSS) were determined using the method of Yang et al. (2003)Superoxide dismutase (SOD) activity was determined by nitrogen blue tetrazolemethod. In brief, 0.5g of the sample was accurately weighted to prepare SOD crude extract. Phosphoric acid buffer solution, Met solution, NBT solution, EDTA-Na2 solution, riboflavin, SOD enzyme crude solution, and distilled water were successively added into a 5mL test tube in a certain proportion and placed under light for 20 min. SOD activity was the calculated by colorimetry at 560 nm (Li, 2000; Zhou et al., 2023a). Peroxidase (POD) activity was determined by guaiacol method. In brief, 0.5g of the sample was weighed and extracted with phosphoric acid buffer. Phosphoric acid buffer, H2O2, and guaiacol were added and colorimetrized at 470 nm. The enzyme activity unit was 0.01 change of A470 per minute (Li, 2000; Zhou et al., 2023a). Malondialdehyde (MDA) content was measured by thiobarbituric acid method. In brief, 0.2g of Tartary buckwheat leaves were weighed, ground evenly with 2mL of 10% trichloroacetic acid, and centrifuged at 12000 r·min−1 for 20 min at 4°C. Afterward, 1mL of the test solution and 1 mL of reaction solution were added. The mixture was shaken, mixed, and kept at 95°C for 15 min. The optical density (OD) value at 450, 532, and 600 nm was measured after cooling (Li, 2000; Zhou et al., 2023a).All roots were imaged and scanned using a roots canner (GXY-A, Zhejiang Tuopu Instrument Co., Ltd). The root length, surface area, and volume were obtained using a root analysis system WinRHIZO (version4.0b, Regent Instruments, Inc.) (Zhang et al., 2023b). The root activity was determined via the 2, 3, 5-triphenyltetrazolium chloride method (Li, 2000).

The activity of urease was determined by the method of Guan (1986). The activity of alkaline phosphatase was determined using a kit, and the kit was purchased from Beijing Solarbio Technology Co., LTD, China (https://www.solarbio.com). The available nitrogen, phosphorus, potassium and the organic matter content were determined using a multichannel intelligent soil nutrient meter (OK-V24, China).

In accordance with the method of Zhou et al. (2023b), the plant height, main stem branch number, main stem node number, grain number per plant, grain weight per plant, and 100-grain weight of Tartary buckwheat were measured. One square meter at the center of each plot (not sampled during the experiment, excluding border plants) was randomly selected, and the grains of all Tartary buckwheat plants were collected to determine the yield after air drying (Zhou et al., 2023a).




2.4 Statistical analysis

Data were processed using Microsoft Excel 2020 and SPSS20.0. One-way ANOVA was performed, and means were compared using the least significant difference at the 0.05 probability level. The results of 2021 and 2022 were similar. Therefore, the data were presented as the average across the two study years, and the data of both years were deposited as Supplementary Data.





3 Results



3.1 Effects of different potassium fertilizer application rates on the agronomic traits of thin-shelled Tartary buckwheat

The plant height, node number of main stem, branch number of main stem, and leaf number of thin-shelled Tartary buckwheat increased first and then decreased with the increase in potassium fertilizer application rate, and they were significantly higher in MK treatment (Figure 1). Compared with CK treatment, MK treatment increased the plant height, main stem node number, main stem branch number, and leaf number by 36.0%, 29.7%, 36.7%, and 118.0%, respectively.




Figure 1 | Effects of different potassium fertilizer application rates on agronomic traits of thin-shelled Tartary buckwheat. Small letter in the same column means significant difference at p< 0.05. CK: potassium fertilizer application rate was 0 kg·ha-1; LK: potassium fertilizer application rate was 15 kg·ha-1; MK: potassium fertilizer application rate was 30 kg·ha-1; HK: potassium fertilizer application rate was 45 kg·ha-1.






3.2 Effects of different potassium fertilizer application rates on the yield of thin-shelled Tartary buckwheat

The number of grains per plant, grain weight per plant, 100-grain weight, and yield of thin-shelled Tartary buckwheat increased first and then decreased with the increase in potassium fertilizer application, and they were significantly higher in MK treatment (Figure 2). Compared with CK treatment, MK treatment increased the grain number per plant, grain weight per plant, 100-grain weight, and yield by 49.1%, 20.1%, 33.3%, and 36.7%, respectively.




Figure 2 | Effects of different potassium fertilizer application rates on yield of thin-shelled Tartary buckwheat. Small letter in the same column means significant difference at p< 0.05. CK: potassium fertilizer application rate was 0 kg·ha-1; LK: potassium fertilizer application rate was 15 kg·ha-1; MK: potassium fertilizer application rate was 30 kg·ha-1; HK: potassium fertilizer application rate was 45 kg ha-1.






3.3 Effects of different potassium fertilizer application rates on the gain weight and grain-filling rate of thin-shelled Tartary buckwheat

The 100-grain weight increased continuously with the advancement of growth period (Figure 3). The 100-grain weight of MK treatment was significantly higher than those of the other three treatments. The Gmax and Gmean were significantly higher in MK treatment than in other treatments and the lowest in CK treatment. Compared with CK treatment, MK treatment increased the Gmax and Gmean by 74.1% and 97.6%, respectively.




Figure 3 | Effects of different potassium fertilizer application rates on gain weight (g) and grain-filling rate of thin-shelled Tartary buckwheat. Small letter in the same column means significant difference at p< 0.05. CK: potassium fertilizer application rate was 0 kg·ha-1; LK: potassium fertilizer application rate was 15 kg·ha-1; MK: potassium fertilizer application rate was 30 kg·ha-1; HK: potassium fertilizer application rate was 45 kg·ha-1. Gmax: the maximum grain-filling rate; Gmean: the mean grain-filling rate.






3.4 Effects of different potassium fertilizer application rates on starch synthase in thin-shelled Tartary buckwheat grains

The activities of AGPase and SSS in grains increased first and then decreased with the advancement of growth period (Figure 4). With the increase in potassium fertilizer application rate, the activities of AGPase and SSS in grains increased first and then decreased. They were significantly higher in MK treatment than in other treatments. Compared with CK treatment, MK treatment increased the activities of SSS and AGPase by average of 20.0% and 39.7%, respectively.




Figure 4 | Effects of different potassium fertilizer application rates on starch synthase in grains of thin-shelled Tartary buckwheat. Small letter in the same column means significant difference at p< 0.05. CK: potassium fertilizer application rate was 0 kg·ha-1; LK: potassium fertilizer application rate was 15 kg·ha-1; MK: potassium fertilizer application rate was 30 kg·ha-1; HK: potassium fertilizer application rate was 45 kg·ha-1.






3.5 Effects of different potassium fertilizer application rates on the antioxidant enzyme activity and MDA content in leaves of thin-shelled Tartary buckwheat

The activities of SOD and POD in leaves increased first and then decreased with the advancement of growth period and reached the maximum at grain-filling period (Figure 5). The content of MDA showed a trend of continuous increase. With the increase in potassium fertilizer application rate, the activities of SOD and POD increased first and then decreased, and those activities in MK treatment were significantly higher than in the other three treatments. The MDA content decreased first and then increased with the increase in potassium fertilizer application rate. Compared with CK treatment, MK treatment increased the activities of SOD and POD by average of 116.0% and 60.9%, whereas decreased the content of MDA by average of 30.4%.




Figure 5 | Effects of different potassium fertilizer application rates on antioxidant enzyme activity and MDA content of thin-shelled Tartary buckwheat. Small letter in the same column means significant difference at p< 0.05. CK: potassium fertilizer application rate was 0 kg·ha-1; LK: potassium fertilizer application rate was 15 kg·ha-1; MK: potassium fertilizer application rate was 30 kg ha-1; HK: potassium fertilizer application rate was 45 kg·ha-1.






3.6 Effects of different potassium fertilizer application rates on the root morphology and root activity of thin-shelled Tartary buckwheat

The root length, root surface area, and root volume of thin-shelled Tartary buckwheat increased continuously with the advancement of growth period (Figure 6). Meanwhile, the root activity decreased continuously with the advancement of growth period. With the increase in potassium fertilizer application rate, the root activity, root length, root surface area, and root volume increased first and then decreased. Compared with CK treatment, MK treatment increased the root activity, root length, root surface area, and root volume by average of 87.9%, 167.1%, 151.1%, and 158.3%, respectively.




Figure 6 | Effects of different potassium fertilizer application rates on root morphology and root activity of thin-shelled Tartary buckwheat. Small letter in the same column means significant difference at p< 0.05. CK: potassium fertilizer application rate was 0 kg·ha-1; LK: potassium fertilizer application rate was 15 kg·ha-1; MK: potassium fertilizer application rate was 30 kg·ha-1; HK: potassium fertilizer application rate was 45 kg·ha-1.






3.7 Effects of different potassium fertilizer application rates on the available nutrients and soil enzyme activities in rhizosphere soil of thin-shelled Tartary buckwheat

The contents of available nitrogen, phosphorus, and potassium and organic matter content and the activities of urease and alkaline phosphatase increased first and then decreased with the advancement of growth period (Figure 7). With the increase in potassium fertilizer application rate, the contents of available nitrogen, available phosphorus, and organic matter and the activities of urease and alkaline phosphatase increased first and then decreased. However, the content of available potassium increased continuously with the increase in potassium fertilizer application rate. Compared with CK treatment, MK treatment increased the contents of available nitrogen, available phosphorus, and organic matter and the activities of urease and alkaline phosphatase by average of 55.2%, 103.5%, 49.5%, 54.8%, and 91.4%, respectively. Compared with CK treatment, HK treatment increased the contents of available potassium by average of 105.4%.




Figure 7 | Effects of different potassium fertilizer application rates on available nutrients and soil enzyme activities in rhizosphere soil. Small letter in the same column means significant difference at p< 0.05. CK: potassium fertilizer application rate was 0 kg·ha-1; LK: potassium fertilizer application rate was 15 kg·ha-1; MK: potassium fertilizer application rate was 30 kg·ha-1; HK: potassium fertilizer application rate was 45 kg·ha-1.







4 Discussion

The grain filling process is closely related to the grain weight and final yield of crops. The grain weight of crops mainly depends on the grain filling rate, and a higher average grain filling rate is a prerequisite for obtaining a larger grain weight (Zhang et al., 2023a). Zhang et al. (2023a) found that compared with CK treatment, apical dominance removal treatment can significantly increase the Gmax and Gmean of common buckwheat, thus promoting the grain filling and increasing the grain weight. Guo et al. (2022) found that appropriate straw returning combined with chemical fertilizer can increase the Gmax and Gmean of common buckwheat grains, thus promoting the grain filling and increasing the grain weight and final yield. Liu et al. (2024) found that suitable potassium fertilizer application can promote the grain filling of Coixlacryma-jobi L. and increase the grain weight. In the present study, compared with CK treatment, potassium fertilizer treatment significantly increased the Gmax and Gmean of thin-shelled Tartary buckwheat and significantly increased the grain weight, especially MK treatment. This finding is consistent with the abovementioned research results. These phenomena likely occurred because suitable potassium fertilizer application can promote the absorption of rhizosphere soil nutrients by the roots of thin-shelled Tartary buckwheat for enough nutrients to supply the growth during grain-filling period, thus improving the Gmax and Gmean of grains, increasing the accumulation of grain filling substances, and promoting the grain filling; therefore, the grains obtain more photosynthetic products, thereby increasing grain weight (Zheng et al., 2017). Zhang et al. (2020) found that an appropriate nitrogen fertilizer treatment can increase the activities of AGPase and SSS in Tartary buckwheat grains and promote grain filling. The results of the present study showed that compared with CK treatment, potassium fertilizer treatment significantly increased the activities of AGPase and SSS in the grains of thin-shelled Tartary buckwheat, and the activity was the strongest under MK treatment, which is consistent with the above research results. The reason may be that the maximum sink strength of grains that reached under MK treatment, the more photosynthetic substances accumulated in stems and leaves can be transported to grains, which is conducive to increase grain filling and grain weight. The finding showed that the enhancement of the physiological activity of grains during grain-filling period is an important physiological reason for potassium fertilizer treatment, especially MK treatment, to promote grain filling and increase grain weight.

The senescence of crops can cause leaf yellowing, severe shortening of functional period, and cessation of photosynthesis, which all, in turn, seriously affect the growth and final yield formation of crops (Abeledo et al., 2020). The activity of antioxidant enzymes, such as SOD and POD, in leaves affects the speed of senescence. The higher the activity, the stronger the ability of crops to remove their own harmful substances, and the slower the senescence process (Zhou et al., 2023a). MDA content is also closely related to plant senescence (Chen et al., 2018). A study showed that the root activity of crops affected the senescence process of aboveground leaves, and leaf senescence can be delayed by appropriately increasing the root activity of crops (Zhou et al., 2023a). Wang et al. (2016) showed that senescence reduced the activity of antioxidant enzymes, such as SOD, in plant leaves. This phenomenon resulted in the dynamic balance between the production and scavenging of reactive oxygen species in the body being broken, leading to a large accumulation of reactive oxygen species and then membrane damage or destruction, ultimately resulting in an increase in MDA content. Wang et al. (2020) found that continuous cropping led to decreased SOD and POD activities and increased MDA content in common buckwheat leaves, which aggravated the senescence and reduced the yield. Sun and Teng (2017) found that the application of appropriate potassium fertilizer could increase the antioxidant enzyme activity of wheat, delay the anti-senescence ability of plants in the middle and late periods of grain filling, and then increase the yield. Ren et al. (2018) found that the application of appropriate potassium fertilizer could increase the activities of SOD and POD in tobacco and effectively enhance the resistance and anti-senescence ability of tobacco leaves. In the present study, compared with CK treatment, the application of potassium fertilizer increased the activities of SOD and POD in the leaves in the middle position of Tartary buckwheat, increased the root activity, and decreased the content of MDA. Among the treatments, MK treatment was the best, which is consistent with the above research results, indicating that the application of suitable potassium fertilizer could delay the senescence of thin-shelled Tartary buckwheat leaves. However, the senescence was aggravated with increased potassium fertilizer application. The reason may be that the application of high potassium caused a nutritional imbalance among nitrogen, phosphate, and potassium, resulting in accelerated senescence of Tartary buckwheat. Studies have shown that assimilates produced by the leaves in the middle position of Tartary buckwheat have the highest contribution to grain filling (Zhang et al., 2023a). Therefore, the photosynthetic capacity of these leaves determines the yield of Tartary buckwheat. The senescence of these leaves can cause their yellowing and decrease the photosynthetic capacity, resulting in insufficient filling materials in late grain-filling period and poor filling degree (Guo et al., 2022). This phenomenon may be the reason that appropriate potassium fertilizer application can increase the final grain weight and yield.

Potassium is an indispensable nutrient element for crop growth and development. It participates in organic matter synthesis and photosynthesis and assimilate transport. It also plays an important role in yield formation. A study has shown that potassium application can significantly increase the grain yield of rice (Deng et al., 2023). Liu et al. (2023) found that straw returning combined with appropriate potassium fertilizer could significantly increase the yield of maize. In the present study, potassium application significantly increased the yield of thin-shelled Tartary buckwheat, and MK treatment had the best effect, which was 1.37 times that of CK treatment, consistent with the results of Wang et al. (2019). It may be that appropriate potassium fertilizer application is beneficial to the absorption of rhizosphere soil’s available nutrients by the roots of thin-shelled Tartary buckwheat. It also promotes root growth (Figure 6); increases the plant height, main stem node number, main stem branch number, and leaf number of thin-shelled Tartary buckwheat; and promotes the accumulation and transfer of dry matter, thereby increasing the aboveground biomass and yield. Notably, with the further increase in potassium fertilizer application rate, the yield of thin-shelled Tartary buckwheat decreased, may be because when excessive potassium fertilizer was applied, the absorption of nitrogen, phosphorus, and potassium in rhizosphere soil was inhibited. Furthermore, the absorption of magnesium in rhizosphere soil by thin-shelled Tartary buckwheat was inhibited, so the population photosynthesis of crops decreased, resulting in a decrease in final yield (Wang et al., 2019).




5 Conclusions

Appropriate potassium fertilizer application (30kg·ha−1) can increase the maximum and average grain-filling rates and increase the activities of AGPase and SSS in grains, thus promoting the grain filling and increasing the grain weight. Appropriate potassium fertilizer application (30kg·ha−1) can improve the SOD and POD activities of thin-shelled Tartary buckwheat leaves and reduce MDA content, thus delaying senescence. It can also promote the growth of root and the absorption of rhizosphere soil nutrients, increase the plant height and leaf number; promote the accumulation and transfer of dry matter, thus finally increasing the yield of thin-shelled Tartary buckwheat.
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Objectives

Water-saving and drought-resistance rice (WDR) plays a vital role in the sustainable development of agriculture. Nevertheless, the impacts and processes of water and nitrogen on grain yield in WDR remain unclear.





Methods

In this study, Hanyou 73 (WDR) and Hyou 518 (rice) were used as materials. Three kinds of nitrogen fertilizer application rate (NFAR) were set in the pot experiment, including no NFAR (nitrogen as urea applied at 0 g/pot), medium NFAR (nitrogen as urea applied at 15.6 g/pot), and high NFAR (nitrogen as urea applied at 31.2 g/pot). Two irrigation regimes, continuous flooding cultivation and water stress, were set under each NFAR. The relationships between root and shoot morphophysiology and grain yield in WDR were explored.





Results

The results demonstrated the following: 1) under the same irrigation regime, the grain yield of two varieties increased with the increase of NFAR. Under the same NFAR, the reduction of irrigation amount significantly reduced the grain yield in Hyou 518 (7.1%–15.1%) but had no substantial influence on the grain yield in Hanyou 73. 2) Under the same irrigation regime, increasing the NFAR could improve the root morphophysiology (root dry weight, root oxidation activity, root bleeding rate, root total absorbing surface area, root active absorbing surface area, and zeatin + zeatin riboside contents in roots) and aboveground physiological indexes (leaf photosynthetic rate, non-structural carbohydrate accumulation in stems, and nitrate reductase activity in leaves) in two varieties. Under the same NFAR, increasing the irrigation amount could significantly increase the above indexes in Hyou 518 (except root dry weight) but has little effect on Hanyou 73. 3) Analysis of correlations revealed that the grain yield of Hyou 518 and Hanyou 73 was basically positively correlated with aboveground physiology and root morphophysiology, respectively.





Conclusion

The grain yield could be maintained by water stress under medium NFAR in WDR. The improvement of root morphophysiology is a major factor for high yield under the irrigation regime and NFAR treatments in WDR.





Keywords: water-saving and drought-resistance rice, irrigation regime, nitrogen fertilizer application rate, grain yield, root morphology and physiology




1 Introduction

With the continuous innovation of high-yield rice cultivation technology in China, rice yield has increased year by year. However, it is generally based on the cultivation and management mode with high input in water and nitrogen (Yan et al., 2022). A key problem with rice cultivation in China is the insufficient utilization of water and nitrogen resources. How to improve the efficiency of resource utilization has become a hot research topic (Song et al., 2018). The root is the primary organ for absorbing nutrients and water in rice. It is also a necessary place for the synthesis of various ions, organic acids, hormones, and amino acids. The formation of yield and aboveground growth have a close relationship with root morphology and physiology (Rebouillat et al., 2009). They are complicated by the regulation of water and nitrogen. Previous studies have found that an appropriate increase in nitrogen fertilizer application rate (NFAR) can increase the root length, root surface area, and root volume in rice; enhance the absorption of nutrients by plants; and ultimately increase rice yield (Wu et al., 2016). However, high NFAR will inhibit the root oxidation ability and zeatin (Z) + zeatin riboside (ZR) contents in roots, reducing rice yield (Devrim et al., 2017). Irrigation regime is also a considerable cultivation measure affecting rice yield (Belder et al., 2004). Appropriate water stress may not significantly reduce rice yield (Kumar et al., 2019). Although severe water stress did not inhibit root growth, it significantly reduced rice yield (Thakur et al., 2018).

Water-saving and drought-resistance rice (WDR) not only has the characteristics of high yield and excellent quality in rice but also has the traits of water-saving and drought resistance in upland rice (Luo et al., 2019). It has a strong ability to resist drought (Xu et al., 2015b). Previous research has demonstrated that unreasonable irrigation regimes and NFAR will inhibit root growth and development, thus affecting the formation of grain yield and quality in rice (Liu et al., 2018). High NFAR under water stress could significantly increase root dry weight, root volume, root length, and grain yield (Huang et al., 2019). Nonetheless, it was also observed that the root activity and the yield of grains were the highest under water stress coupled with medium NFAR (Xu et al., 2018). However, the effects and mechanisms of irrigation regime and NFAR on root morphology, physiology, and grain yield in WDR are not clear.

The objectives of this study were to investigate the differences in grain yield and root morphophysiology between paddy rice and WDR under the three kinds of NFAR [no nitrogen applied (0N), medium nitrogen applied (MN; 15.6 g/pot), and high nitrogen applied (HN; 31.2 g/pot)] and two irrigation regimes (continuous flooding cultivation and water stress) set for each NFAR. Root dry weight, root oxidation activity, root bleeding rate, root total absorbing surface area, root active absorbing surface area, Z + ZR contents in roots, leaf photosynthetic rate, non-structural carbohydrate (NSC) accumulation in stems, and nitrate reductase (NR) activity in leaves were measured, which strongly correlated with grain yield. This research will give recommendations for fertilizer and water management in WDR cultivation, as well as sustainable development in agriculture, and provide deeper comprehension of the mechanism of high yield under the condition of water and nitrogen interaction in WDR.




2 Materials and methods



2.1 Experimental station

The pot experiment was carried out at the Zhuanghang Experimental Station, Shanghai Academy of Agricultural Sciences, Shanghai, China (30°88′89″N, 121°38′51″E) from 2019 to 2020. The experiment soil was a mixture of sand and soil, and the weight of sand and soil was 1:2, containing 17.5–18.6 g/kg organic matter, 20.2–21.6 mg/kg ammonia nitrogen, 4.53–4.64 mg/kg nitrate nitrogen, 39.2–40.6 mg/kg available phosphorus, and 128.3–130.0 mg/kg available potassium.




2.2 Experimental design

Hanyou 73 (WDR) and Hyou 518 (paddy rice, control variety) were used as materials. They had similar growth times and were both three-line hybrid indica varieties. Seedlings were cultivated over the course of each year in a seedbed with a sowing date of May 26–27. On June 29 and 30, six hills, each containing one seedling, were transplanted. Six treatments in this study involved water and nitrogen factors. Three nitrogen (as urea) were applied, including no nitrogen applied (0N), medium nitrogen applied (MN; 15.6 g/pot), and high nitrogen applied (HN; 31.2 g/pot). All nitrogen fertilizer treatments were applied at once as basal fertilizer. Two irrigation regimes (continuous flooding cultivation and water stress) were included under each NFAR. For the continuous flooding cultivation regime, a 2–3-cm water depth was maintained with continuous flooding. For the water stress regime, the irrigation amount was 60% of the continuous flooding cultivation regime. A laboratory pump (KPHM100, Kamoer, Shanghai, China) was equipped to ensure that the flow rate of the hose was consistent during watering. The watering time of water stress treatment was 60% of the time of continuous flooding cultivation.

Before transplanting, as a base fertilizer, 30 g/pot of P2O5 and 9.6 g/pot of K2O were used. Each treatment was grown in 20 pots. Each pot was 100 cm in height, 80 cm in length, and 60 cm in width and contained 650 kg of soil. The pots were rectangular trough planters instead of traditional pots. The potted plants were placed in the rain shelter, and the rain shelter was opened on sunny days. The rain shelter was built using a steel frame, which was electric, ventilated, and covered with cloth (could be moved back and forth on the steel frame).




2.3 Sampling and measurements

Sampling and measurements were conducted at mid-tillering (MT), panicle initiation (PI), heading (HD), and maturity (MA). Three plants of pot were used to measure root biomass, root oxidation activity, root total absorbing surface area, root active absorbing surface area, root bleeding rate, Z + ZR contents in roots, leaf photosynthetic rate, NSC accumulation in stems, and NR activity in leaves. Each treatment was repeated three times.



2.3.1 Root dry weight

For each root sample, a sampling core was used to excavate a soil cube (20 cm × 20 cm × 20 cm) surrounding every individual hill. Such a cube holds approximately 95% of the entire biomass of the roots (Guan et al., 2022; Shotaro et al., 2023). A hydropneumatic elutriation device (Gillison’s Variety Fabrication, Benzonia, MI, USA) was used to cleanse the roots of every soil block. Separated shoots and roots were placed in paper sacks. The roots were dried in an oven at 75°C to constant weight and weighed.




2.3.2 Root oxidation activity

The Liu et al. (2022) approach was used to measure the oxidation of alpha-naphthylamine (α-NA). Approximately 1 g of roots (on a fresh weight basis, cut into 1–2-cm segments) was preincubated for 10 minutes in 50 mL of 20 μmol/L α-NA test solution to avoid the rapid adsorption in the determination assay where roots were transferred to another 50 mL of 20 μmol/L α-NA test solution and incubated for 4 h after the preincubation step. Following the incubation period, the aliquots were filtered, and an aliquot of 2 mL of α-NA sample solution was treated with 10 ml of 0.1% sulfanilic acid (in 3% acetic acid) and 2 mL of 50 μmol/L NaNO2 and diluted to 25 mL with distilled water. The absorbance of the colored solution was determined at 530 nm using a UV spectrometer (7752G, Shanghai Yidian, Shanghai, China).




2.3.3 Root bleeding rate

In accordance with Zhang et al. (2022), the root bleeding rate was determined. Each plant was cut at an internode that was 10 cm or so above the earth at 18:00. On the stem’s cutting edge, a pre-weighed Ziploc bag containing absorbent cotton was placed and secured with an elastic band. Each incline was protected from dust and vermin using a polyethylene sheet. At 6:00 a.m. the following day, the bleeding sap was gathered. The root bleeding rate was recorded and computed using the increase in cotton weight.




2.3.4 Root total and active absorbing surface area

The methylene blue dyeing method was used to calculate the root total and active absorbing surface area (Zhang et al., 2019). The roots were thoroughly cleaned with distilled water, dried using absorbent paper, and then submerged for 1.5 minutes in a series of three beakers containing methylene blue solution. Back in the original beakers, the solution was permitted to drain naturally. Using an ultraviolet spectrophotometer (UV-2450, Shimadzu, Tokyo, Japan), the volume (V1, V2, and V3) of the solution in three beakers was calculated. The absorbance of the methylene blue solution diluted 10 times at a wavelength of 660 nm was recorded. Using the standard curve of the concentration (C′1, C′2, and C′3) of the methylene blue solution, the root total and active absorbing surface area were estimated.

Results were calculated based on the following equations:

	

	

where C is the original solution concentration (mg/mL), C′ is the leaching solution concentration, V is the solution volume, and 1, 2, and 3 are the number of beakers.




2.3.5 Z + ZR contents in roots

Three hills from each treatment were used to freeze the roots, which were then maintained at −80°C. Liu et al. (2020) reported the method for extracting cytokinins (Z and ZR). Cytokinins were detected using the methods for liquid chromatography–tandem mass spectrometry (LC-MS/MS) with multiple reaction monitoring (MRM; Thermo Fisher Scientific, Waltham, MA, USA). Using a calibration curve with known standard amounts and the proportion of the cytokinins’ MRM transition summed area to that of their internal standards, cytokinins were quantified. The mixed standard solution of 5, 10, 25, 50, and 100 PPB concentration gradients was prepared using the external standard method, and the corresponding peak area was measured to obtain the standard curve. Thermo Fisher Scientific (Waltham, MA, USA) Xcalibur Data System was used for data collection and processing.




2.3.6 NSC accumulation in stems

According to Junko et al. (2023), stems were taken out and crushed to figure out the content of NSC (starch and soluble sugar). Samples that had been dried in the oven were crushed through a 1-mm sieve after being reduced to a fine powder. The content of soluble sugar in the extract isomers of the 0.1-g powder sample was determined using an anthrone reagent. The starch content of the residue was determined using perchloric acid (9.36 mol/L). In colorimetric analysis, a UV-1800 spectrophotometer (Shimadzu, Tokyo, Japan) was used to evaluate the optical density at 620 nm. Using the anthrone reagent, the glucose produced during extraction was calculated. NSC concentration multiplied by stem biomass results in a value for the accumulation of NSC in stems (g/pot).




2.3.7 Leaf photosynthetic rate

The leaf photosynthetic rate was determined using the Li-Cor 6400 portable photosynthesizer (Li-Cor, Lincoln, NE, USA). The measurement was performed between 9:00 and 11:00 a.m. for three randomly selected healthy leaves, while the canopy was exposed to 1,000 μmol m−2 s−1 of UV light that was involved in photosynthetic processes.




2.3.8 NR activity in leaves

NR activity in leaves was determined by Chen et al. (2022). Using a phosphate buffer with a pH of 7.5, composed of K2HPO4 and KH2PO4, 0.0372 g/L EDTA, and 0.1211 g/L cysteine, the extraction solution was prepared. A volume of 0.4 mL of liquid was collected, and potassium nitrate buffer and 0.2 mL of phosphate buffer control group were added at 25°C and reacted for 30 minutes. A volume of 1.0 mL of 1% sulfonamide solution and 1.0 mL of 0.2% naphthylamine solution was added and centrifuged at 4,500 rpm for 15 minutes, and then the upper solution’s absorbance was measured at 540 nm.




2.3.9 Harvest

Grain yield was determined from three plants per pot and adjusted to 14% moisture. Yield components, i.e., the number of panicles per pot, spikelet number per panicle, percentage of filled grains, and grain weight, were determined from plants in three pots sampled randomly. The percentage of filled grains was calculated by dividing the number of filled grains (specific gravity ≥1.06 g/cm3) by the total number of spikelets.

	

Moisture content was determined using a moisture determination instrument. The grain yield with moisture was weighed using a balance (JE3003, Shanghai Shangyi, Shanghai, China) after harvest.





2.4 Statistical analysis

To test if grain yield and its components (panicles per pot, spikelets per panicle, total spikelets, filled grains, and grain weight) varied with year, variety, and treatment, a series of three-way analysis of variance (ANOVA) were conducted followed by Tukey’s honestly significant difference (HSD) tests with year, variety, and treatment as fixed factors and each grain yield and its components as responses. All data were checked for normality and homoscedasticity using the Shapiro–Wilk test and Bartlett’s test, respectively. When these assumptions were not met, non-parametric Kruskal–Wallis tests were used. Additionally, Pearson’s correlation coefficients were used to explore the relationship between grain yield and root morphophysiology, as well as aboveground physiological indexes. All statistical tests were performed using SPSS 21.0 (SPSS Inc., Chicago, IL, USA). Statistical significance was established at p-values<0.05. The figures were drawn using SigmaPlot 11.0 (SPSS Inc., Point Richmond, CA, USA) and R 4.0.2 (R Core Team).





3 Results



3.1 Grain yield and its components

The grain yield of Hyou 518 and Hanyou 73 increased with the increase of NFAR under the same irrigation regime (Table 1). The panicles, spikelet number per panicle, and total spikelets increased with the increase of NFAR under the same irrigation regime, and the filled grains and grain weight decreased with the increase of NFAR. Under the same NFAR, compared with continuous flooding cultivation, water stress significantly reduced the grain yield of Hyou 518 by 7.1%–15.1%, and the significant decrease in total spikelets was the main reason for the decrease in grain yield. However, under the same NFAR, different irrigation regimes had no significant effect on the grain yield of Hanyou 73. The grain yield of Hanyou 73 under MN-60% was basically higher than that of Hyou 518 under other treatments (Table 1).


Table 1 | Yield and its components of two varieties under different irrigation regimes and nitrogen fertilizer application rates.






3.2 Root dry weight

The root dry weight of Hyou 518 and Hanyou 73 increased significantly with the increase of NFAR within the same growth stage under the same irrigation regime (Figure 1). The root dry weight of Hyou 518 significantly increased at key growth stages (MT, PI, HD, and MA) in 0N-60%, MN-60%, and HN-60%, compared with 0N-100%, MN-100%, and HN-100% treatments, respectively (Figures 1A, C). Under the same NFAR, different irrigation regimes had little effect on Hanyou 73 (Figures 1B, D).




Figure 1 | Root dry weight of Hyou 518 (A, C) and Hanyou 73 (B, D) under different irrigation regimes and nitrogen fertilizer application rates in 2019 (A, B) and 2020 (C, D). 0N, MN, and HN represent no nitrogen applied, medium nitrogen applied (15.6 g/pot), and high nitrogen applied (31.2 g/pot), respectively. 100% and 60% represent continuous flooding cultivation and 60% of continuous flooding cultivation, respectively. MT, PI, HD, and MA represent mid-tillering, panicle initiation, heading, and maturity, respectively. Different letters above the column indicate statistical significance at p< 0.05 level within the same stage. Vertical bars represent ± SE of the mean. The SE was calculated across three replications for each year.






3.3 Root oxidation activity

The root oxidation activity of Hyou 518 under 0N-60%, MN-60%, and HN-60% decreased by 17.1%–23.9%, 9.4%–24.1%, and 7.7%–13.6%, respectively, compared with 0N-100%, MN-100%, and HN-100% at PI, respectively (Figures 2A, C). Under the same NFAR in the same growth stage, different irrigation regimes had little effect on the root oxidation activity of Hanyou 73 (Figures 2B, D).




Figure 2 | Root oxidation activity of Hyou 518 (A, C) and Hanyou 73 (B, D) under different irrigation regimes and nitrogen fertilizer application rates in 2019 (A, B) and 2020 (C, D). 0N, MN, and HN represent no nitrogen applied, medium nitrogen applied (15.6 g/pot), and high nitrogen applied (31.2 g/pot), respectively. 100% and 60% represent continuous flooding cultivation and 60% of continuous flooding cultivation, respectively. MT, PI, HD, and MA represent mid-tillering, panicle initiation, heading, and maturity, respectively. Different letters above the column indicate statistical significance at p< 0.05 level within the same stage. Vertical bars represent ± SE of the mean. The SE was calculated across three replications for each year.






3.4 Root bleeding rate

In the same growth stage, the root bleeding rate of the two varieties increased with the increase of NFAR under the same irrigation regime. Under the same NFAR, the root bleeding rate of Hyou 518 under MN-100% increased by 27.5%–41.1% and 24.6%–34.3%, compared with MN-60% at PI and HD, respectively (Figures 3A, C). There were basically no significant differences in the root bleeding rate of Hanyou 73 under the two irrigation regimes during the same growth stage (Figures 3B, D).




Figure 3 | Root bleeding rate of Hyou 518 (A, C) and Hanyou 73 (B, D) under different irrigation regimes and nitrogen fertilizer application rates in 2019 (A, B) and 2020 (C, D). 0N, MN, and HN represent no nitrogen applied, medium nitrogen applied (15.6 g/pot), and high nitrogen applied (31.2 g/pot), respectively. 100% and 60% represent continuous flooding cultivation and 60% of continuous flooding cultivation, respectively. MT, PI, HD, and MA represent mid-tillering, panicle initiation, heading, and maturity, respectively. Different letters above the column indicate statistical significance at p< 0.05 level within the same stage. Vertical bars represent ± SE of the mean. The SE was calculated across three replications for each year.






3.5 Root total absorbing surface area

Compared with 0N-60% treatment, the root total absorbing surface area of Hyou 518 under MN-60% and HN-60% treatments at HD increased by 10.6%–29.9% and 38.0%–57.6%, respectively (Figures 4A, C). Hyou 518 significantly increased by 17.1%–41.8%, 18.4%–34.1%, and 11.6%–14.9% under 0N-100%, MN-100%, and HM-100%, respectively, compared with 0N-60%, MN-60%, and HM-60%, respectively (Figures 4A, C). The root total absorbing surface area of Hanyou 73 had a great response to NFAR but had little effect on irrigation regimes (Figures 4B, D).




Figure 4 | Root total absorbing surface area of Hyou 518 (A, C) and Hanyou 73 (B, D) under different irrigation regimes and nitrogen fertilizer application rates in 2019 (A, B) and 2020 (C, D). 0N, MN, and HN represent no nitrogen applied, medium nitrogen applied (15.6 g/pot), and high nitrogen applied (31.2 g/pot), respectively. 100% and 60% represent continuous flooding cultivation and 60% of continuous flooding cultivation, respectively. MT, PI, HD, and MA represent mid-tillering, panicle initiation, heading, and maturity, respectively. Different letters above the column indicate statistical significance at p< 0.05 level within the same stage. Vertical bars represent ± SE of the mean. The SE was calculated across three replications for each year.






3.6 Root activity absorbing surface area

At the same nitrogen level, the active absorption surface area of the two varieties increased significantly with the increase of irrigation amount, which had a greater effect on Hyou 518 compared with Hanyou 73. Compared with MN-60% treatment, the root activity absorbing surface area of Hyou 518 and Hanyou 73 under MN-100% treatment at HD increased by 36.0%–39.6% and 3.70%–13.0%, respectively (Figure 5). The trend of root active absorbing surface area was basically consistent with the root total absorbing surface area (Figure 5).




Figure 5 | Root active absorbing surface area in roots of Hyou 518 (A, C) and Hanyou 73 (B, D) under different irrigation regimes and nitrogen fertilizer application rates in 2019 (A, B) and 2020 (C, D). 0N, MN, and HN represent no nitrogen applied, medium nitrogen applied (15.6 g/pot), and high nitrogen applied (31.2 g/pot), respectively. 100% and 60% represent continuous flooding cultivation and 60% of continuous flooding cultivation, respectively. MT, PI, HD, and MA represent mid-tillering, panicle initiation, heading, and maturity, respectively. Different letters above the column indicate statistical significance at p< 0.05 level within the same stage. Vertical bars represent ± SE of the mean. The SE was calculated across three replications for each year.






3.7 Z + ZR contents in roots

The Z + ZR contents in roots of Hyou 518 under 0N-100% and MN-100% increased by 29.8%–45.0% and 12.4%–13.1%, respectively, compared with 0N-60% and MN-60%, respectively. Compared with HN-60%, Z + ZR contents in roots of Hyou 518 decreased by 7.9%–10.4% under HN-100% (Figures 6A, C). Under the same NFAR, different irrigation regimes had little effect on Z + ZR contents in the roots of Hanyou 73 (Figures 6B, D).




Figure 6 | Zeatin (Z) + zeatin riboside (ZR) contents in roots of Hyou 518 (A, C) and Hanyou 73 (B, D) under different irrigation regimes and nitrogen fertilizer application rates in 2019 (A, B) and 2020 (C, D). 0N, MN, and HN represent no nitrogen applied, medium nitrogen applied (15.6 g/pot), and high nitrogen applied (31.2 g/pot), respectively. 100% and 60% represent continuous flooding cultivation and 60% of continuous flooding cultivation, respectively. MT, PI, HD, and MA represent mid-tillering, panicle initiation, heading, and maturity, respectively. Different letters above the column indicate statistical significance at p< 0.05 level within the same stage. Vertical bars represent ± SE of the mean. The SE was calculated across three replications for each year.






3.8 Leaf photosynthetic rate

Under the same irrigation regime, the leaf photosynthetic rate of Hyou 518 and Hanyou 73 increased with the increase of NFAR during the same growth stage (Figure 7). Compared with that under MN-60% treatment, the leaf photosynthetic rate of Hyou 518 and Hanyou 73 under HN-60% treatment at PI increased by 13.0%–15.0% and 15.4%–19.4%, respectively (Figure 7). Under the same NFAR, increasing the irrigation amount could increase the leaf photosynthetic rate of Hyou 518 but had little effect in Hanyou 73 (Figure 7).




Figure 7 | Leaf photosynthetic rate of Hyou 518 (A, C) and Hanyou 73 (B, D) under different irrigation regimes and nitrogen fertilizer application rates in 2019 (A, B) and 2020 (C, D). 0N, MN, and HN represent no nitrogen applied, medium nitrogen applied (15.6 g/pot), and high nitrogen applied (31.2 g/pot), respectively. 100% and 60% represent continuous flooding cultivation and 60% of continuous flooding cultivation, respectively. MT, PI, HD, and MA represent mid-tillering, panicle initiation, heading, and maturity, respectively. Different letters above the column indicate statistical significance at p< 0.05 level within the same stage. Vertical bars represent ± SE of the mean. The SE was calculated across three replications for each year.






3.9 NSC accumulation in stems

Compared with that under MN-60% treatment, the NSC accumulation in stems of Hyou 518 and Hanyou 73 under HN-60% treatment at HD increased by 14.1%–24.5% and 11.1%–17.3%, respectively (Figure 8). Under the same NFAR, the NSC accumulation in stems of Hyou 518 and Hanyou 73 increased with the increase of irrigation amount at HD. The increased rate of NSC accumulation in stems of Hyou 518 was significantly higher than that of Hanyou 73 (Figure 8).




Figure 8 | Non-structural carbohydrate (NSC) accumulation in stems of Hyou 518 (A, C) and Hanyou 73 (B, D) under different irrigation regimes and nitrogen fertilizer application rates in 2019 (A, B) and 2020 (C, D). 0N, MN, and HN represent no nitrogen applied, medium nitrogen applied (15.6 g/pot), and high nitrogen applied (31.2 g/pot), respectively. 100% and 60% represent continuous flooding cultivation and 60% of continuous flooding cultivation, respectively. MT, PI, HD, and MA represent mid-tillering, panicle initiation, heading, and maturity, respectively. Different letters above the column indicate statistical significance at p< 0.05 level within the same stage. Vertical bars represent ± SE of the mean. The SE was calculated across three replications for each year.






3.10 NR activity in leaves

Under the same irrigation regime, the NR activity in the leaves of Hyou 518 and Hanyou 73 increased with the increase of NFAR at PI (Figure 9). The Z + ZR contents in roots of Hyou 518 with 0N-100%, MN-100%, and HN-100% were increased by 11.6%–14.2%, 7.1%–16.1%, and 14.2%–21.3% at PI, respectively, compared with 0N-60%, MN-60%, and HN-60%, respectively (Figures 9A, C). At the same NFAR, different irrigation regimes had little effect on NR activity in leaves of Hanyou 73 at MT, PI, HD, and MA (Figures 9B, D).




Figure 9 | Nitrate reductase (NR) activity in leaves of Hyou 518 (A, C) and Hanyou 73 (B, D) under different irrigation regimes and nitrogen fertilizer application rates in 2019 (A, B) and 2020 (C, D). 0N, MN, and HN represent no nitrogen applied, medium nitrogen applied (15.6 g/pot), and high nitrogen applied (31.2 g/pot), respectively. 100% and 60% represent continuous flooding cultivation and 60% of continuous flooding cultivation, respectively. MT, PI, HD, and MA represent mid-tillering, panicle initiation, heading, and maturity, respectively. Different letters above the column indicate statistical significance at p< 0.05 level within the same stage. Vertical bars represent ± SE of the mean. The SE was calculated across three replications for each year.






3.11 Correlation analysis

The grain yield of Hyou 518 was basically positively correlated with NSC accumulation in stems, leaf photosynthetic rate, and NR activity in leaves in the key growth stages (MT, PI, HD, and MA). The grain yield of Hanyou 73 correlated significantly positively with root dry weight, root oxidation activity, root bleeding rate, root total absorbing surface area, root active absorbing surface area, and Z + ZR contents in roots at PI and HD, and the correlation was basically higher than that of Hyou 518.





4 Discussion



4.1 Effect of different irrigation regimes and NFAR on grain yield in WDR

Water and nitrogen management plays an essential role in high-yield and water-efficient irrigation production in rice (Sun et al., 2012). Previous studies have found that moderate water stress increases yield by 2.74% on average, compared with flooded irrigation (Yang et al., 2017). Moreover, the yield increase was the best under moderate water stress coupled with medium NFAR. However, rice yield would decrease significantly under severe water stress and high NFAR (Xu et al., 2018). The significant decrease in the number of panicles per unit of space is the main reason for the low grain yield under severe water stress (Cao et al., 2017). Although the high NFAR increased the total spikelets and the number of spikelets per panicle in rice, it significantly decreased the filled grains and grain weight, thus reducing rice yield (Peng et al., 2021). In this study, the grain yield of Hyou 518 under water stress was decreased to different degrees in the same NFAR, compared with continuous flooding cultivation (Table 1). The decrease in total spikelets was the main reason for the decrease in grain yield. However, there were no significant effects on the grain yield of Hanyou 73 under the two irrigation regimes. These results indicate that WDR can withstand drought better than rice at the same NFAR. Hanyou 73 could still obtain a higher yield under the interaction treatment of moderate NFAR and water stress. Therefore, an appropriate reduction of irrigation amount (especially) and NFAR could still maintain a high yield in WDR.




4.2 Physiological mechanism of different irrigation regimes and NFAR on grain yield in WDR

NR is a regulatory and rate-limiting enzyme in nitrate nitrogen assimilation (Han et al., 2022), and strong NR activity in leaves could increase the leaf photosynthetic rate and thus increase rice yield (Wu et al., 2018). NSCs such as starch, fructan, and sucrose are important substances for plant survival and metabolism (Liu et al., 2021). The NSC accumulation in stems was directly associated with the formation of rice yield (Wang et al., 2016). Previous research has demonstrated that appropriate NFAR could improve water and nutrient uptake by roots, leaf photosynthetic rate, NR activity in leaves, and NSC accumulation in stems and thus improve rice production (Ju et al., 2015). The results of this study were consistent in that increasing nitrogen fertilizer could synergistically increase the NR, NSC, and leaf photosynthetic rate of the two varieties. However, compared with continuous flooding cultivation, water stress can cause the above indexes to decrease, and the effect on Hyou 518 is greater than that on Hanyou 73 (Figures 7–9). Correlation analysis also found that the grain yield of Hyou 518 was significantly positively correlated with leaf photosynthetic rate, NR activity in leaves, and NSC accumulation in stems at PI and HD, and the correlation was higher than that of Hanyou 73 (Figure 10). These results indicate that compared with WDR, the improvement of aboveground physiological indexes is the reason for the high yield of Hyou 518 under the conditions of high NFAR and high irrigation amount.




Figure 10 | Correlation between root morphophysiological indexes and grain yield of Hyou 518 (A, C) and Hanyou 73 (B, D) under different irrigation regimes and nitrogen fertilizer application rates in 2019 (A, B) and 2020 (C, D). MT, PI, HD, and MA represent mid-tillering, panicle initiation, heading, and maturity, respectively. RDW, ROA, RB, TASA, AASA, RZ + ZR, LPR, NSC, and NR represent root dry weight, root oxidation activity, root bleeding rate, root total absorbing surface area, root active absorbing surface area, zeatin + zeatin riboside contents in roots, leaf photosynthetic rate, non-structural carbohydrate accumulation in stems, and nitrate reductase activity in leaves, respectively. * and ** indicate significant correlations at p< 0.05 and p< 0.01, respectively.



Morphology and physiology of the aboveground part are closely related to root growth and development (Céline et al., 2010; Okami et al., 2012). Good aboveground parts could promote root growth (Yang et al., 2012). There was a significant relationship between root dry weight and grain yield at HD and MA (Yang et al., 2012). Root dry weight was one of the most pivotal morphological traits of roots, and the increase of root biomass was crucial to the improvement of rice yield (Zhang et al., 2019). Previous studies have observed that rice root biomass increases with the increase of NFAR (Liu et al., 2018) but decreases with the increase of field irrigation amount (Chu et al., 2014; Chen et al., 2019). The results of this study showed that the root dry weight at HD was significantly positively correlated with the grain yield in the two varieties, and the correlation of Hanyou 73 was significantly higher than that of Hyou 518 (Figure 10). The results showed that the improvement of root dry weight was the key root basis for the high yield of WDR under medium NFAR and low irrigation amount.

Root oxidation activity, root total absorbing surface area, root active absorbing surface area, and root bleeding rate are golden indicators of root activity (Yang et al., 2004). Increases in root activity are often strongly correlated with a high grain yield (Xu et al., 2015a). Some studies have observed that increased NFAR could alleviate the adverse effects of reduced soil water content on root activity and alleviate yield loss (Peng et al., 2017). The results of this study showed that under low nitrogen conditions, increasing NFAR could improve the root vitality of the two varieties and reduce the yield loss caused by water stress; this is consistent with the results of the above research. However, this feature was not obvious under high nitrogen conditions (Table 1; Figure 2). There were also studies that showed that high NFAR would inhibit root activity and aggravate the damage caused by water deficit in rice (Zhang et al., 2018). In this study, the increase of NFAR contributed to the increase of root activity and yield of the two varieties under the same water stress, which was inconsistent with the results of the above study.

Z + ZR contents in roots play a key role in encouraging endosperm cell proliferation, postponing plant senescence, and improving leaf photosynthetic rate (Yang et al., 2007; Xu et al., 2018). Increasing the Z + ZR contents at PI was beneficial to promote spikelet development and rice yield (Liu et al., 2020). In this study, it was observed that increasing the NFAR increased the root activity, Z + ZR contents in roots, and grain yield of both varieties under the same irrigation regime (Figures 2–6). Compared with continuous flooding cultivation, water stress reduced root activity and grain yield of Hyou 518 under the same NFAR but had less effects on root activity and grain yield of Hanyou 73. The correlation analysis also showed that there was a significant positive relationship between root activity and grain yield of Hanyou 73 at PI and HD (Figure 10). Therefore, the improvement of root morphology and physiology (root dry weight, root oxidation activity, root bleeding rate, root total absorbing surface area, root active absorbing surface area, and Z + ZR contents in roots) was a pivotal factor for WDR to maintain stable yield under water stress and moderate NFAR. Hormones such as indole-3-acetic and abscisic acid in roots also affect rice yield formation. For example, increasing the abscisic acid content and reducing the content of indole-3-acetic in roots during the grain-filling stage were beneficial to promote grain filling in rice (Xu et al., 2018). Therefore, the mechanisms of the interaction between plant hormones on rice yield remain to be further studied.





5 Conclusion

WDR is a new type of cultivated rice variety bred by integrating the excellent characteristics of modern rice and upland rice, which is conducive to promoting the development of resource-saving and environment-friendly agriculture in China. However, the effects and mechanisms of irrigation and nitrogen on the yield in WDR were still unclear. In this study, Hyou 518(paddy rice) had the highest yield under high NFAR and high irrigation amount. However, whether water or nitrogen was reduced, the grain yield of Hyou 518 would be significantly reduced. The grain yield could be maintained by appropriately reducing irrigation amount under high NFAR or maintaining continuous flooding cultivation amount under medium NFAR in Hanyou 73 (WDR). The improvement of root morphology and physiology (root dry weight, root oxidation activity, root bleeding rate, root total absorbing surface area, root active absorbing surface area, and Z + ZR contents in roots) was a considerable factor for the high yield under different irrigation regimes and NFAR in Hanyou 73. In the future, it is necessary to further study the response mechanism of root exudate components and concentrations, the interaction between different hormones in roots, and soil microorganisms of WDR under irrigation and nitrogen. We must find out the cultivation method suitable for WDR with stable yield, with the decrease of agricultural water resources, which can produce more food under the premise of saving water resources.
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Enlarging the lateral space of drip tubes saves irrigation equipment costs (drip tubes and bypass), but it will lead to an increased risk of grain yield heterogeneity between wheat rows. Adjusting wheat row spacing is an effective cultivation measure to regulate a row’s yield heterogeneity. During a 2-year field experiment, we investigated the variations in yield traits and photosynthetic physiology by utilizing two different water- and fertilizer-demanding spring wheat cultivars (NS22 and NS44) under four kinds of drip irrigation patterns with different drip tube lateral spacing and wheat row spacing [① TR4, drip tube spacing (DTS) was 60 cm, wheat row horizontal spacing (WRHS) was 15 cm; ② TR6, DTS was 90 cm, WRHS was 15 cm; ③ TR6L, DTS was 90 cm, WRHS was 10 cm, inter-block spacing (IBS) was 35 cm; and ④ TR6S, DTS was 80 cm, WRHS was 10 cm, IBS was 25 cm]. The results showed that under 15-cm equal row spacing condition, after the number of wheat rows served by a single tube increased from four (TR4, control) to six (TR6), NS22 and NS44 exhibited a marked decline in yield. The decline of NS22 (9.93%) was higher than that of NS44 (9.04%), and both cultivars also showed a greater decrease in grain weight and average grain-filling rate (AGFR) of inferior grains (NS22: 23.19%, 13.97%; NS44: 7.78%, 5.86%) than the superior grains (NS22: 10.60%, 8.33%; NS44: 4.89%, 4.62%). After the TR6 was processed to narrow WRHS (from 15 to 10 cm) and add IBS (TR6L: 35 cm; TR6S: 25 cm), the grain weight per panicle (GWP) and AGFR of superior and inferior grains in the third wheat row (RW3) of NS22 and NS44 under TR6L increased significantly by 26.05%, 8.22%, 14.05%, 10.50%, 5.09%, and 5.01%, respectively, and under TR6S, they significantly increased by 20.78%, 9.91%, 16.19%, 9.28%, 5.01%, and 4.14%, respectively. The increase in GWP and AGFR was related to the increase in flag leaf area, net photosynthetic rate, chlorophyll content, relative water content, actual photochemical efficiency of PSII, and photochemical quenching coefficient. Among TR4, TR6, TR6L, and TR6S, for both NS22 and NS44, the yield of TR6S was significantly higher than that of TR6 and TR6L. Furthermore, TR6S showed the highest economic benefit.




Keywords: wheat yield, drip tube configuration, grain weight, photosynthetic physiology, economic benefits




1 Introduction

Wheat (Triticum aestivum L.) is one of the main food crops in the world (https://www.fao.org/faostat/en), with approximately 35% of the global population relying on wheat as their staple food (Li et al., 2019; Sultana et al., 2021), and has the characteristics of strong environmental adaptability and high nutritional value (Moreira-Ascarrunz et al., 2016; Liu et al., 2020; Song et al., 2021; Sheteiwy et al., 2022). Xinjiang’s wheat industry development level holds immense importance for both social stability and national food security as it serves as a prime region for producing superior quality wheat and acts as a crucial reserve base. However, due to Xinjiang’s location in the hinterland of the Eurasian continent, the annual rainfall is scarce, and the evaporation is huge. The frequency of drought and water shortage in wheat-producing areas has been on the rise (Kim and Jehanzaib, 2020), and will continue to increase in the future (Deng et al., 2006; Abdoulaye et al., 2019). The lack of water resources has become a key limiting factor to the development of wheat production (Gui et al., 2021; Zhang QL et al., 2021).

As an advanced water-saving irrigation technology, drip irrigation can simply, accurately, and stably transport a small amount of water to the roots of crops (Ma et al., 2020), with an irrigation efficiency as high as 75%–95% (Ward and Pulido-Velazquez, 2008). Applying drip irrigation technology to wheat production is the direction of agricultural development in Xinjiang and other arid agricultural areas of China (Wan et al., 2022). However, in recent years, the wheat area under drip irrigation in Xinjiang is approximately 0.3 million hm2 accounting for only a quarter of the wheat-planting area (Xinjiang Statistical Yearbook 2022). The direct reason for the difficulty in promoting wheat production application of drip irrigation technology is that the mainly popularized drip irrigation configuration in wheat production, which is one tube serving four rows of wheat (TR4), has the disadvantages of high drip tube and bypass consumption leading to high irrigation equipment cost. The indirect reason is that the entire drip irrigation systems is imitated from cash crop (cotton and corn) (Bozkurt et al., 2006). Furthermore, the underlying theoretical foundation is inadequate, and its mechanism research is not mature enough (Chen et al., 2015).

Wheat yield is determined by the number of panicles per unit area, the number of grains per panicle, and the grain weight (Guo LJ et al., 2021). As the final yield components, the formation of grain weight is influenced by cultivars, cultivation measures, and irrigation (Fischer, 2011; Watt et al., 2019; Zulfiqar et al., 2021). Grains per panicle are composed of superior and inferior grains (Yang et al., 2006). The superior grains have earlier flowering period, stronger ability to accumulate assimilates, and higher grain weight. However, the inferior grains have slower filling initiation, lower seed setting rate, and poorer fullness (Jiang et al., 2003; Yang and Zhang, 2010). Analyzing the variation of superior and inferior grain weight under different drip irrigation configurations [under different drip tube spacing (DTS) and wheat row horizontal spacing (WRHS)] can provide theoretical and technical support for optimizing wheat drip irrigation system. Previous studies have shown that soil water stress can reduce wheat yield by 20%–80%, which is mainly caused by a decrease in grain-filling rate and growth period (Foulkes et al., 2007; Li et al., 2011; Luo et al., 2019). Adequate soil moisture is beneficial to the demand of grain for carbon and nitrogen, which alleviates plant senescence. Moderate soil moisture deficiency enhances the re-transfer level of carbon and nitrogen stored in vegetative organs before flowering (Tiwari et al., 2021), and severe drought stress accelerates the loss of dry matter in leaves and aggravates plant senescence (Sharma and Dubey, 2005; Lafitte et al., 2006; Zhang et al., 2020). Photosynthesis is the basis for the synthesis and accumulation of organic matter in plants (Gautam et al., 2022; Zhang et al., 2021), and the photosynthetic carbon (C) assimilation of flag leaves during the grain-filling stage of wheat contributes the most carbohydrate substrates (>80%) for starch synthesis (Wu et al., 2012; Fan et al., 2017; Yang et al., 2022). The net photosynthetic (Pn) and transpiration rate (E) of crops vary with soil water content (Shemi et al., 2021). Under moderate irrigation conditions, the Pn of leaves always maintains a high level. On the contrary, under excessive irrigation or soil water-deficiency conditions, the Pn of leaves significantly decreases, and the photosynthetic function period is shortened (Anjum et al., 2011; Nezhadahmadi et al., 2013; Deng et al., 2018). Previous studies have shown that under sufficient water conditions, the Pn of wheat flag leaves begins to decline after 14 days of flowering (DAF). However, under soil water-deficit conditions, the Pn shows a rapid decline trend after 7 DAF (Liu et al., 2018; Zhu et al., 2020). The decrease in Pn is related to the decrease in chlorophyll content (Kocheva et al., 2004; Li et al., 2006) and photosynthetic system activity, which are caused by the inhibition of photosynthetic phosphorylation and electron transfer during the photosynthetic reaction process (Schmollinger et al., 2014). Recently, some scholars have proposed that enlarging DTS is one potential solution to reduce the drip tube use of wheat production under the drip irrigation system (Lv et al., 2019; Wan et al., 2022). However, under the enlarged drip irrigation system, the water supply in the soil of distant wheat row is less than that of the soil of adjacent row, which leads to growth differences in plant caused by spatial heterogeneity of soil water content (Li et al., 2004; Wang et al., 2006, 2013; Chen et al., 2015).

In the present research, two spring wheat cultivars (NS22, water and fertilizer demanding; NS44, water and fertilizer undemanding) were used as experimental materials. Through enlarging DTS (from 60 to 90 cm), narrowing WRHS (from 15 to 10 cm), and adding inter-block spacing (IBS; from 15 to 35 cm), four kinds of drip irrigation configurations were designed, namely: ① TR4 (a single tube serving four wheat rows, DTS was 60 cm, WRHS was 15 cm), ② TR6 (a single tube serving six wheat rows, DTS was 90 cm, WRHS was 15 cm), ③ TR6L (a single tube serving six wheat rows, DTS was 90 cm, WRHS was 10 cm, with large IBS: 35 cm), and ④ TR6S (a single tube serving six wheat rows, DTS was 80 cm, WRHS was 10 cm, with short IBS: 25 cm). We hypothesized that (H1) the superior and inferior grain weight and flag leaf photosynthetic physiological traits would be promoted by the changes in drip irrigation system, and (H2) we would also provide some constructive suggestions for further optimizing wheat drip irrigation system. The major objectives of this study were to focus on the following aspects: 1) to reveal the variations in superior and inferior grain weight, grain filling, and photosynthetic physiology among cultivars, configurations, and wheat rows of plants to explain the performances of grain yield and economic return, and 2) to further clarify the adaptation mechanism of wheat to drip irrigation. The results would provide theoretical and technical support for optimizing the drip irrigation system for wheat, and it would be possible to maximize the efficiency of the photosynthesis of wheat plant through artificial adjustment, which would contribute to food, resource, and environmental challenges encountered in Xinjiang and other arid agricultural regions.




2 Materials and methods



2.1 Research area detail

The experiment was conducted at a research station of Shihezi University, Xinjiang, in northwestern China (44°21′N, 86°04′E) from March to July. The area is situated at an elevation of 450 m, which experiences a typical temperate continental climate. The highest temperature is observed from July to early August, while the lowest temperature occurs in January. Additionally, the annual average precipitation ranges from 189.1 to 200.3 mm, while the annual potential evapotranspiration ranges from 1,517.5 to 1,563.8 mm. Supplementary Figure 1 displays the daily precipitation and maximum/minimum air temperature throughout the experimental period. The experimental site has been planted with wheat for many years, and a season of cabbage was planted every year after the end of the experiment (July to October). The soil at the experiment farm has moderate fertility, and the physical and chemical properties of the soil profile (average of 2 years) at the experimental site before sowing are shown in Table 1.


Table 1 | Physical and chemical properties of the soil profile before sowing (0–60 cm depth).






2.2 Planting material

Spring wheat, cv New Spring22 (NS22) and New Spring44 (NS44), which are widely planted spring wheat varieties in Xinjiang, were sown at a rate of 600 × 104 plant ha–2 (The photos of NS22 and NS44 growth under TR4, TR6, TR6L, and TR6S configurations in the field are shown in Supplementary Figure 2). The sowing dates were 27 March 2020 and 9 April 2021. In preliminary cultivar screening experiments (20 varieties) under the enlarged DTS system, we found that NS22 (12.78) showed the highest coefficient of variation between row yield, and NS44 (3.31) showed the lowest coefficient of variation between row yield. Thus, we defined NS22 as a water- and fertilizer-demanding cultivar and NS44 as a water- and fertilizer-undemanding cultivar (Yang JP et al., 2020). The difference in flowering and growth periods between NS22 and NS44 were 2–3 days and 9–11 days, respectively.




2.3 Experimental design

The experiment designed four kinds of drip irrigation configurations, namely: ① TR4 (as control, a single tube serving four wheat rows, which is extensively employed in wheat production in Xinjiang, DTS was 60 cm, WRHS was 15 cm), ② TR6 (a single tube serving six wheat rows, DTS was 90 cm, WRHS was 15 cm), ③ TR6L (a single tube serving six wheat rows, DTS was 90 cm, WRHS was 10 cm, with large IBS: 35 cm), and ④ TR6S (a single tube serving six wheat rows, DTS was 80 cm, WRHS was 10 cm, with short IBS: 25 cm). Each configuration was replicated three times. The schematic diagram of the four kinds of drip irrigation configurations are shown in Figure 1. RW1, RW2, and RW3 represent the first, second, and third rows of wheat plants close to the drip tube, respectively. Twelve plots were arranged in a randomized block design, separated from adjacent plots by approximately 1-m-wide isolation strips. The plots for TR4, TR6, TR6L, and TR6S were 7.2 × 27 m (194.4 m2), 7.2 × 27 m (194.4 m2), 7.2 × 27 m (194.4 m2), and 6.4 × 27 m (172.8 m2), respectively. The drip irrigation configurations in 2020 and 2021 were the same. The positioning of synchronous drip tubes and sowing were carried out using precision planters specifically designed for wheat (JB/T 6274.1–2013, 2BFX-12, China). The sowing depth was approximately 5.0 cm, and the drip tube covered a depth of approximately 2 cm. The outlet holes of the drip tube were designed in a single-wing maze with a spacing of 30 cm and a flow rate of 2.6 L h−1. Total irrigation volume and urea content of each plot were 45,00 m3 ha−1 and 300 kg ha−1, respectively. The timing and volume of irrigation and fertilization followed those of previous studies (Liu et al., 2013; Lv et al., 2019). In brief, the irrigation amount for the three-leaf stage, jointing, booting, anthesis, early milk stage, and late milk stage were 900, 900, 900, 675, 675, and 450 m3 ha−1, respectively. The nitrogen application amount for pre-sowing, three-leaf stage, jointing, booting, anthesis, and early milk stage were 60, 36, 96, 48, 36, and 24 kg ha−1, respectively. To facilitate precise measurement and control, each experimental plot was connected to a high-precision water meter and control valve. Additionally, before sowing, 105 kg ha−2 of P2O5 and K2O was applied to enrich the soil nutrient content.




Figure 1 | Schematic diagram of TR4 [drip tube spacing (DTS) was 60 cm, wheat row horizontal spacing (WRHS) was 15 cm], TR6 (DTS was 90 cm, WRHS was 15 cm), TR6L (DTS was 90 cm, WRHS was 10 cm, IBS was 35 cm), and TR6S (DTS was 80 cm, WRHS was 10 cm, IBS was 25 cm). RW1, RW2, and RW3 represent the first, second, and third rows of wheat plants close to the drip tube, respectively.






2.4 Sampling and measurements

At the seedling stage, 10 representative squares for each plot were selected and marked (TR4, TR6, TR6L, and TR6S square sizes were 0.6, 0.9, 0.9, and 0.8 m2, respectively). For each square, 50 plants with the same flowering date were selected and marked with wool. In the marked square, sampling and index measurement in a single row (TR4: RW1 and RW2, TR6, TR6L and TR6S: RW1, RW2, and RW3) were taken at 5-day intervals from 7 days after flowering (DAF) to maturity.



2.4.1 Yield, yield components, and economic benefit

At maturity, 20 wheat plants were randomly and then consecutively selected from each row to determine superior and inferior grain weight per panicle; three representative squares of each plot were selected to measure the panicle number and yield of each row. Of each row, 1,000 grains were randomly selected to test the thousand grain weight (TGW) repeating three times. Economic benefit was calculated using Equation 1:






2.4.2 Grain-filling process

Samples were taken at 7, 13, 19, 25, and 31 DAF, and grains were divided into superior and inferior grains according to the classification method (Jiang et al., 2003). All samples were fixed for 30 min at 105°C, dried, and weighed at 70°C. The growth period = the date of death of wheat plants (more than 50%) − the date of emergence of wheat plants (more than 50%).




2.4.3 Gas exchange

At 7, 13, 19, 25, and 31 DAF, the flag leaves with the same growth were selected to measure gas exchange parameters. The Pn, stomatal conductance (gs), intercellular CO2 concentration (Ci), and E were measured from 10–12 h using a Portable Photosynthesis System (Li-6400, Li-COR Inc., NE, USA) at a light intensity of 1,700 μmol (photon) m–2 s–1 under uniform conditions [25–32°C, 400–500 μmol (CO2) mol–1] according to Jing et al. (2019). Nine flag leaves were determined for each treatment.




2.4.4 Chlorophyll content

At 7, 13, 19, 25, and 31 DAF, the chlorophyll content (CC) in the flag leaves was determined by a Portable Chlorophyll content meter (SPAD502, Litai, Japan). Fifteen leaves were measured for each row, and each leaf was measured three times by dividing it into leaf tip, middle leaf, and leaf base. The average value was taken as the SPAD value of a leaf.




2.4.5 Relative water content and area of flag leaf

The flag leaves were taken at 7, 13, 19, 25, and 31 DAF. The flag leaves were washed clean, and the surface water was absorbed by filter paper and weighed, with the weight considered as the fresh weight. The samples were put into an oven at a temperature of 105°C for a duration of 30 min, subsequently drying them at 70°C until a constant weight is achieved, and then weighed, with the weight representing the dry weight. Relative water content (RWC) was calculated using Equation 2:



The flag leaf area (FLA) was determined by area meter (LA211, Systronic, New Delhi, India). Fifteen leaves were measured for each row.




2.4.6 Chlorophyll fluorescence

At 7, 13, 19, 25, and 31 DAF, the same leaves employed for the gas exchange measurement were used to determine chlorophyll fluorescence using a portable fluorometer (PAM-2100, Walz, Germany). The fluorescence kinetic parameters were calculated according to the method of previous researchers (Genty et al., 1989).





2.5 Statistical analysis

One-way analysis of variance was applied to determine differences among treatments. The results were described as the means of three replicates ± SD. Data were analyzed using a statistical package (ANOVA v. 2017. Nanjing Agricultural University, Nanjing, China). Mean values were compared by applying Duncan’s multiple range test at the 0.05 level of significance. Path analysis was conducted using linear regression analysis from SPSS v. 25 (SPSS Inc., Chicago, Illinois, USA). Microsoft Excel (Office v. 2010) and Origin v. 2021 (Origin Lab, Northampton, MA, USA) were utilized for data collation and to plot figures.





3 Results



3.1 Yield and yield components

Among TR4, TR6, TR6L, and TR6S, both NS22 and NS44 in 2020 and 2021 showed the highest yield in TR4 (Table 2) and the highest economic benefits in TR6S. Compared with TR4, the yield decrease in TR6, TR6L, and TR6S of NS44 (8.84%, 6.16%, and 1.79%, respectively) was lower than that of NS22 (10.56%, 10.89%, and 3.59%, respectively). The grain weight per panicle (GWP) decrease of NS44 (5.76%, 4.25%, and 5.72%) was also lower than that of NS22 (13.95%, 8.10%, and 9.79%), while the thousand grain weight (TGW) decrease of NS44 (6.62%, 4.95%, and 4.10%) was higher than that of NS22 (3.55%, 4.23%, and 1.60%). The GWP in superior grains of NS22 and NS44 decreased by 3.49%–10.60% and that of inferior grains decreased by 6.02%–23.19%. Compared with TR4, for both NS22 and NS44, TR6S showed the largest decrease in panicle number among TR6, TR6L, and TR6S, with a decrease of 8.97% and 5.96%, respectively. However, TR6S also showed the lowest decrease in yield indicating that the yield decrease of TR6S might be related to the decrease in panicle number.


Table 2 | Overall yield, weight per panicle (GWP), panicle number, thousand grain weight (TGW), total cost, and economic benefit of two cultivars (NS22 and NS44) under four kinds of drip irrigation configurations.



In 2020 and 2021, under TR4, the GWP, panicle number, TGW, and yield in RW1 of both NS22 and NS44 were not significantly different from those in RW2 (Table 3), while after increasing the DTS from 60 to 90 cm (TR6), the yield and GWP of both NS22 and NS44 showed RW3 < RW2 < RW1, and the differences were significant; TGW in RW3 of NS22 was significantly higher than that of RW1, while NS44 showed that RW3 was not significantly different from RW1 and RW2. After the TR6 was processed to narrow WRHS and add IBS (TR6L and TR6S), the GWP and yield in RW3 of NS22 (GWP: 26.05% and 20.78%; yield: 19.64% and 30.02%) and NS44 (10.50%, 9.28%, 20.35%, and 26.75%) significantly increased; however, those in RW1 decreased by 2.84%–16.59%. Under TR6L and TR6S, the TGW of RW3 was not significantly different from that of TR4RW1 and TR4RW2, while the GWP and IGWP significantly decreased, which indicated that the decrease in GWP of RW3 may be related to the decrease in inferior grain number.


Table 3 | Variations in yield, weight per panicle (GWP), panicle number, and thousand grains weight (TGW) of two cultivars (NS22 and NS44) under four kinds of drip irrigation configurations.






3.2 Grain filling

Under TR4, TR6, TR6L, and TR6S, with DAF, the superior and inferior grain weight of both two cultivars showed a tendency for an increase (Figure 2), and the grain-filling rate increased first and then decreased. At 7 DAF, the superior and inferior grain weights in TR4, TR6, TR6L, and TR6S of NS22 were significantly higher than those of NS44. However, at 19, 25, and 31 DAF, the situation reversed, with NS44 significantly higher than NS22 in all treatments. At 7 DAF, under TR6, TR6L, and TR6S, the superior and inferior grain weights and grain-filling rate in RW3 of both cultivars were significantly higher than those in RW1, RW2, TR4RW1, and TR4RW2. Under TR6, the superior and inferior grain weights and grain-filling rate in RW1 of both cultivars were significantly higher than those in RW3 at 19, 25, and 31 DAF. However, under TR6L and TR6S, those in RW3 were significantly higher than those in RW1 (or the difference was not significant) at 7, 13, 19, and 25 DAF. From the dynamic changes in superior grain-filling rate of both cultivars, RW3 was significantly higher than RW1 at 7, 13, 19, and 25 DAF, but significantly lower than RW1 at 31 DAF, and significantly lower than TR4RW1 and TR4RW2, which indicated that TR6L and TR6S may still cause premature senescence of RW3 in the later growth stage. Therefore, it is necessary to further strengthen field management in the later growth stage.




Figure 2 | Changes in grain weight and grain-filling rate with the days after flowering of two cultivars (NS22 and NS44) under four kinds of drip irrigation configurations in 2020 and 2021. (A–C, G–I) represent superior grain; (D–F, J–L) represent inferior grain. TR4 represents a single tube serving four wheat rows under equal row spacing planting, WRHS was 15 cm and DTS was 60 cm; TR6 represents a common single tube serving six wheat rows under equal row spacing planting, DTS was 90 cm, WRHS was 15 cm; TR6L represents an enlarged single tube serving six wheat rows under wide–narrow row planting, DTS was 90 cm, WRHS was 10 cm, IBS was 35 cm; TR6S represents a shortened single tube serving six wheat rows under wide–narrow row planting, DTS was 80 cm, WRHS was 10 cm, IBS was 25 cm. 1 indicates 2020; 2 indicates 2021. RW1, RW2, and RW3 represent the first, second, and third rows of wheat plants close to the drip tube, respectively. All the values are average of three replicates. Means that do not share the same letters in the column differ obviously at p < 0.05. Bars represent standard deviation.





3.2.1 Grain-filling characteristics

Under TR4, there was no significant difference between RW1 and RW2 in the final grain weight, maximum grain-filling rate (MFR), and average grain-filling rate (AFR) of superior and inferior grains of two cultivars (Table 4). Under TR6, compared with RW1, the MFR and AFR in RW3 of superior (NS22: 10.19% and 8.33%; NS44: 4.50% and 4.62%) and inferior (NS22: 17.61% and 13.97%; NS44: 4.26% and 5.86%) grains significantly decreased, while after the TR6 was processed to narrow WRHS and add IBS (TR6L and TR6S), the MFR and AFR in RW3 were significantly higher than those in RW1 or had no significant difference. Under TR6L and TR6S, the final grain weight and AFR in RW1 of NS22 were significantly lower than those in TR6RW1, but for NS44, there was no significant difference between RW1 and TR6RW1. Under TR4, TR6, TR6L, and TR6S, the final grain weight and AFR of NS44 were all significantly higher than those of NS22, which may be caused by the later breeding age of NS44 than NS22. Under TR6, compared with RW1, the growth periods in RW3 of both cultivars were significantly reduced by 10.85% and 7.53%, while under TR6L and TR6S, those in RW3 reduced by 6.82%, 6.56%, 3.57%, and 5.04%, respectively.


Table 4 | Changes in grain-filling characteristics of two cultivars (NS22 and NS44) under four kinds of drip irrigation configurations in 2020 and 2021.







3.3 Gas exchange

Under TR4, TR6, TR6L, and TR6S, with DAF, both cultivars showed a tendency for a decrease in the Pn and E, the Ci increased, and the gs increased first and then decreased (Figure 3). Under TR6, the Pn, gs, and E of both cultivars showed RW1 > RW2 > RW3, and the Ci showed RW3 > RW2 > RW1. Compared with RW1, at 7, 13, 19, 25, and 31 DAF, the decreases in Pn (6.79%, 5.22%, 7.47%, 37.09%, and 37.27%) and E (9.91%, 8.36%, 9.61%, 23.68%, and 30.77%) in RW3 of NS44 were significantly lower than those of NS22 (Pn: 12.71%, 15.22%, 19.16%, 45.34%, and 63.43%; E: 12.62%, 10.10%, 12.30%, 37.05%, and 46.97%). Under TR6L and TR6S, compared with RW1, the Pn in RW3 of NS22 and NS44 at 7 and 13 DAF significantly increased, while at 25 and 31 DAF, they significantly decreased. The Ci (at 7 and 13 DAF) and E (at 7, 13, 19, 25, and 31 DAF) were significantly lower than those in RW1, and the gs (at 7, 13, and 19 DAF) showed no significant difference compared to those in RW1 indicating that under TR6L and TR6S, the Pn in RW3 during the early and middle grain-filling stages may increase by adjusting E and Ci. However, in the later grain-filling stage, the Pn may still decrease due to insufficient water.




Figure 3 | Changes in flag leaf net photosynthetic rate (Pn), stomatal conductance (gs), intercellular CO2 concentration (Ci), and transpiration rate (E) with days after flowering of two cultivars (NS22 and NS44) under four kinds of drip irrigation configurations in 2020 and 2021. (A, B) represent Pn, (C, D) represent gs, (E, F) represent Ci, and (G, H) represent E. TR4 represents a single tube serving four wheat rows under equal row spacing planting, WRHS was 15 cm, DTS was 60 cm; TR6 represents a common single tube serving six wheat rows under equal row spacing planting, DTS was 90 cm, WRHS was 15 cm; TR6L represents an enlarged single tube serving six wheat rows under wide–narrow row planting, DTS was 90 cm, WRHS was 10 cm, IBS was 35 cm; TR6S represents a shortened single tube serving six wheat rows under wide–narrow row planting, DTS was 80 cm, WRHS was 10 cm, IBS was 25 cm. 1 indicates 2020; 2 indicates 2021. RW1, RW2, and RW3 represent the first, second, and third rows of wheat plants close to the drip tube, respectively. All the values are average of three replicates. Means that do not share the same letters in the column differ obviously at p < 0.05. Bars represent standard deviation.






3.4 Relative water content and chlorophyll content

Under TR4, TR6, TR6L, and TR6S, with DAF, the relative water content (RWC) and chlorophyll content (CC) in the flag leaves of both NS22 and NS44 gradually decreased, and the decrease was slow in the early stage and sharp in the later stage (Figure 4). Under TR4, the RWC (7, 25, and 31 DAF) and CC (7, 13, 19, 25, and 31 DAF) of NS44 were significantly higher than those of NS22. Under TR6, the RWC and CC of the two cultivars showed RW1 > RW2 > RW3. Compared with that of RW1, the RWC in RW3 at 7, 13, 19, 25, and 31 DAF significantly decreased by 5.16%–31.74%, and the CC significantly decreased by 2.25%~41.94%. After the TR6 was processed to narrow WRHS and add IBS (TR6L and TR6S), the RWC and CC in RW3 of both cultivars were significantly higher than those in TR6RW3 at 7, 13, 19, 25, and 31 DAF. The CCs in RW3 of both cultivars were significantly higher than those in RW1 at 7 and 13 DAF, while at 25 and 31 DAF, they were significantly lower than those in RW1. This was probably due to the rise in temperature at the late grain-filling stage (the rise in soil moisture evaporation caused by IBS), which deteriorated the growth environment of RW3 wheat plant.




Figure 4 | Changes in flag leaf relative water content (RWC) and chlorophyll content (CC) with the days after flowering of two cultivars (NS22 and NS44) under four kinds of drip irrigation configurations in 2020 and 2021. (A–C) represent RWC; (D, E) represent CC. TR4 represents a single tube serving four wheat rows under equal row spacing planting, WRHS was 15 cm, DTS was 60 cm; TR6 represents a common single tube serving six wheat rows under equal row spacing planting, DTS was 90 cm, WRHS was 15 cm; TR6L represents an enlarged single tube serving six wheat rows under wide–narrow row planting, DTS was 90 cm, WRHS was 10 cm, IBS was 35 cm; TR6S represents a shortened single tube serving six wheat rows under wide–narrow row planting, DTS was 80 cm, WRHS was 10 cm, IBS was 25 cm. 1 indicates 2020; 2 indicates 2021. RW1, RW2, and RW3 represent the first, second, and third rows of wheat plants close to the drip tube, respectively. All the values are average of three replicates. Means that do not share the same letters in the column differ obviously at p < 0.05. Bars represent standard deviation.






3.5 Flag leaf area

Under TR4, the flag leaf area (FLA) in RW1 exhibited no significant distinction from RW2 for both cultivars (Figure 5), the FLA of NS44 was significantly larger than that of NS22. Under TR6, the FLA of both NS22 and NS44 showed RW1 > RW2 > RW3. Compared with RW1, the FLA decrease in RW3 of NS22 (23.09%) was significantly higher than that of NS44 (14.80%). After the TR6 was processed to narrow WRHS and add IBS (TR6L and TR6S), the FLA of both NS22 and NS44 showed RW3 > RW1 > RW2. Compared with RW1, the FLAs in RW3 of NS22 significantly increased by 5.05% and 4.21%, and those of NS44 increased by 6.63% and 5.04%. It was worth mentioning that compared with TR6RW2, the FLA in RW2 of NS22 and NS44 under TR6L and TR6S decreased, indicating that the flag leaf development of RW2 may be inhibited due to insufficient ventilation and light transmission after narrowing the row spacing, The decreases of NS44 (4.28% and 14.28%) were greater than those of NS22 (3.73% and 12.68%), which were probably related to the fact that NS44 had a stronger environmental adaptability.




Figure 5 | Changes in flag leaf area of two cultivars (NS22 and NS44) under four kinds of drip irrigation configurations in 2020 and 2021. TR4 represents a single tube serving four wheat rows under equal row spacing planting, WRHS was 15 cm, DTS was 60 cm; TR6 represents a common single tube serving six wheat rows under equal row spacing planting, DTS was 90 cm, WRHS was 15 cm; TR6L represents an enlarged single tube serving six wheat rows under wide–narrow row planting, DTS was 90 cm, WRHS was 10 cm, IBS was 35 cm; TR6S represents a shortened single tube serving six wheat rows under wide–narrow row planting, DTS was 80 cm, WRHS was 10 cm, IBS was 25 cm. 1 indicates 2020; 2 indicates 2021. RW1, RW2, and RW3 represent the first, second, and third rows of wheat plants close to the drip tube, respectively. All the values are average of three replicates. Means that do not share the same letters in the column differ obviously at p < 0.05. Bars represent standard deviation.






3.6 Chlorophyll fluorescence parameters

Under TR4, TR6, TR6L, and TR6S, with DAF, the actual photochemical efficiency of PSII (ΦPSII) and photochemical quenching coefficient (qp) of both NS22 and NS44 showed a trend to decline, and the decline was slow in the early period and sharp in the later period (Figure 6). The non-photochemical quenching coefficient (NPQ) showed a trend to increase. Under TR6, at 7, 13, 19, 25, and 31 DAF, the ΦPSII and qp of both NS22 and NS44 showed RW1 > RW2 > RW3, while the NPQ showed RW3 > RW2 > RW1.Compared with RW1, the ΦPSII and qp in RW3 of NS22 and NS44 significantly decreased by 1.19%–33.35%, and the NPQ significantly increased by 5.52%–49.09%. After the TR6 was processed to narrow WHRS and add IBS (TR6L and TR6S), at 7, 13, 19, 25, and 31 DAF, the ΦPSII and qp in RW3 of both NS22 and NS44 were significantly higher than those in TR6RW3, and the NPQ was significantly lower than that of TR6RW3. At 7, 13, and 19 DAF, the ΦPSII and qp in RW3 were higher than those in RW1 and lower than those in RW1 at 25 and 31 DAF, which may be related to the fact that the inter-block near RW3 could bring marginal advantage in the early grain-filling stage, while in the late grain-filling stage, it would cause deterioration of the wheat plant growth environment.




Figure 6 | Changes in actual photochemical efficiency of PSII (ΦPSII), photochemical quenching coefficient (qp), and non-photochemical quenching coefficient (NPQ) of flag leaf with the days after flowering of two cultivars (NS22 and NS44) under four kinds of drip irrigation configurations in 2020 and 2021. (A–C) represent ΦPSII; (D–F) represent qp; (G–I) represent NPQ. TR4 represents a single tube serving four wheat rows under equal row spacing planting, WRHS was 15 cm, DTS was 60 cm; TR6 represents a common single tube serving six wheat rows under equal row spacing planting, DTS was 90 cm, WRHS was 15 cm; TR6L represents an enlarged single tube serving six wheat rows under wide–narrow row planting, DTS was 90 cm, WRHS was 10 cm, IBS was 35 cm; TR6S represents a shortened single tube serving six wheat rows under wide–narrow row planting, DTS was 80 cm, WRHS was 10 cm, IBS was 25 cm. 1 indicates 2020; 2 indicates 2021. RW1, RW2, and RW3 represent the first, second, and third rows of wheat plants close to the drip tube, respectively. All the values are average of three replicates. Means that do not share the same letters in the column differ obviously at p < 0.05. Bars represent standard deviation.







4 Discussion



4.1 Effects of different drip irrigation configurations on yield traits and economic benefit

Scarcity of fresh water resources has seriously affected wheat production in the arid and semiarid areas (Anwaar et al., 2019; Shen et al., 2013). one promising solution is to develop high irrigation efficiency systems, such as surface drip irrigation, which could save approximately one-third of fresh water annually compared to flood irrigation (Wang et al., 2018; Yang D et al., 2020). In Xinjiang (northwest region of China), surface drip irrigation systems have been successfully applied to the production of crash crops, such as cotton (Wang et al., 2019) and corn (Guo Q et al., 2021), since 1996, and in 2008, mature crash crop drip irrigation systems were first applied to wheat production (Chen et al., 2015). Due to the limitation on horizontal movement distance of water, a single tube serving four rows of wheat (row space was 15 cm) configuration (TR4, two wheat rows on each side of the drip tube) was established and popularized. However, in recent years, due to the continuous increase in the price of the drip tube, the disadvantage of TR4 requiring a large amount of drip irrigation tubes (high investment) has become increasingly prominent, and the development of wheat drip irrigation system encountered new challenges (Lv et al., 2019). Changing the ratio of drip tube to wheat row and adjusting wheat row spacing may be a new way to increase drip-irrigated wheat yield and economic benefits (Lv et al., 2019; Wan et al., 2022). In this study, it was found that under TR4, the grain income and economic benefits of NS44 (3,199.27 and 2,211.50 US$ ha−1) were significantly higher than those of NS22 (3,024.80 and 2,037.03 US$ ha−1), which was consistent with the research results of Yang JP et al. (2020) and Wan et al. (2022). Further analysis found that the panicle numbers in RW1 and RW2 of NS44 were significantly less than those of NS22 by 17.25% and 17.12%, while the GWP (19.77% and 19.80%), TGW (21.44% and 20.69%), growth period (6.90% and 8.14%), and AGFR of superior (6.61% and 5.95%) and inferior (6.72% and 5.47%) grains were significantly higher than those of NS22. These suggested that the yield strategies of NS22 and NS44 may differ under the TR4 system. NS22’s yield relied more on the population quantity (number of panicles), whereas NS44 depended more on individual quality (GWP). Consequently, it can be inferred that wheat varieties, such as NS44 (with higher GWP and lower tillers), could be better suited for planting with drip irrigation systems. After increasing the DTS from 60 to 90 cm under 15-cm equal WRHS condition (TR6), the yields of NS22 and NS44 were significantly decreased by 9.93% and 9.04%, and the superior (10.60% and 4.89%) and inferior (23.19% and 7.78%) grain weight per panicle and GWP (13.95% and 5.76%) were significantly decreased. These indicated that under TR6, the yield decrease of NS22 was higher than that of NS44, which was related to the decrease in GWP, especially in inferior grain. This was consistent with the result of previous research that there are variety differences in the adaptability of wheat to changes in growth environment (Yang et al., 2022), and inferior grain was more sensitive to environmental factors (Luo et al., 2019). The TGW of NS44 (6.62%) decreased more than that of NS22 (3.55%), which may be related to the smaller decrease in the number of inferior grains per panicle compared to that of NS22. This further indicated that to clarify the grain weight of wheat, it was necessary to analyze superior and inferior grains separately (Jiang et al., 2003). From the results of GWP (superior and inferior) and yield in RW1, RW2, and RW3 under TR6, both NS22 and NS44 showed RW1 > RW2 > RW3, and the difference was significant. Compared with RW1, the GWP, panicle number, and yield in RW3 of NS22 and NS44 decreased by 19.75%, 9.00%, 18.39%, 9.77%, 4.57%, and 16.68% respectively. Therefore, we inferred that the yield decrease in RW3 was the main reason for the decrease in yield under TR6, which was consistent with previous research (Wan et al., 2022). After TR6 was processed to narrow WHRS and add 35-cm IBS (TR6L), the GWP of NS22 and NS44 compared with TR6 increased by 6.80% and 1.59%, and the GWP and yield in RW3 were significantly higher than those of TR6RW3 by 26.05%, 19.64%, 10.50%, and 20.35%. However, the yields of TR6L were still lower than that of TR4 by 9.88% and 5.35%. In this situation, we determined that the 35-cm IBS may be too wasteful of land. After shortening IBS from 35 to 25 cm (TR6S), the yield of NS22 and NS44 compared with those of TR6 increased by 7.24% and 8.79%, and the economic benefits were higher than those of TR4, TR6, and TR6L by 3.18%, 11.39%, 9.12%, 5.47%, 11.50%, and 3.86%, and the results were consistent between 2020 and 2021. It was worth noting that the GWPs in RW1 of both NS22 and NS44 under TR6S were significantly lower than those of TR6RW1 and TR4RW1, which was probably due to the deficiency in photosynthetic radiation caused by the 10-cm WHRS. For both NS22 and NS44, the panicle numbers of RW1 and RW2 under TR6S were significantly lower than those of TR4, TR6, and TR6L, which was probably due to inadequate sowing density per row resulting from the rise in the number of wheat rows within a given unit of area. Thus, we believed that the TR6S should continue being optimized by improving photosynthetic radiation of RW1 (adopting slope planting, as shown in Supplementary Figure 3) and appropriately increasing the sowing density.




4.2 Effects of different drip irrigation configurations on photosynthetic physiology of flag leaves and grain filling

The yield potential of wheat is divided into the following three major components: the panicle number per unit area, the grain number per panicle, and the grain weight (Yu, 2013). As the final yield component, grain weight is mainly determined by grain-filling rate and period (Brocklehurst, 1977; Yang and Zhang, 2006). Flag leaf is the most important photosynthetic organ in the process of grain filling (Evans and Rawson, 1970), and the photosynthetic physiological processes of the flag leaf are very sensitive to soil water content (Kang et al., 2016). Studying the changes in grain weight of superior and inferior grains and photosynthetic physiology of the flag leaf with DAF under different DTS and WRHS conditions has important implications for clarifying the formation mechanism of drip-irrigated wheat grain yield and would provide optimization suggestions for establishing lower-cost wheat drip irrigation system. In this study, it was found that under TR4, the FLA of both NS22 and NS44 showed no significant difference between RW1 and RW2, and the FLA of NS44 was significantly bigger than that of NS22 by 18.07%, which may be the direct reason NS44 has a higher GWP compared with NS22. This was consistent with previous research suggesting that under abiotic stress conditions, developed source organs play an important role in coping and adapting to the environment, which, in turn, increase crop yield (Gui et al., 2021). After increasing the DTS from 60 to 90 cm under a 15-cm equal WRHS condition (TR6), the FLA of both NS22 and NS44 showed that RW1 > RW2 > RW3. The difference was significant, which was consistent with the results of previous studies that there was a significant difference in the leaf area index between rows of wheat under an enlarged drip irrigation system (Chen et al., 2015). At the same time, this study also found that after the TR6 was processed to narrow WRHS and add IBS (TR6L and TR6S), the FLA in RW3 of both NS22 and NS44 significantly increased, while the FLA in RW1 decreased. This indicated that flag leaf growth was very sensitive to environmental changes. Thus, we inferred that the size of the FLA could be used to simply determine the quality of the wheat growth environment during the booting stage. For both NS22 and NS44, there was no significant difference between RW1 and RW2 in the final superior and inferior grain weight, AFR, and growth period under TR4, while after increasing the DTS from 60 to 90 cm under a 15-cm equal WRHS condition (TR6), the final superior and inferior grain weights of NS22 and NS44 decreased by 5.11%, 8.67%, 2.51%, and 3.31%, respectively. The decrease in NS44 was lower than that in NS22, and both NS22 and NS44 showed greater influence on inferior grain than on superior grain. Under TR6, TR6L, and TR6S, the superior and inferior grain weights and grain-filling rate in RW3 of both NS22 and NS44 at 7 DAF were significantly higher than those in RW1, TR4RW1, and TR4RW2, which was possibly due to the inappropriate growth environment of RW3 before flowering, and the environment led to an increase in transportation rate of dry matter stored in vegetative organs to grains, which was consistent with previous studies (Yang et al., 2001). Under TR6, for both of NS22 and NS44, the Pn, E, RWC, CC, ΦPSII, and qp of the flag leaf in RW3 at 7, 13, 19, 25, and 31 DAF were significantly lower than those in RW1, TR4RW1, and TR4RW2, and the gap between RW3 and RW1 increased with the grain-filling process indicating that under a single tube serving six wheat rows configuration, the flag leaf photosynthesis of RW3 was restricted by the environment during the whole grain-filling period, and the restriction was intensified with the grain-filling process. After TR6 was processed to narrow WHRS and add IBS (TR6L and TR6S), at 7, 13, 19, 25, and 31 DAF, the Pn of NS22 and NS44 under TR6L increased by 6.01%, 6.98%, 9.75%, 6.05%, 12.49%, 2.36%, 1.94%, 2.46%, 7.54%, and 7.38%, respectively, and under TR6S, they increased by 5.15%, 6.19%, 7.58%, 7.17%, 11.09%, 2.10%, 1.60%, 1.88%, 7.13%, and 3.92% respectively. At the same time, the E, RWC, CC, ΦPSII, and qp under TR6L and TR6S all showed varying degrees of increase, and the Ci and NPQ all showed varying degrees of decrease. These indicated that an enlarged drip irrigation system using a wide–narrow row configuration to plant wheat could improve the photosynthetic physiological status of flag leaves, which may be related to the improvement of soil water and fertilizer caused by a narrow wheat row and the marginal advantage of plant growth brought by a wide wheat row. Based on the results of this study, the possible regulatory model of a drip irrigation pattern on wheat grain yield was proposed (Figure 7). From the results of Pn in RW1, RW2, and RW3 under TR6L and TR6S, for both NS22 and NS44, the Pn values of RW3 were significantly higher than those of TR6RW3 at 7, 13, 19, 25, and 31 DAF. Compared with RW1, at 7, 13, and 19 DAF, the Pn values in RW3 of NS22 (TR6L: 7.64%, 5.51%, and 1.47%; TR6S: 5.95%, 2.18%, and 1.74%) and NS44 (TR6L: 7.42%, 8.50% and 0.86%; TR6S: 5.87%, 1.80% and 1.70%) significantly increased, while at 25 and 31 DAF, the Pn values of RW3 (NS22: 28.07%, 45.35%, 29.49%, and 33.70%; NS44: 18.77%, 44.61%, 18.49%, and 31.55%) significantly decreased. These indicated that TR6L and TR6S could improve the photosynthetic physiology of RW3 in the early grain-filling stage, while in the late grain-filling stage, the photo-system of the flag leaf may still be damaged due to unsuitable growth environments, which may be due to the rise in temperature during the late grain-filling stage (IBS induced an increase in potential soil moisture evaporation). Thus, we believe that the TR6S should continue being optimized by adjusting irrigation and fertilization strategies (time and amount) to ensure that the demands of different rows of plants are adequately met.




Figure 7 | Path analysis of all test factors on wheat yield. SGW and IGW represent superior and inferior grain weights, respectively. All numbers represent the direct path coefficient.







5 Conclusions

After increasing the DTS from 60 (TR4) to 90 cm (TR6) under a 15-cm equal WRHS condition, the yield of both NS22 (9.93%) and NS44 (9.04%) decreased significantly. The primary cause for the reduction in yield can be attributed to the decrease in GWP of RW3. The decrease in GWP was caused by the reduced grain-filling rate, and a decrease in inferior grain was higher than that of superior grain. The decline in grain-filling rate was related to the decrease in FLA, Pn, CC, RWC, ΦPSII, and qp of R3. After TR6 was processed to narrow WHRS (from 15 to 10 cm) and add IBS (TR6L: 35 cm and TR6S: 25 cm), the AFR of superior and inferior grains in RW3 of both NS22 and NS44 significantly increased. Among TR4, TR6, TR6L, and TR6S, for both NS22 and NS44, the yields of TR6S were significantly higher than those of TR6 and TR6L, and both cultivars showed the highest economic benefits under TR6S. Based on the results of this study, we recommend the TR6S to be further optimized by improving the photosynthetic radiation of RW1 appropriately increasing sowing density and adjusting irrigation and fertilization strategy.
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Introduction: Potatoes are one of the world’s most important agricultural crops, with potential for making a major contribution to global food security. This study shows how a biostimulant derived from a plant extract can improve potato crop yield and global food supply. Successful potato production currently requires significant levels of inputs including fertiliser, pesticides and irrigation, however non-microbial plant biostimulants or mixtures of biostimulants with synergistic actions, have the capacity to reduce inputs and improve the sustainability of intensive agriculture.

Methods: A complex biostimulant containing a number of flavonoids including protocatechuic acid, quercetin, chlorogenic acid, coumaroyl quinic acid and gentistic acid was tested against three potato varieties for its efficacy in improving plant growth characteristics and tuber production in controlled and field environments.

Results: In containers, complex biostimulant treatment enhanced photosynthetic ability, with elevated levels of chlorophyll, higher specific leaf areas and significantly larger leaf assimilation areas. Treatment also significantly increased tuber yield by an average of 33% in tuber weight across three potato varieties and shifted tuber production toward larger sized tubers. The biostimulant derived from flavonoids was also assessed in 6 commercial potato crops and consistently increased total yield (average 5.2%) and marketable yield, representing an increase in margins of UK£700 per hectare across the 6 crops. Similar increases in yield were seen when comparing chitted and unchitted seed potatoes and both types of seed responded positively to biostimulant application. Biostimulant treatment had no significant effects on tuber specific gravity, dry matter percentage and starch content, except at one location where these quality characteristics were higher in the control plants.

Conclusion: The flavonoid based complex biostimulant produced significant effects on potato yield and quality in both container experiments and in field trials indicating its potential for contributing to sustainable potato production.

Keywords
 potato; complex biostimulant; flavonoid; yield; quality; nutrient use efficiency; plant biostimulant; global food supply


1 Introduction

Potato (Solanum tuberosum L.) is one of the most important agricultural crops, and its production makes a significant contribution to global food security. This is mainly due to its relative ease of production and high potential yields (Wijesinha-Bettoni and Mouillé, 2019). Potato cultivation occupies an area of 17.6 Mha producing 365 Mt of tubers, with 80% of the crop grown in Europe and Asia (FAO, 2021).

Potato growers and researchers have developed a range of methods to maximise yields and optimise quality parameters including marketable tuber size, shape, absence of defects, skin finish, flavour, colour, nutritional composition (e.g., vitamin C, protein) and the texture of cooked or processed tubers (Stark et al., 2020). Many of these tuber quality parameters (e.g., tuber texture and colour of cooked and processed potato products) are affected by starch, sugar, phenolics and vitamin C content, so the ability to manage potato physiology and metabolism (e.g., carbohydrate and nitrogen metabolism) is key to managing crop condition.

Abiotic stress, in particular drought, salinity and extreme temperatures, is the primary cause of crop loss worldwide, reducing average yields for most major crop plants by more than 50% (Wang et al., 2003). These abiotic stresses are expected to have an increasingly negative impact worldwide, posing serious concerns for crop productivity, and thus food security. To help overcome this, the application of non-microbial and microbial biostimulants has been highlighted as one of the most promising and efficient drivers for sustaining crop yields (Rouphael et al., 2018; Rouphael and Colla, 2018). Two of the main factors which influence potato yield and quality are the supply and availability of soil nutrients (Naumann et al., 2020). Increasing soil nutrient availability and nutrient use efficiency is therefore fundamental in sustainable potato production, helping avoid an excessive use of external inputs (Guzman, 2018) without compromising crop performance. As with many other crops, evidence is growing to support the view that plant biostimulants can play a significant role in enhancing potato production (Caradonia et al., 2022).

In 2022 EC fertilising products Regulation (EU) 2019/1009 was implemented, providing a standard framework for regulating microbial and non-microbial biostimulants in Europe. The regulation uses a functional definition of plant biostimulants, i.e., materials able to stimulate plant nutrition processes (regardless of the nutrient content), with the aim of improving nutrient use efficiency, tolerance to abiotic stress, quality traits and the availability of confined nutrients in the soil or rhizosphere. Non-microbial plant biostimulants include humic and fulvic acids (HFA), animal and vegetal protein hydrolysates (PHs), chitosan (Chi), seaweed extracts (SWE), plant extracts (PE) and silicon (Si) whereas microbial plant biostimulants consist of fungal and bacterial strains (Caradonia et al., 2019). Notably, plant biostimulants do not include actives which act as plant protection products (e.g., fungicides, insecticides, nematicides).

When growing crops farmers must have a profitable and sustainable production system in place. Therefore, it is important to deliver an economic gain when adding additional inputs such as biostimulants. This can be realised in many different forms, such as reduced use of fertilisers and other agrochemical inputs, more efficient use of water, more efficient land use, increased crop yield, improved crop quality, better disease tolerance, faster recovery from stressful events, shorter time to harvest and market, greater homogeneity of germination and crop, and improved processing efficiencies or a combination of these.

Li et al. (2022) presented a meta-analysis of biostimulant yield effectiveness in field trials. This demonstrated that crop responses to biostimulant application depended on the biostimulant type, application method, crop category, soil properties and climate. In general, the greatest responses were observed after application of biostimulants based on plant extracts and in crops growing in sub-optimal conditions.

Several biostimulants can be combined to produce more complex biostimulant formulations which may elicit a synergistic response in the target crop (Rouphael and Colla, 2018; Asif et al., 2023). These can be non-microbial or microbial combinations and may include mixtures of single source biostimulants along with bioactive compounds from other sources. In the case of non-microbial/microbial mixtures, care must be taken to ensure that the microbes remain viable when exposed to varying concentrations of the other complex biostimulant components. Several biostimulants can be combined to produce more complex biostimulant formulations which may elicit a synergistic response in the target crop (Rouphael and Colla, 2018; Asif et al., 2023). These can be non-microbial or microbial combinations and may include mixtures of single source biostimulants along with bioactive compounds from other sources. In the case of non-microbial/microbial mixtures, care must be taken to ensure that the microbes remain viable when exposed to varying concentrations of the other complex biostimulant components. Campobenedetto et al. (2021) discussed the use of complex combinations of bioactive components and their effects on root architecture and salinity tolerance in tomato plants. They recognised that biostimulant composition can range from single compounds to complex combinations.

Wise et al. (2024) gained further insights into the actions of complex biostimulants and their individual components when they investigated the effects of a biostimulant complex (BC) on cannabis root development, root architecture and nutrient utilisation.

Flavonoids, the most abundant polyphenols produced by plants, are products of secondary metabolism and participate in multiple metabolic processes. Flavonoids control major features of the plant phenotype through actions such as modulation of protein activity (acting as transcription regulators), influencing the plant auxin/cytokinin balance and determining whether apical or lateral growth predominates. Many plant flavonoids exhibit antioxidant activity, protecting plant tissues from damage by reactive oxygen species (ROS) or oxidative distress. Other flavonoids act as allelo-chemicals, participating in plant defence against microbial infection, herbivorous insects and nematodes. These allelochemicals can also influence plant to plant interactions, impacting on the establishment and growth of neighbouring plants and reducing competition (Kong et al., 2019). Over 4,000 different plant flavonoid molecules have been identified and many have the potential to be highly active plant biostimulants.

Much of the published research regarding flavonoid use has been conducted to induce plant defence systems under unfavourable biotic and abiotic conditions (Nakabayashi et al., 2014; Davies et al., 2018). Significantly, Shah et al. (2022), investigating the biostimulant effects of a flavonoid extract, found that foliar applications could improve soybean (Glycine max) and canola (Brassica napus) growth.

The biostimulant MX42SEK (Maxstim Ltd., Elstead, Surrey, UK) is a plant extract rich in flavonoids and containing vegetal protein hydrolysates, organic acids, plant derived amino acids and seaweed (Ascophyllum nodosum) extract. Tests of this complex biostimulant have shown positive responses in a wide range of plants. Here we report on the response of potato (Solanum tuberosum) to MX42SEK in a series of container-based tests and commercial field trials.



2 Materials and methods


2.1 Biostimulant

A liquid suspension biostimulant, MX42SEK, comprising of bioflavonoids including protocatechuic acid, quercetin, chlorogenic acid, coumaroyl quinic acid and gentistic acid, seaweed extract, plant based amino acids, carbohydrates and trace elements was supplied by Maxstim Ltd., Elstead, Surrey, UK.



2.2 Use of complex biostimulant on potato in container experiments

During 2022, the response of 3 potato varieties (Maris Piper, Navan, Lady Rosetta) to MX42SEK was assessed in a replicated (x5) container experiment. Each replicate comprised 3 untreated control plants and 3 treated with MX42SEK. Tubers (Maris Piper 40–50 mm diameter) were planted in 30 litre containers containing a 70:30 v/v compost/sand mixed with 45 g of OSMOCOTE Pro TE 3-4Ms (17:11:10). Plants were grown in fully randomised blocks in the open in full sunlight and watered as required. No fungicides were applied during the experiment.

In treated containers, 20 mL of 5% (w/w) MX42SEK was applied to the soil surface as a root drench at planting, with further applications at 20 days (full emergence of shoots), 40 days and 72 days post planting. Control plants were sprayed with 20 mL water on these dates.

80 days after first emergence, one replicate from each treatment was selected and leaf chlorophyll levels (Soil Plant Analysis Development - SPAD), leaf assimilation area and specific leaf area measured (Wadas and Kalinowski, 2017). The chlorophyll content was estimated using a portable chlorophyll metre SPAD-502 (Minolta, Osaka, Japan). The leaf greenness index (SPAD) reading provides a good estimate of the chlorophyll content of the leaf blade and are highly correlated (r = 0.97) with the analytical measurements of the chlorophyll content (Vos and Bom, 1993). The measurements were made on the youngest fully expanded leaf (i.e., the fourth or fifth leaf from the top).

134 days after planting when haulms in the remaining plants had fully senesced, tubers were collected, washed, size graded, counted and weighed.



2.3 Use of complex biostimulant on potato in commercial field crops

The effect of MX42SEK on potato (variety Maris Piper) was assessed in 6 commercial potato crops at 5 locations in the United Kingdom during the 2022 season (details of locations, soil types, agronomic information including planting and harvest dates are shown in Table 1). Field preparation, pre-plant fertilisation, planting (26,000 seed tubers per ha) and all subsequent agronomic procedures were performed by the growers following their standard farm practises. The trials at one location included a comparison of chitted and unchitted seed potatoes. In order to encourage rapid sprout emergence after planting, seed potatoes are commonly physiologically aged {chitted) by incubating tubers under carefully managed temperature and light conditions (Dines, 2021). The use of chitted seed potatoes can be used to achieve an early harvest.



TABLE 1 Location, site information and crop protocols for 6 commercial trials.
[image: Table1]

Biostimulant was applied by each grower following the schedule outlined in Table 2. Four applications of 10 litres ha−1 MX42SEK were applied in 200 litres water during the season using 36 m boom sprayers and flat fan nozzles with a double overlap spray pattern. The following treatments were applied: The first treatment was applied to the seed potatoes immediately after planting; the second treatment was applied to the plants after 20–30 cm full emergence; the third treatment was applied when the adjacent canopies met in the middle; and the fourth application went on the crop at flowering.



TABLE 2 Timing and rates of biostimulant application in commercial potato trials.
[image: Table2]

For assessment, in each crop, a randomised block experimental design (6 replicate plots of 20m2 per treatment) was used in each of the crops and with plots chosen using a randomiser (Haahr, 2023). At harvest, tubers in the assessment plots were collected and removed for washing, size grading, counting and weighing.

For each size grade, a Weltech Digital Hydrometer (Pot/Hyd-PW4) was used to calculate the dry matter content, starch percentage, underwater weight and specific gravity of the harvested potatoes using the weight in water method (Kleinkopf et al., 1987; United States Department of Agriculture, 1997; Yildrim and Tokusoglu, 2005; Mohammed, 2016).



2.4 Statistical analysis

Two-way ANOVA followed by Šídák’s multiple comparisons test was performed using GraphPad Prism version 10.1.0 for Windows, GraphPad Software, Boston, Massachusetts USA, www.graphpad.com (RRID:SCR_002798).




3 Results


3.1 Effect of complex biostimulant on potato in container experiments

The biostimulant treatment significantly increased tuber yield (average 33% in tuber weight) in all 3 potato varieties tested – [ANOVA analysis Variety F (2, 18) = 100.1, p < 0.001]. Biostimulant [F (1, 18) = 83.25, p < 0.001]. Maris Piper exhibited the largest yield increase and Lady Rosetta the lowest yield increase (Figure 1). The biostimulant treatment also increased average tuber number per plant by 10.4% [Variety F (2, 18) = 66.95, p < 0.001; Biostimulant F (1, 18) = 6.18, p = 0.023; Interaction F (2, 18) = 0.599, p = 0.560] (Figure 2).
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FIGURE 1
 Effects of MX42SEK biostimulant on yield per plant in three potato varieties.


[image: Figure 2]

FIGURE 2
 Effects of MX42SEK biostimulant on number of tubers per plant in three potato varieties.


In all three varieties, based on both tuber weight and tuber number, tuber size shifted toward the larger grades when plants were treated with the biostimulant (Tables 3, 4). This was most pronounced in sizes 45–65 mm and 65–85 mm which comprise the marketable grades for most potato growers (Table 3).



TABLE 3 Mean yield (g) per plant for different tuber size classes in three potato varieties treated with biostimulant (MX42SEK).
[image: Table3]



TABLE 4 Tuber number per plant for different size classes in three potato varieties treated with biostimulant (MX42SEK).
[image: Table4]

Leaf analyses provided an indication of some of the physiological effects of biostimulant treatment. Mean chlorophyll levels (SPAD) were higher (average 4%) in all 3 varieties, with a p = 0.055, just outside statistical significance (Table 5).



TABLE 5 Effects of biostimulant treatment on chlorophyll levels (SPAD), leaf assimilation area and specific leaf area in three potato varieties.
[image: Table5]

Similarly, mean leaf assimilation area and mean specific leaf area were both higher in biostimulant treated plants for the varieties tested. This increase was statistically significant for leaf assimilation area (p = 0.015).



3.2 Effect of complex biostimulant on potato in commercial field crops

At all six commercial Maris Piper potato trial locations, potato yields between 56 and 79 t/ha were observed. There were significant differences in between locations with the highest yield recorded at Lodge and the lowest at Ramsey. The crops showed a consistent response to biostimulant treatment, with total yields increasing by an average of 5.2% (Figure 3). A positive response to biostimulant treatment was also apparent in the marketable yield (45–85 mm grades) at all the locations (Figure 4). The trials at the Danehill LO6 location tested crops planted with chitted and unchitted seed potatoes. No significant differences in total yield or marketable yield were found between crops planted with chitted and unchitted Maris Piper seed, with or without biostimulant.

[image: Figure 3]

FIGURE 3
 Effects of MX42SEK biostimulant on total tuber yield in six commercial Maris Piper potato crops. Interaction F (5, 60) = 0.069, p = 0.996; Trial F (5, 60) = 17.09, p < 0.001; Biostimulant F (1, 60) = 6.010, p = 0.0172.


[image: Figure 4]

FIGURE 4
 Effects of MX42SEK biostimulant on marketable tuber yield in six commercial Maris Piper potato crops. Interaction F (5, 60) = 0.264, p = 0.931; Trial F (5, 60) = 15.68, p < 0.001; Biostimulant F (1, 60) = 5.613, p = 0.0211.


Mean tuber weight was higher in biostimulant treated plots in 5 out of 6 crops but differences were not statistically significant. Lowest mean tuber weights were found at the Ramsey site (Table 6). There was no evidence of a significant biostimulant effect on tuber size distribution in the commercial crops (Tables 6, 7).



TABLE 6 Mean tuber weight and mean tuber yields (as a % of total yield) for different tuber size classes for biostimulant treated and untreated tubers from six commercial potato crops (standard error in brackets).
[image: Table6]



TABLE 7 Mean percentage (with standard error) tuber number in different size classes for biostimulant treated and untreated tubers from six commercial potato crops.
[image: Table7]



3.3 Tuber characteristics

At each of the six locations, levels for specific gravity, dry matter and starch content in harvested tubers were within the normal range for Maris Piper. Comparing biostimulant treated and untreated potatoes there were no significant differences (p = 0.05) in specific gravity, dry matter and starch content at 5 of the locations (Table 8). At a single site, Ramsey, untreated tubers had significantly higher specific gravity, dry matter percentage and starch content.



TABLE 8 Mean (with standard error) specific gravity, starch content and dry matter values for biostimulant treated and untreated tubers from six commercial potato crops.
[image: Table8]




4 Discussion

Whilst previous studies Colla et al. (2017), Savvas and Ntatsi (2015), Sible et al. (2021) have examined the effects of biostimulants such as humic acid, hydrolysed proteins/amino acids, silicon and microalgae/seaweed extracts, the results presented here have demonstrated that treatment with MX42SEK, a flavonoid based complex biostimulant, can induce significant effects in the growth of early and maincrop potatoes, in both container experiments and in commercially grown field crops.

Meyling and Bodlaender (1981) examined the interactions between growth, development and tuber production across 6 potato varieties. They noted that variation in yields were associated with genetic differences affecting the rate of stem growth and development, as well as in photosynthetic characteristics such as leaf efficiency and leaf area. Growth was also strongly influenced by physiological differences, for example “earliness” of a particular potato variety, and by abiotic factors such as nitrogen availability and weather. Many of these yield and growth characteristics can also be influenced by plant biostimulants (Sanli et al., 2013; Sible et al., 2021). In addition, Caradonia et al. (2022), noted in their review that quality factors such as tuber size, specific gravity, dry matter, protein levels, vitamin C and starch content also respond to a wide variety of biostimulant treatments, including Humic substances, seaweed extracts, amino acids, hydrolysed proteins and microorganisms.

The container experiments in this study were designed to assess the response of 3 potato varieties to the application of MX42SEK. Maris Piper is a medium yielding maincrop variety with low to medium resistance to drought stress. Navan is a medium yielding maincrop variety (bred from Maris Piper) with good drought tolerance, whilst Lady Rosetta is a moderately early crisping variety which delivers medium yields and shows good drought tolerance.

The container trials showed that MX42SEK increased tuber yield per plant by 33% across the 3 varieties. Varietal differences were apparent, with the response strongest in Maris Piper which showed a 50% increase in yield. Despite its close genetic affinity with Maris Piper, the yield response in Navan was more similar to Lady Rosetta. Głosek-Sobieraj et al. (2018) also noted varietal differences in the response to seaweed extracts based biostimulants. In the present study the three varieties also showed an increased tuber number per plant which in part contributed to the yield increases. Yield increases in all 3 varieties were also helped by a shift toward larger and more commercially desirable tuber sizes (Zarzyńska and Boguszewska-Mańkowska, 2024). This contrasts with the investigation of Röder et al. (2018) who showed that tuber yield gains after a foliar spray containing sugarcane fermented broth [with 30% (w/v) of the amino acid L-glutamic acid] occurred due to the better growth of tubers, not due to an increase in the number of tubers.

The factors and metabolism involved in tuber production are complex (Fernie and Willmitzer, 2001; Kloosterman et al., 2005). For example, tuber initiation usually occurs over a short 2 week period, and is directed by environmental factors such as photoperiod, temperature, soil moisture and nitrogen availability, with environment and plant interactions affected by planting period and climate (Thornton, 2020). Plant hormones are also involved in tuber initiation. Gibberellic acid (GA) is a growth promoter, and at high levels in the plant it promotes shoot growth whilst delaying tuber growth. Abscisic acid (ABA), is a growth inhibitor that will slow shoot growth whilst promoting tuber growth. A high GA/ ABA ratio favours shoot growth and delays tuber growth. A low GA/ABA ratio will promote tuber growth (Thornton, 2020). Potato tuber bulking is also affected by plant hormones, as well as the metabolic pathways controlling cell division and expansion, and carbohydrate and amino acid metabolism (Aksenova et al., 2012; Augustin et al., 2012). Biostimulants will influence many of these pathways therefore predicting how a particular potato genotype will respond to a biostimulant applied at a specific time and within a particular environment is difficult.

The capacity of a potato plant to photosynthesize is a major factor in driving vegetative growth and tuber production. Tuber bulking is the process of dry matter or biomass accumulation in tubers resulting from the translocation of carbohydrates produced by photosynthesis in the leaves. Thornton (2020) noted that over 90% of the dry matter in tubers (i.e., yield) at harvest is directly tied to the output from photosynthesis during this growth.

Leaf efficiency, leaf area, and the leaf area duration (the length of time the leaves are photosynthesising) are parameters which influence plant productivity (Meyling and Bodlaender, 1981). Consequently, evaluating photosynthetic capacity can be an effective tool for assessing plant productivity. This can be achieved by measuring the SPAD value (Soil Plant Analysis Development, Konica Minolta Optics) which determines the relative chlorophyll content in plant leaves. However the SPAD value does not always imply a higher potato yield (Su et al., 2007). They do give a reliable indication of chlorophyll levels and plant nutrient status, especially that of nitrogen (Chen et al., 2018). Plants treated with MX42SEK consistently displayed elevated levels of chlorophyll, as well as larger leaf assimilation and specific leaf areas. The increases were statistically significant for leaf assimilation area and differences were larger in the early cropping variety (Lady Rosetta), which senesced well before the 2 maincrop varieties. The increase in photosynthetic ability and potato plant growth are consistent with the effects of MX42SEK observed on other dicotyledonous and monocotyledonous plants (R. Salvage PhD unpublished) and confirm the efficacy of flavonoid based plant extracts as effective plant biostimulants.

The effects of MX42SEK on the photosynthetic tissues of potato also support the earlier observations of Wadas and Dziugiel (2019), Wadas and Dziugieł (2020a) who found treatment with humic acid, fulvic acid and seaweed based biostimulants increased the leaf assimilation area, although they found no significant changes in specific leaf area (SLA) or leaf chlorophyll content (SPAD value). They found that the SPAD value depended to a greater extent on the cultivar and weather or on the soil conditions during potato growth. Selim et al. (2012) also reported that humic acid applications raised chlorophyll levels. Sarhan (2011) also increased potato leaf chlorophyll content by up to 11% after applying 2 seaweed extracts, with the largest increase resulting from mixing the two products, raising the possibility of a synergistic effect of these two biostimulants. Cordeiro et al. (2022) improved tuber yields and chlorophyll levels using a biostimulant derived from microalgae, as did Mystkowska (2022) and Wadas (2021) using a silicon based biostimulant.

Along with rice, wheat, soybean and maize, potato is in the top 5 most important agricultural crops and a key part of securing global food security. Average potato yields worldwide are around 19 t Ha−1 but in efficient production systems, with good agronomy, significantly higher yields are attained. For example, in the UK, commercial potato yields in excess of 50 t Ha−1 are achieved regularly (AHDB, 2020) but Haverkort and Struik (2015) reported that with optimal conditions, yields of above 120 Mg ha−1 are feasible.

Plant biostimulants have a significant role to play in meeting these challenging targets within a sustainable production system (Rouphael et al., 2018; Rouphael and Colla, 2018). However, in many regions the lack of good quality data demonstrating the economic benefits and efficacy of these tools within a commercial production system has restricted their uptake by the industry. In the case of complex flavonoid based biostimulants, field data is very scarce and demonstrating the value of MX42SEK to a commercial grower requires high quality trial data.

The 6 commercial potato crops in this study were grown in a range of soil types in the southeast of the UK and produced between 56 and 79 t/ha. These yields are typical for well performing potato crops in this region (AHDB, 2020). Treatment with MX42SEK consistently increased yields (average 5.2%) in these crops. These % increases are lower than many of those reported in previous trials, however a review of the literature suggests that the larger biostimulant induced % yield increases occurred in low yielding crops and in smaller plot trials (see references in Figure 5).
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FIGURE 5
 Reported percentage potato tuber yield increases after non-microbial biostimulant treatment. Data from Alenazi et al. (2016), Andrejiová et al. (2023), Cordeiro et al. (2022), Dziugieł and Wadas (2020), El-Zohiri and Asfour (2009), Ginter et al. (2022), Karak et al. (2023), Kołodziejczyk and Gwóźdź (2022), Kumar et al. (2018), Prajapati et al. (2016), Pramanick et al. (2017), Röder et al. (2018), Sanli et al. (2013), Sarhan (2011), Selim et al. (2012), Selladurai and Purakayastha (2016), Souza et al. (2019), Suh et al. (2014), Verlinden et al. (2009), Wadas and Dziugieł (2020b), Wierzbowska et al. (2015), Zarzecka et al. (2020). Open circles are data points from the current study.


Figure 5 shows the reported yield increases in trials involving non-microbial biostimulants, including the six commercial potato crops from the current study. Most of the previously published reports were based on small scale plot trials using a wide range of potato varieties and subjected to different climates, as well as varying levels of nutrients, abiotic and biotic stresses. This analysis suggests that biostimulants usually elicit the largest yield increases in underperforming potato crops. The current trials using the next generation biostimulant delivered significant yield increases in potato crops already producing high tuber yields. Importantly, the yield increases following MX42SEK treatment were also apparent in the marketable yields.

Economically, even a relatively small increase in a highly productive crop can have a large positive effect on the grower’s margins. In the present study, and based on prices at time of harvest, margins increased on average UK£700 per hectare across the 6 potato crops.

An important step in commercial potato production is the management of seed tuber sprout development (Olsen and Kleinkopf, 2020). Chitting or physiological ageing is a process in which dormant buds are encouraged to develop sprouts by manipulating temperature and light conditions. The resulting early emergence after planting accelerates crop development and reduces the impact of weeds (Dines, 2021). Chitting also influences other aspects of crop growth. For example, Varis (1973) found that in addition to early faster growth, chitting decreased the number of stems, reduced the weight of the haulms and roots and decreased the number of tubers whilst increasing overall yield, especially that of large tubers.

The Danehill trial location was used to assess the impact of MX42SEK on both chitted and unchitted seed potatoes. No significant differences were found in yield when comparing treated chitted and treated unchitted seed and both types of seed responded positively to biostimulant application. Growers incur a cost in preparing chitted seed so a biostimulant treatment which allows the use of unchitted tubers would improve economic margins.

The ability to manage quality characteristics such as tuber biomass content, specific gravity and starch content is essential for producing crops intended for specific markets (e.g., fresh, processing, crisping) (Stark et al., 2020). For example, potatoes produced for processing must meet closely monitored specifications for starch and sugar content. Whilst variety selection is usually the major factor in producing a crop with the required quality attributes, the final quality of potatoes can be modified in the field by managing irrigation, nutrition and plant growth. Here abiotic factors influencing tuber maturity, cultivar- and season-variability can have a significant impact on the final quality (Alamar et al., 2017). Specific gravity will tend to be higher if potato tubers are able to complete their full potential growth cycle without periods of stress. Mature tubers will have higher specific gravities than immature tubers and anything that shortens or interrupts the tuber growth cycle will reduce tuber specific gravity. It is likely that biostimulants may also play a role in this management process (Stark et al., 2020).

As potato plants begin to senesce, tubers mature and their specific gravity (dry matter) increases, improving tuber quality for both processing and fresh market consumption. Free sugars are converted to starch, which leads to better quality frying and crisping. In storage, well matured tubers have lower respiration rates, remain dormant longer, sprout later and have greater resistance to pathogens. If tubers remain too long in the soil after the plants die back, starch may convert back to sugar, and the specific gravity declines. These over-mature tubers often have higher respiration rates in storage, will sprout earlier, and are more susceptible to bacterial rots (Thornton, 2020). It has been shown that biostimulants can delay senescence in potato (Röder et al., 2018), a process which is likely to produce significant changes in tuber composition.

The impact of biostimulant treatment on tuber quality parameters has been examined in a number of studies producing a range of outcomes. Maciejewski et al. (2007) found no differences in tuber dry matter and starch content after applying a nitrophenol-based biostimulant to potato (varieties Satina, Bila and Ditta). Similarly, Wadas and Dziugieł (2020b) using foliar applications of extracts from the seaweeds Ascophyllum nodosum and Ecklonia maxima, as well as humic and fulvic acids, did not observe any changes in dry matter, protein, total sugars, monosaccharides and sucrose or L-ascorbic acid content in tubers of early potato varieties. Kołodziejczyk and Gwóźdź (2022) reported that Ecklonia seaweed and amino acid biostimulants increased starch content in potato (variety Vineta), though the change was not statistically significant. Al-Bayati and Al-Quraishi (2019) also used seaweed biostimulants (A. nodosum extracts) and did record a significant increased dry matter content in mature tubers of early (‘Arizona’, ‘Riviera’) and medium-early (‘Agria’) potato varieties. Andrejiová et al. (2023) applying humic biostimulant, increased potato (a medium early variety Spinela) yield, as well as dry matter, starch and vitamin C content. Selim et al. (2012) found higher starch content in the tubers of those plants which were treated with humic acid derived biostimulant. Murashev et al. (2020) found that treatment with an amino acid biostimulant accelerated potato plant development (reducing the growing season by 5 to 10 days) and increased yield. At the same time, they recorded significant increases (15–17%) in starch content. The variation in recorded responses suggests a complex interaction between different potato genotypes, environment and biostimulant types.

In the MX42SEK Maris Piper trials, there were no quality differences found between treated and untreated tubers, except at the Ramsey site, where untreated tubers had significantly elevated specific gravity, dry matter percentage and starch content compared to Ramsey MX42SEK treated tubers and tubers from the other locations. This may be due to the in furrow initial biostimulant application which is different to all the other locations. This would need to be verified with further studies. Given that Maris Piper was used in all the trials, potato genotype can be discounted as contributing to the quality differences found at Ramsey. Seed potato physiological age is another possible variable. The Ramsey trial used unchitted seed potatoes but treated and control tubers from the other site using unchitted seed (Danehill LO6U) showed no differences in dry matter, specific gravity or starch content.

Ramsey was distinct from the other locations in one respect. All the other crops were fully irrigated whilst the Ramsey crop only received irrigation at the start of the growing season, during which, significant drought stress was experienced. Good potato yields are achieved when soil moisture levels are optimal and adequate nitrogen is available to the plant (Thornton, 2020). A sufficient level of nitrogen is necessary to maintain a high growth rate of the potato plant, leading to increased tuber yield but decreased tuber specific gravity. Insufficient nitrogen levels result in reduced leaf area and tuber size due to early leaf drop, whilst excessive nitrogen content in the soil leads to an increase in plant dry matter content and a decrease in the duration of tuber growth (Akkamis and Caliskan, 2023).

It is likely that interactions between abiotic stress, biostimulant treatments and the potato plant’s water and nitrogen management metabolism can result in significant tuber compositional changes. However further work on the response of drought stressed potato to MX42SEK is required in order to confirm the factors that may be involved in producing the tuber quality differences detected at Ramsey.

The confirmation that MX42SEK can enhance potato yields in well performing potato crops whilst maintaining tuber quality, indicates the potential for flavonoid based complex biostimulants in potato production. Li et al. (2022) reviewed the available biostimulant field data and found tuber crops to be least responsive to biostimulants. They also noted that biostimulant effects were most obvious in crops growing in sub-optimal conditions. MX42SEK was able to deliver consistent and significant yield increases in a number of well managed potato crops. The significantly greater yield response to MX42SEK in container experiments indicates the potential of the biostimulant to maintain yield stability in highly stressed crops, which are likely to be more frequent as climate and water stress impact more and more on potato production (Adekanmbi et al., 2023). The container experiments also suggested that responses to MX4SEK may be subject to varietal differences, so field trials using a number of different potato varieties would be important to confirm efficacy across potato varieties.

The current study shows that a complex biostimulant containing flavonoids can significantly increase the yield of potato, one of the world’s most important crop species. This may help mitigate the growing global food shortage and contribute to delivering global food security.
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Lodging reduces maize yield and quality. The improvement in maize lodging resistance has proven to be instrumental in maximizing the yield potential of maize varieties under high-density planting. Tillage practices accommodate larger groups by enhancing soil conditions. This study aimed to elucidate the impact of subsoil tillage in reducing the maize stalk lodging rate. The maize cultivars Xianyu 335 (XY335) and Zhongdan2 (ZD2) were selected for field experiments including two tillage methods, shallow rotary (RT) and subsoil (SS), and two densities, 75,000 plants ha−1 (D1) and 105,000 plants ha−1 (D2), were set up to investigate and analyze the changes of maize lodging rate and the related indexes of lodging resistance under SS and RT conditions. The findings revealed that under high density, as compared to rotary tillage, SS tillage decreased the plant and ear height by 9.01–9.20 cm and 3.50–4.90 cm, respectively. The stalk dry matter accumulation was enhanced by 8.98%–24.98%, while stalk diameter between two and seven internodes increased by 0.47– 4.15 mm. Stalk cellulose increased by 11.83% –12.38%, hemicellulose increased by 6.7%–15.97%, and lignin increased by 9.86%–15.9%. The rind puncture and crushing strength improved by 3.11%–20.06% and 11.90%–27.07%, respectively. The bending strength increased by 6.25%–27.96% and the lodging rate decreased by 1.20%–6.04%. Yield increased by 7.58%–8.17%. At SS tillage when density increased, the index changes in ZD2 were mostly less than those in XY335. The rind penetration strength, bending strength, crushing strength, stalk diameter, and dry matter accumulation all had a negative correlation with the lodging rate. It suggested that SS tillage was beneficial to lodging resistance and, in combination with stalk lodging-resistant varieties, can effectively alleviate the problem of stalk lodging after increased planting density.
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1 Introduction

Maize is one of the world’s and China’s major crops in both plant area and yield and plays a pivotal role in national food security. With the development of the Chinese economy and population growth, the demand for grain has shown a steady increase, and maize output will need to rise to fulfill the needs (Ghose, 2014; Tigchelaar et al., 2018). Increasing planting density and the number of effective harvested ears per unit area is one of the key cultivation measures to increase maize yield (Ma et al., 2014). In China, the average planting density of maize rose from 15,000 plants ha−1 in the 1950s to 60,000 plants ha−1 in 2010, and the average grain yield elevated from 1,000 kg hm−1 in the 1940s to 6,000 kg hm−1 in 2010 (Li et al., 2016). In recent years, the planting density of maize in China has grown from 99,500 plants ha−1 to 105,000 plants ha−1 (Kamran et al., 2018; Liu et al., 2021; Zhang et al., 2022).

Increasing planting density is an effective approach to increase maize yield with minimum input. However, as density increases, increased competitive pressure between plants changes the structure and function of maize plants and populations, thus affecting maize stalk morphology, carbohydrate accumulation and distribution, chemical components, root morphology and structure, and mechanical strength of stalks, and increasing the risk of lodging (Xue et al., 2020a; Sher et al., 2018; Zheng et al., 2021; Qi et al., 2023). Stalk lodging causes annual yield loss of up to 75% (Li et al., 2015) and reduces the quality of grain production (Da et al., 2016), becoming an important concern in modern maize production. The direct mechanized harvest and grain drying into storage can simplify the production link, improve production efficiency, aid in achieving large-scale production, and help realize progressive advancement in agricultural practices (Xue et al.,2018a). However, the high lodging rate hinders the large-scale popularization and application of whole-mechanized processes. Grain loss due to straw fall is higher than root fall because straw fall disrupts the transport of photosynthetic products, nutrients, and water (Shah et al., 2021). Lodging at silking and milk-ripening stages (R1 and R3) influence grain filling and yield, while stalk lodging (R6) at the dewatering stage after physiological maturity adversely impacts mechanical yield (Xie et al., 2022). Morphological characteristics of the plant, including plant height and ear height, and mechanical strength of the stalk, including crushing strength (CS) and bending strength (BS), are often strong indicators of maize stalk resistance, and these indicators are often closely related to tillage practices (Shi et al., 2016; Li et al., 2023).

Tillage affects soil structure, moisture, fertility, gases, heat, and other factors that influence crop root growth and yield formation. However, there is little information on how maize stalk traits respond to tillage practices and their effects on maize stalk resistance to lodging. Deep tillage (e.g., subsoiling, deep ploughing, or ripping, to a depth > 20 cm) has been shown to enhance the structure and health of compacted soils (Hamza and Anderson, 2005; Hall et al., 2010). Tillage affects various soil physical, biological, and chemical properties and thus also impacts crop yield. Previous studies have shown that deep tillage improves the soil properties in the tilled layer by reducing soil bulk density and penetration resistance (Varsa et al., 1997), increasing soil porosity, hydraulic conductivity, and infiltration rate (Laddha and Totawat, 1997), and creating a more favorable soil environment for root growth and crop production than shallow tillage. Conventional tillage with soil compaction resulted in barren summer maize, leading to low root stress resistance (Bian et al., 2016). As compared to shallow tillage and no tillage, subsoil (SS) tillage can break up the compacted hardpan layer without inverting it, decrease the soil bulk density and soil compaction, and increase the soil water content. This improves soil structure and, thus, promotes root growth and boosts maize yield (Sun et al., 2018; Xu et al., 2019; Wang et al., 2020b). Root fixation properties and stalk development complement each other, promoting the accumulation of material and mechanical strength formation of aboveground stalks, effectively reducing the rate of lodging. Liu et al. reported that subsoil significantly improved the vascular transport efficiency of the stalk and enhanced stalk strength. On the other hand, it also improves root vigor, facilitates water and nutrient uptake, promotes dry matter accumulation, and increases the mechanical strength of the stalks, ultimately improving resistance to lodging (Liu et al., 2013). Ma et al. demonstrated that subsoil can reduce the ear height of maize under dense planting conditions, slow down the densification pressure, and increase maize stalk puncture strength, CS, and BS to varying degrees, so as to optimize stalk morphology and mechanical traits, which is conducive to improving the resistance to lodging and efficiently accommodating larger populations (Liu et al., 2013; Ma et al., 2014; Zhang et al., 2015). Yu et al. showed that subsoil improves the soil environment, which promotes the growth of the root system and helps to absorb water and nutrients from deeper layers of the soil, and that the use of subsoil technology can further increase the planting density, giving full play to the yield potential of varieties (Yu et al., 2013). It can be seen that SS tillage can be one of the effective ways to exploit the potential of maize for densification and resistance to lodging. Therefore, an in-depth investigation of the effect of SS tillage on maize stalk resistance after densification will be of great significance for the application of SS tillage measures to improve maize resistance in production and for the realization of the full mechanization of maize.

The average plough layer is 18.5 cm in China (Li and Wang, 2010) and lower than 35 cm in the United States (Li and Wang, 2010). At a high density, constructing a reasonable soil topsoil layer can promote material accumulation during the formation of stem mechanical strength, and thus reduce the lodging risk. Therefore, it was hypothesized that SS tillage could improve the lodging resistance of maize stalks under high-density conditions. The present study was carried out to (1) elucidate the responses of plant morphology, dry matter accumulation, and mechanical characteristics to subsoiling tillage; and (2) evaluate the response of different maize varieties to SS tillage at different densities. The study’s findings provide ideas and technical assistance for the mechanized harvesting of maize as well as the densification and yield increase.




2 Materials and methods



2.1 Experimental site

During 2019–2020, the experiment was conducted in the Modern Agriculture Expo Park of China at Tu met Right Banner, Baotou City, Inner Mongolia (40°28′ 28′′, 110°29′ 5′′). The previous crop was maize and the soil type was sandy loam. Table 1 reflects the main meteorological elements in the growing period, while soil nutritional contents are listed in Table 2.


Table 1 | Main meteorological factors during the growth period in the experimental area.




Table 2 | Physical properties of the soil in the test area.






2.2 Experimental design

The experiment was conducted utilizing a re-split zone experiment design with three factors (Table 3): tillage method, planting density, and variety. In the main area of cultivation, two treatments were set: subsoil (SS) (35 cm) and traditional rotary tillage (RT) (15 cm);, the total area of the plot is 2,160 m2. The sub-plot included a density of 75,000 plants ha−1 (D1) (plot area, 180 m2; length, 30 m; width, 6 m; row space, 60 cm; and plant space, 22.22 cm) and 105,000 plants ha−1 (D2) (plot area, 180 m2; length, 30 m; width, 6 m; row space, 60 cm; and plant space, 15.87 cm). Two varieties with different lodging resistance were selected, namely, Xian yu335 (XY335) and Zhong dan2 (ZD2). Three replicates per treatment were established (15 m × 6 m, 90 m2 plots). The plots were subjected to continuous tillage on the same site with the same plots in 2019 and 2020.


Table 3 | Experimental design.



The sowing dates were 23 April 2019– and 26 April 2020–. Nitrogen fertilizer (225.0 kg hm−2), P2O5 (150.0 kg hm−2), and K2O (150.0 kg hm−2) were used in the test. Nitrogen fertilizer was applied at the jointing, V12, and silking stages in a ratio of 3:6:1, respectively. P2O5 and K2O were used as base fertilizers at one time. RT is representative of the typical tillage practice in the study area, and the soil was tilled to a depth of 20 cm with a rotary cultivator in the spring. The SS treatment was sub-soiled to a depth of 35 cm with an interval of 60 cm using a subsoiler in the autumn and tilled to a depth of 20 cm with a rotary cultivator in the spring. The growth period was irrigated four times: pre-sowing, V12, R1, and R3 stage, with 750 m3 hm−2 irrigation water. Other management was the same as in field production.




2.3 Sampling and measurements



2.3.1 Field stalk lodging rate

Field lodging of maize was evaluated at the silking stage (R1), 30 days after spinning (R3), physiological maturity stage (R6), and 15 days after ripening (R6–15d).

	




2.3.2 Plant morphological indexes

Plant height (from the ground to the top of the tassel) and ear height (from the ground to the node bearing the ear) were measured using a ruler. The stalk diameter (d) was measured using a Vernier caliper at the midpoint of the internode at its narrowest side (d1) and widest side (d2). It was calculated as d = (d1+d2)/2.

	




2.3.3 Sampling and determination of internode mechanical strength

At the R1 stage, three maize plants were randomly chosen from each treatment. The stalks were cut from the ground, and leaves and other parts were removed, followed by sorting and marking according to the nodes. The mechanical indexes of the stalks were determined as follows:

Rind Puncture Strength (RPS): The SY-S03 probe (1 mm−2) was slowly pressed perpendicular to the stalk at a constant rate to read the maximum penetration (N mm−2) of the stalk epidermis. It was measured at the base of the second to seventh internodes.

Crushing strength (CS): The SY-S03 type stalk strength measuring instrument was used. The 1 cm−2 probe perpendicular to the stalk axis was used to press slowly and evenly in the middle of the internode with the pressure head of the testing machine so that it could reach the CS value (N cm−2) when it was torn. It was measured at the base of the third, fifth, and seventh internodes.

Bending strength (BS): The 0.5 cm−2 probe of the SY-S03 stalk strength measuring instrument was perpendicular to the stalk axis, and the pressure head of the testing machine was pressed in the middle of the internode at a slow and uniform speed so that its bending reached the maximum value (N cm−2). It was measured at the base of the second, fourth, and sixth internodes.




2.3.4 Stalk dry matter accumulation

A total of four periods were measured, which were at the silking stage (R1), 30 days of silking (R3), physiological maturity stage (R6), and 15 days after maturity (R6–15d); the stalk samples were intercepted and placed in the oven at 105°C for 30 min, dried at 80°C, and weighed dry.





2.4 Data and statistical analysis

Data were processed using Microsoft Excel 2019 (Microsoft, Inc., Redmond, WA, USA). The statistical software SAS 9.4 (SAS Institute Inc., Raleigh, CA, USA) was used for data variance and correlation analysis. One-way ANOVA was used to compare the differences between treatments each year at the same growth stage. Three-way ANOVA was used to assess the effects of individual factors and interactions between factors on the indicators. The significance test was performed using LSD (least significant difference) and Duncan’s method. Pearson’s correlation coefficient was used for correlation analysis. Additionally, figures were created using Sigma plot 12.5.





3 Results



3.1 Lodging rate of the stalks

ANOVA results (Table 4) indicated that maize stalk lodging rates varied significantly based on density, variety, tillage, density × variety, and tillage × variety. After 15 days of maturity, the lodging rate of maize under the SS plot was 2.55% and 2.01% points lower than RT in 2019 and 2020, respectively. The planting density increased from D1 to D2, resulting in a significant increase in lodging rate, which climbed by 10.18% and 3.61% points in 2019 and 2020, respectively, at maturity. At 15 days after maturity, it elevated by 11.23% and 3.76% points. XY335 had a lower lodging rate than ZD2. Table 5 shows that, after increasing the density, the lodging rate of ZD2 increased by 1.67%–21.30% under the RT plot, while it increased by 2.53%–18.67% under the SS plot. However, in comparison to RT, SS with increased density exhibited a reduction in lodging rate ranging from 0.40% to 6.49%. Thus, employing SS may minimize the maize lodging rate despite the increase in planting density.


Table 4 | ANOVA results for maize stalk lodging rate (%) from 2019 to 2020.




Table 5 | Lodging rate (%) of maize at different growth periods.






3.2 Plant height, ear height, and ear ratio of maize

ANOVA results showed significant differences in maize plant and ear height across tillage, density, and variety. The plant height varied significantly among tillage × variety, density × variety, and tillage × variety × density.

Subsoil tillage effectively reduced plant and ear height, but there was no significant effect on the ear ratio. In comparison to RT, the plant and ear heights were reduced by 9.39 cm and 5.32 cm, respectively, under SS. From D1 to D2, the plant and ear height increased by 10.09 cm in 2019 and 4.99 cm in 2020. The plant and ear height of XY335 were lower than ZD2 (Table 6).


Table 6 | ANOVA results for plant height, ear height (cm), and ear ratio from 2019 to 2020.



According to Table 7, under the RT plot, when the density increased, the plant and ear height grew by 10.66 cm and 5.13 cm for ZD2, while it was raised by 11.63 cm and 7.20 cm for XY335. SS reduced the rise in plant height and ear height of XY335 and ZD2 due to increased density.


Table 7 | Plant height, ear height (cm), and ear ratio from 2019 to 2020.






3.3 Diameter of the second to seventh internodes

ANOVA results (Table 8) revealed that the diameter from the second to seventh internodes varied significantly among density, variety, tillage, and density × variety. SS increased diameter from the second to seventh internodes, respectively. When the density increased from D1 to D2, the diameter from the second to seventh internodes decreased significantly. The diameter of the second to seventh internodes of XY335 is larger than that of ZD2. Table 9 depicts that the stalk diameter between the second and seventh nodes at the base of the maize plant decreases as the node ascends and diminishes with increasing planting density. Under the RT plot, after the increase in density, the reduction in stalk diameter ranged from 9.04% to 17.47% for XY335 and from 10.71% to 22.32% for ZD2. Conversely, under the SS plot, the reduction in stalk diameter was in the range of 2.97%–14.79% for XY335 and 7.43%–17.51% for ZD2. Consequently, it can be inferred that SS mitigates the impact of reduced diameter resulting from increased planting density. Under high density (D2), SS increased diameter in XY335 by 4.65%–20.28% and in ZD2 by 0.72%–16.35% as compared to RT. The higher increase in the diameter of XY335 indicated that it was more receptive to subsoil tillage than ZD2.


Table 8 | ANOVA results for the diameter (mm) of the second to seventh internodes from 2019 to 2020.




Table 9 | The diameter (mm) from the second to seventh internodes.






3.4 Rind puncture strength from the second to seventh internodes

ANOVA results indicated that the RPS from the second to seventh internodes varied significantly among density, variety, tillage, density × variety, tillage × variety, and density × variety. In comparison to RT, SS significantly enhanced the RPS from the second to seventh internodes by 2.68–8.71 N mm−2 in 2019 and increased by 4.07–12.32 N mm−2 in 2020. When the density increased from D1 to D2, the RPS from the second to seventh internodes dropped considerably. The XY335 cultivar had a higher RPS than the ZD2 cultivar (Table 10).


Table 10 | ANOVA results for rind puncture strength (N mm−2) from the second to seventh internodes during 2019 to 2020.



Figures 1, 2 depict that the RPS of the stalk internodes at the base of the maize plant decreases with the upward position of the node and drops significantly as the planting density increases. According to the RT plot, the reduction in RPS after increased density varied from 10.67% to 32.66% for XY335 and from 10.93% to 41.76% for ZD2. In contrast, under the SS plot, the reduction in RPS after increased density was in the range of 9.05%–23.36% for XY335 and 8.18%–29.71% for ZD2, with XY335 exhibiting a more pronounced effect. Consequently, it can be inferred that SS tillage mitigates the decrease in RPS between the second and seventh stalk nodes following higher planting density. Under high density (D2), SS increased XY335 RPS by 6.55%–37.59% and ZD2 by 3.11%–33.91% compared to RT. The larger increase in XY335 indicates that the response of XY335 RPS to subsoil tillage was greater than that of ZD2.




Figure 1 | Effect of subsoil tillage and planting density on the penetration strength of maize stalk internodes in 2019. Different lowercase letters indicate significant differences (p < 0.05) among various treatments; SS, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1, 75,000 plants ha−1; D2, 105,000 plants ha−1.






Figure 2 | Effect of subsoil tillage and planting density on the penetration strength of maize stalk internodes in 2020. Different lowercase letters indicate significant differences (p < 0.05) among various treatments; SS, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1, 75,000 plants ha−1; D2, 105,000 plants ha−1.






3.5 Crushing strength

ANOVA results indicated that the CS of the second, fourth, and sixth internodes differed significantly across density, variety, tillage, tillage × variety, and density × variety. Comparing SS to RT, it significantly increased the CS of the second, fourth, and sixth internodes by 55.7, 55.34, and 37.56 N cm−2 in 2019, and by 64.16, 71.2, and 32.67 N cm−2 in 2020, respectively. When the density increased from D1 to D2, the CS of the second, fourth, and sixth internodes decreased significantly. The XY335 cultivar had higher CS than the ZD2 cultivar (Table 11).


Table 11 | Variance analysis of the impact of subsoil tillage and planting density on internode crushing strength (N cm−2) during 2019–2020.



The CS of maize stalk internodes decreased with the upward position of the node and reduced significantly with increasing planting density, as seen in Figures 3, 4. Under the RT plot, the reduction in CS after increased density ranged from 10.67% to 32.66% for XY335 and from 10.93% to 41.76% for ZD2. Conversely, under the SS plot, the reduction in CS after increased density varied from 9.05% to 23.36% for XY335 and from 8.18% to 29.71% for ZD2, with XY335 exhibiting a more pronounced effect. Consequently, it can be inferred that SS tillage attenuates the decrease in CS between the second, fourth, and sixth stalk nodes following increased planting density. Under high density (D2), SS increased CS by 16.96–37.57% for XY335 and 11.90–23.41% for ZD2 compared to RT. The larger increase for XY335 suggested that changes in its CS responded more favorably to subsoil tillage as compared to ZD2.




Figure 3 | Effect of subsoil tillage and planting density on the crushing strength (N cm−2) of maize stalk internodes in 2019. Different lowercase letters indicate significant differences (p < 0.05) among various treatments; SS, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1, 75,000 plants ha−1; D2, 105,000 plants ha−1.






Figure 4 | Effect of subsoil tillage and planting density on the crushing strength (N cm−2) of maize stalk internodes in 2020. Different lowercase letters indicate significant differences (p < 0.05) among various treatments; SS, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1, 75,000 plants ha−1; D2, 105,000 plants ha−1.






3.6 Bending strength

The ANOVA results exhibited significant differences in the BS of the third, fifth, and seventh internodes based on density, variety, tillage, tillage × variety, and density × variety. When compared with RT, SS tillage significantly raised the BS of the third, fifth, and seventh internodes by 35.77, 69.72, and 61.52 N cm−2 in 2019, and by 59.44, 38.40, and 34.37 N cm−2 in 2020. As the planting density progressed from D1 to D2, the BS of the third, fifth, and seventh internodes decreased significantly. The BS of the XY335 cultivar was higher than that of the ZD2 cultivar (Table 12).


Table 12 | Variance analysis of effects of subsoil tillage and planting density on internode bending strength (N cm−2) during 2019–2020.



The BS of stalk internodes decreased with the upward position of the node and reduced substantially with increased planting density, as reflected in Figures 5, 6. Under the RT plot, the drop in BS after increased planting density ranged from 12.92% to 27.59% for XY335 and from 13.81% to 30.37% for ZD2. On the other hand, under the SS plot, XY335 showed a more noticeable effect, with the reduction in BS varying from 7.91% to 20.66%, while it ranged from 9.29% to 24.48% for ZD2. Thus, it may be concluded that SS tillage offsets the decrease in BS of the third, fifth, and seventh internodes following increased planting density. Under the high density (D2), SS increased CS by 11.33–27.96% for XY335 and 6.25–26.39% for ZD2 compared to RT. The higher increase for XY335 implied that the BS response of XY335 was more receptive to subsoil tillage than ZD2.




Figure 5 | Effect of subsoil tillage and planting density on the bending strength (N cm−2) of maize stalk internodes in 2019. Different lowercase letters indicate significant differences (p < 0.05) among various treatments; SS, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1, 75,000 plants ha−1; D2, 105,000 plants ha−1.






Figure 6 | Effect of subsoil tillage and planting density on the bending strength (N cm−2) of maize stalk internodes in 2020. Different lowercase letters indicate significant differences (p < 0.05) among various treatments; SS, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1, 75,000 plants ha−1; D2, 105,000 plants ha−1.






3.7 Effects of tillage methods and planting density on stalk dry matter accumulation

The ANOVA results exhibited significant variations in stalk dry matter accumulation (SDMA) per plant depending on density, variety, tillage, tillage × variety, and density × variety. Subsoil tillage substantially raised the SDMA by 4.24–7.37 g in 2019 and by 7.88–10.42 g in 2020, compared with RT. As the planting density progressed from D1 to D2, the SDMA decreased significantly. The XY335 cultivar had greater SDMA than the ZD2 cultivar (Table 13).


Table 13 | Variance analysis of effects of subsoil tillage and planting density on stalk dry matter accumulation (g) in 2019–2020.



Figures 7, 8 depicts that SDMA decreased with increasing planting density. Under the RT plot, SDMA reduced by 17.64%–30.23% for XY335 and 28.28%–41.49% for ZD2 with increasing density. Conversely, under the SS plot, the increase in density decreased SDMA by 11.83%–27.17% for XY335 and 21.70%–33.14% for ZD2. The decrease in SDMA after increased density under SS was lower than that under RT, implying that SS tillage alleviates the decline in SDMA due to the rise in planting density. Under high density (D2), in comparison to RT, SS increased SDMA in XY335 by 13.47%–41.39% and by 7.1%–24.17% in ZD2. The larger increase in SDMA of XY335 suggested that it responded more positively to SS tillage than ZD2.




Figure 7 | Effect of subsoil tillage and planting density on stalk dry matter accumulation (g) in 2019. Different lowercase letters indicate significant differences (p < 0.05) among various treatments; SS, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1, 75,000 plants ha−1; D2, 105,000 plants ha−1. R3, milk stage; R6, physiological maturity; R6–15d, 15 days after physiological maturity.






Figure 8 | Effect of subsoil tillage and planting density on stalk dry matter accumulation (g) in 2020. Different lowercase letters indicate significant differences (p < 0.05) among various treatments; SS, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1, 75,000 plants ha−1; D2, 105,000 plants ha−1. R3, milk stage; R6, physiological maturity; R6–15d, 15 days after physiological maturity.






3.8 Correlation between plant morphology, internode mechanical strength, stalk dry matter accumulation, and maize lodging rate

As shown in Figure 9, plant height, ear height, and ear ratio were significantly and positively correlated with lodging rate. Nevertheless, the RPS of the fourth internode; the CS of the second, fourth, and sixth internodes; the BS of the fifth internode; and the diameter of the third, fifth, and seventh internodes were negatively associated with lodging rate. Furthermore, the CS of the fourth and sixth internodes and accumulation of dry matter of the stalks were negatively and significantly correlated with lodging rate. Significant positive correlations were also found among internode RPS, CS, and BS. There was a significant negative correlation between internode RPS, CS, BS, plant height, and ear height. Additionally, a significant positive correlation was exhibited between SDMA and internode diameter.




Figure 9 | Correlation analysis among indicators. PH, plant height; EH, ear height; ER, ear ratio; BS, bending strength; CS, crushing strength; RPS, rind penetration strength; d, internode diameter; SDMA, stalk dry matter accumulation; LR, lodging rate. ** and *, significances at the 0.01 and 0.05 probability levels, respectively.






3.9 Effects of tillage and planting density on stalk internal chemical component content

As can be seen in Figure 10, stalk cellulose, hemicellulose, and lignin content decreased significantly at increasing density. Compared to RT, stalk cellulose, hemicellulose, and lignin content increased under SS conditions, which was more significant at D2 density. XY335 and ZD2 cellulose increased by 11.83% and 12.38%, respectively, hemicellulose increased by 15.97% and 6.7%, and lignin increased by 15.9% and 9.86%.




Figure 10 | Stalk internal chemical component content under different treatments in 2019–2020. Different lowercase letters indicate significant differences(p < 0.05) among various treatments; SS, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1, 75,000 plants ha−1; D2, 105,000plants ha−1.






3.10 Correlation between stalk chemical content and stalk strength

Correlation analysis between the chemical component content in the stalks of maize and stalk bending strength showed that cellulose, hemicellulose, and lignin content were all highly significantly and positively correlated with stalk bending strength (Figure 11), with lignin content having the greatest correlation of 0.868 with stalk strength.




Figure 11 | Correlation between stalk chemical content and stalk strength. **indicates significant correlation.






3.11 Effects of subsoil tillage and planting density on maize yield

Because the 2-year trend was consistent, the 2-year average was used to describe the results. Under D1 density, compared with RT, the yields of SS condition XY335 and ZD2 increased by 6.92% and 6.84%, and under D2 density, they increased by 8.17% and 7.58%, respectively. The yield increase of SS was greater under high density (Figure 12).




Figure 12 | Effect of subsoil tillage and planting density on maize yield (t ha−1).  Different lowercase letters indicate significant differences(p < 0.05) among various treatments; SS, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1, 75,000 plants ha−1; D2, 105,000plants ha−1.







4 Discussion

Maize crop lodging is detrimental to both yield and quality and is influenced by maize varieties and cultivation practices (Ma et al., 2014). Increased planting density will increase the risk of lodging. Implementing subsoil tillage measures has a substantial impact on reducing lodging. In this study, as the planting density grew, so did maize lodging rates. However, after SS tillage, the lodging rate of ZD2 decreased by 6.04%, indicating alleviation of the lodging pressure induced by increased plant density.

Research on maize stalk lodging has mainly focused on plant morphology, stalk mechanical properties, chemical composition, and anatomical structure, among other aspects (Zhang et al., 2021a). Plant height and ear height (EH) are considered the most crucial morphological features related to stalk lodging. Previous studies have also reported that lowering plant height can enhance a crop’s resistance to lodging (Shekoofa et al., 2008; Peng et al., 2014). Additionally, maize with high resistance to stalk lodging should also have a lower ear position to decrease its center of gravity (Shah et al., 2021). Xie et al. (2022) concluded that reducing the ear ratio significantly decreased the length of internodes below the ear, thereby improving the lodging resistance of maize stalks in China over the past 70 years. Furthermore, maize lodging is closely associated with SDMA (Xue et al., 2020b), stalk diameter, and mechanical properties of the stalk (Xue et al., 2020a). Currently, enhancing stalk mechanical strength, stalk diameter, RPS, and the unit length basal internode dry weight (DWUL) are considered important approaches to improve maize lodging resistance (Robertson et al., 2014; Xue et al., 2018b; Wang et al., 2020a). The significant positive correlation between plant lodging resistance to lignin content and its related enzyme activities and mechanical properties has been generally confirmed (Zhang et al., 2014; Sekhon et al., 2020). In this study, the correlation analysis indicated a significant negative correlation between plant height, ear height, and stalk lodging rate. Stalk thickness, SDMA, RPS, BS, and compressive strength exhibited a significant positive correlation with lodging rate. There was a significant positive correlation between lignin, hemicellulose, and cellulose within the stalks and the mechanical strength of the stalks. These findings are in basic agreement with previous studies.

In this study, as the planting density grew, the plant and ear height of maize increased. Compared to RT, SS tillage could reduce both plant and ear height, thereby lowering the center of gravity of maize. A lower center of gravity is more favorable for the lodging resistance of maize stalks (Shah et al., 2021). With increasing density, the stalk internode diameter, SDMA, and mechanical strength of stalk internodes decreased. In comparison to RT, SS practices could increase the stalk internode diameter and SDMA, enhancing internal lignin and cellulose content of the stalks, thus increasing the mechanical strength of the stalks. This effect was more pronounced under high-density conditions, and the response of lodging-resistant varieties to SS tillage was more evident. Moreover, under SS conditions, the negative impact of high-density stress on stalk dry matter and mechanical strength was less than that under shallow rotation. This indicates that SS tillage can attenuate the negative effects of high-density stress on lodging-related indicators of stalk resistance.

SS tillage can improve the lodging problem caused by high-density planting, possibly because subsoil practices effectively break the plough pan, reduce soil volume (Yu et al., 2023), and decrease soil bulk density and compaction (Lou et al., 2021). This enhances soil porosity and cultivation thickness (Wang et al., 2019), altering soil physical properties and establishing a reasonable tillage layer structure. This is more conducive to the downward growth of maize roots, leading to variations in maize root characteristics. Compared to shallow rotation, subsoiling techniques are more favorable for the growth of maize roots, thereby increasing root biomass and anchorage capacity (Sun et al., 2017). Additionally, SS tillage can enhance root vitality, facilitate water and nutrient absorption, and delay root aging (Yin et al., 2021). A strong root system could increase root anchorage and absorptive capacity for water and nutrients, leading to high yield and resistance to root lodging (Manzur et al., 2014). Root development and stalk development complement each other, and well-developed roots promote the accumulation of stalk material and the formation of mechanical strength, ultimately improving maize lodging resistance.

Previous studies have shown that SS tillage is advantageous for regulating soil nutrients and breaking up soil compaction (Zhang et al., 2021b). Bian et al. (2016) reported that under shallow rotation, soil compaction caused poor root development in summer maize, leading to low lodging resistance of summer maize. Moreover, SS tillage can increase maize emergence rate, plant height, and uniformity, and enhance leaf area index (LAI), affecting photosynthetic characteristics. SS tillage enhances the photosynthetic rate, stomatal conductance, and transpiration rate, and promotes the accumulation of aboveground biomass (Wu et al., 2020). Various studies have supported that SS tillage significantly improves the transport efficiency of stalk vascular bundles, influences maize stalk characteristics, strengthens stalk strength, and ultimately enhances lodging resistance (Liu et al., 2013). SS tillage can also increase soil water storage (Brunel-Saldias et al., 2018; Zhou et al., 2019). As maize reaches the high-growth period, the demand for water increases and soil water storage may decrease. SS tillage is more conducive to the downward movement of water after irrigation or rainfall, effectively increasing moisture content in the deep soil layer (Wang et al., 2019), promoting the formation and accumulation of plant biomass. These factors could contribute to improving maize lodging resistance.




5 Conclusion

Subsoil tillage improved the maize lodging resistance, and its effects were more pronounced under high planting density. The lodging rate of maize was significantly negatively correlated with plant height, ear height, and ear position coefficient. It also significantly negatively correlated with stalk diameter, mechanical strength of the base internode, and biomass accumulation. The CS at the fourth and sixth internodes exhibited relatively high correlation coefficients with the lodging rate. Subsoil increases the mechanical strength of stalks by increasing the internal cellulose, hemicellulose, and lignin content of the stalks. SS tillage under high density reduces plant and ear height while elevating stalk diameter, dry matter accumulation, and the mechanical strength of the stalk, leading to an effective reduction in the maize lodging rate. In combination with stalk lodging-resistant varieties (XY335), SS tillage can effectively alleviate the problem of stalk lodging after intensive planting. The findings of this study provide new ideas for improving maize’s resistance to lodging.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

XF: Data curation, Formal analysis, Investigation, Writing – original draft, Writing – review & editing. DM: Conceptualization, Methodology, Writing – review & editing. TL: Investigation, Writing – review & editing. SH: Investigation, Writing – review & editing. XY: Project administration, Writing – review & editing. JG: Project administration, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was funded by the National Corn Industry Technology System Project (CARS-02-50); the Inner Mongolia Autonomous Region Science and Technology Major Special Project (2021ZD0003); the Key Laboratory of Crop Cultivation and Genetic Improvement in Inner Mongolia Autonomous Region (2021PT0004); the Key Laboratory of High Yield and Efficient Cultivation and Cultivation of Crops in Northern Cold and Arid Regions of the Ministry of Agriculture and Rural Affairs; the Inner Mongolia Autonomous Region Graduate Research Innovation Funding Project (DC2300002869); and the Inner Mongolia Autonomous Region Graduate Research Innovation Funding Project (DC2300002049). Basic Research Funds Program for University of the Inner Mongolia (BR22-12-02, BR221019) and Program for improving the Scientific Research Ability of Youth Teachers of Inner Mongolia Agricultural University (BR220121, BR220119).





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.





References

 Bian, D. H., Jia, G. P., Cai, L. J., Ma, Z. Y., Eneji, A. E., and Cui, Y. H. (2016). Effects of tillage practices on root characteristics and root lodging resistance of maize. Field Crops Res. 185, 89–96. doi: 10.1016/j.fcr.2015.10.008

 Brunel-Saldias, N., Seguel, O., Ovalle, C., Acevedo, E., and Martínez, I. (2018). Tillage effects on the soil water balance and the use of water by oats and wheat in a Mediterranean climate. Soil Tillage Res. 184, 68–77. doi: 10.1016/j.still.2018.07.005

 Da, B. X., Zhao, G., Wan, Y., Tan, M. L., Song, C., and Song, Y. (2016). Effect of planting density on lodging-related morphology, lodging rate, and yield of tartary buckwheat (Fagopyrum tataricum). Plant Product. Sci. 19, 479–488. doi: 10.1080/1343943X.2016.1188320

 Ghose, B. (2014). Food security and food self-sufficiency in China: from past to 2050. Food Energy Secur. 3, 86–95. doi: 10.1002/fes3.48

 Hall, D. J. M., Jones, H. R., Crabtree, W. L., and Daniels, T. L. (2010). Claying and deep ripping can increase crop yields and profits on water repellent sands with marginal fertility in southern Western Australia. Soil Res. 48, 178–187. doi: 10.1071/SR09078

 Hamza, M. A., and Anderson, W. K. (2005). Soil compaction in crop** systems: A review of the nature, causes and possible solutions. Soil tillage Res. 82, 121–145. doi: 10.1016/j.still.2004.08.009

 Kamran, M., Ahmad, I., Wang, H., Wu, X., Xu, J., et al. (2018). Mepiquat chloride application increases lodging resistance of maize by enhancing stem physical strength and lignin biosynthesis. Field Crops Res. 224, 148–159. doi: 10.1016/j.fcr.2018.05.011

 Laddha, K. C., and Totawat, K. L. (1997). Effects of deep tillage under rainfed agriculture on production of sorghum (Sorghum biocolor L. Moench) intercropped with green gram (Vigna radiata L. Wilczek) in western India. Soil tillage Res. 43, 241–250. doi: 10.1016/S0167-1987(97)00027-5

 Li, L., He, L. X., Li, Y. Q., Wang, Y. F., Ashraf, U., Hamoud, Y. A., et al. (2023). Deep fertilization combined with straw incorporation improved rice lodging resistance and soil properties of paddy fields. Eur. J. Agron. 142, 126659. doi: 10.1016/j.eja.2022.126659

 Li, S., and Wang, C. (2010). Innovation and diffusion of corn production technology (Science Press: Beijing).

 Li, S. Y., Wang, Y., Hu, C., and Yan, Y. (2015). Effects of strong wind lodging at pre-and post-tasseling stages on growth and yield of summer maize. Yingyong Sheng tai Xue bao 26 (08), 2405–2413. doi: 10.13287/j.1001-9332.20150521.018

 Li, S. K., Wang, K. R., Xie, R. Z., Hou, P., Ming, B., Yang, X. X., et al. (2016). Implementing higher population and full mechanization technologies to achieve high yield and high efficiency in maize production. Crops 4, 1–6.

 Liu, X. M., Gu, W. R., Li, C. F., Li, J., and Shi, W. E. I. (2021). Effects of nitrogen fertilizer and chemical regulation on spring maize lodging characteristics, grain filling and yield formation under high planting density in Heilongjiang Province, China. J. Integr. Agric. 20, 511–526. doi: 10.1016/S2095-3119(20)63403-7

 Liu, M., Qi, H., Zhang, W., Zhang, Z., Li, X., Song, Z., et al. (2013). Effects of deep loosening and nitrogen application on anatomical structures of stalk and lodging in maize. J. Maize Sci. 21, 57–63.

 Lou, S., He, J., Li, H., Wang, Q., Lu, C., Liu, W., et al. (2021). Current knowledge and future directions for improving subsoiling quality and reducing energy consumption in conservation fields. Agriculture 11, 575. doi: 10.3390/agriculture11070575

 Ma, D., Xie, R., Liu, X., Niu, X., Hou, P., Wang, K., et al. (2014). Lodging-related stalk characteristics of maize varieties in China since the 1950s. Crop Sci. 54, 2805–2814. doi: 10.2135/cropsci2014.04.0301

 Manzur, M. E., Hall, A. J., and Chimenti, C. A. (2014). Root lodging tolerance in Helianthus annuus (L.): associations with morphological and mechanical attributes of roots. Plant Soil 381, 71–83. doi: 10.1007/s11104-014-2122-9

 Peng, D., Chen, X., Yin, Y., Lu, K., Yang, W., Tang, Y., et al. (2014). Lodging resistance of winter wheat (Triticum aestivum L.): Lignin accumulation and its related enzymes activities due to the application of paclobutrazol or gibberellin acid. Field Crops Res. 157, 1–7. doi: 10.1016/j.fcr.2013.11.015

 Qi, B., Hu, J., Zhu, L., Duan, Y., Zhang, W., and Gou, L. (2023). Response of maize stalk to plant density on cellulose accumulation by modulating enzymes activities. Field Crops Res. 304, 109152. doi: 10.1016/j.fcr.2023.109125

 Robertson, D., Smith, S., Gardunia, B., and Cook, D. (2014). An improved method for accurate phenotyping of corn stalk strength. Crop Sci. 54, 2038–2044. doi: 10.2135/cropsci2013.11.0794

 Sekhon, R. S., Joyner, C. N., Ackerman, A. J., McMahan, C. S., Cook, D. D., and Robertson, D. J. (2020). Stalk bending strength is strongly associated with maize stalk lodging incidence across multiple environments. Field Crop Res. 249, 107737. doi: 10.1016/j.fcr.2020.107737

 Shah, A. N., Tanveer, M., Abbas, A., Yildirim, M., Shah, A. A., Ahmad, M. I., et al. (2021). Combating dual challenges in maize under high planting density: Stem lodging and kernel abortion. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.699085

 Shekoofa, A., and Emam, Y. (2008). Plant growth regulator (ethephon) alters maize (Zea maps L.) growth. J. Agron. 7. doi: 10.3389/fpls.2018.010047

 Sher, A., Khan, A., Ashraf, U., Liu, H. H., and Li, J. C. (2018). Characterization of the effect of increased plant densit484 y on canopy morphology and stalk lodging risk. Frontiers in Plant Science 9, 1047. doi: 10.3389/fpls.2018.014850047

 Shi, D. Y., Li, Y. H., Zhang, J. W., Liu, P., Zhao, B., and Dong, S. T. (2016). Effects of plant density and nitrogen rate on lodging-related stalk traits of summer maize. Plant Soil Environ. 62, 299–306. doi: 10.17221/720/2015-PSE

 Sun, X., Ding, Z., Wang, X., Hou, H., Zhou, B., Yue, Y., et al. (2017). Subsoiling practices change root distribution and increase post-anthesis dry matter accumulation and yield in summer maize. PloS One 12, e0174952. doi: 10.1371/journal.pone.0174952

 Sun, J., Gao, J., Wang, Z., Hu, S., Zhang, F., Bao, H., et al. (2018). Maize canopy photosynthetic efficiency, plant growth, and yield responses to tillage depth. Agronomy 9, 3. doi: 10.3390/agronomy9010003

 Tigchelaar, M., Battisti, D. S., Naylor, R. L., and Ray, D. K. (2018). Future warming increases probability of globally synchronized maize production shocks. Proc. Natl. Acad. Sci. 115, 6644–6649. doi: 10.1073/pnas.1718031115

 Varsa, E. C., Chong, S. K., Abolaji, J. O., Farquhar, D. A., and Olsen, F. J. (1997). Effect of deep tillage on soil physical characteristics and corn (Zea mays L.) root growth and production. Soil Tillage Res. 43, 219–228. doi: 10.1016/S0167-1987(97)00041-X

 Wang, S., Guo, L., Zhou, P., Wang, X., Shen, Y., Han, H., et al. (2019). Effect of subsoiling depth on soil physical properties and summer maize (Zea mays L.) yield. Plant Soil Environ. 65 (3), 131–137. doi: 10.17221/703/2018-PS

 Wang, S., Wang, H., Hafeez, M. B., Zhang, Q., Yu, Q., Wang, R., et al. (2020b). No-tillage and subsoiling increased maize yields and soil water storage under varied rainfall distribution: A 9-year site-specific study in a semi-arid environment. Field Crops Res. 255, 107867. doi: 10.1016/j.fcr.2020.107867

 Wang, Q., Xue, J., Chen, J. L., Fan, Y. H., Zhang, G. Q., Xie, R. Z., et al. (2020a). Key indicators affecting maize stalk lodging resistance of different growth periods under different sowing dates. J. Integr. Agric. 19, 2419–2428. doi: 10.1016/S2095-3119(20)63259-2

 Wu, W., Wang, S., Zhang, L., Li, J., Song, Y., Peng, C., et al. (2020). Subsoiling improves the photosynthetic characteristics of leaves and water use efficiency of rainfed summer maize in the Southern Huang-Huai-Hai Plain of China. Agronomy 10, 465. doi: 10.3390/agronomy10040465

 Xie, R. Z., Yu, X. F., Li, S. K., and Gao, J. L. (2022). Historical trends in maize morphology from the 1950s to the 2010s in China. J. Integr. Agric. 21, 2159–2167. doi: 10.1016/S2095-3119(21)63697-3

 Xu, J., Han, H., Ning, T., Li, Z., and Lal, R. (2019). Long-term effects of tillage and straw management on soil organic carbon, crop yield, and yield stability in a wheat-maize system. Field Crops Res. 233, 33–40. doi: 10.1016/j.fcr.2018.12.016

 Xue, J., Gao, S., Fan, Y., Li, L., Ming, B., Wang, K., et al. (2020a). Traits of plant morphology, stalk mechanical strength, and biomass accumulation in the selection of lodging-resistant maize cultivars. Eur. J. Agron. 117, 126073. doi: 10.1016/j.eja.2020.126073

 Xue, J., Li, L., Xie, R., Wang, K., Hou, P., Ming, B., et al. (2018a). Effect of lodging on maize grain losing and harvest efficiency in mechanical grain harvest. Acta Agronom. Sin. 44, 1774–1781. doi: 10.3724/SP.J.1006.2018.01774

 Xue, J., Ming, B., Xie, R., Wang, K., Hou, P., and Li, S. (2020b). Evaluation of maize lodging resistance based on the critical wind speed of stalk breaking during the late growth stage. Plant Methods 16, 1–12. doi: 10.1186/s13007-020-00689-z

 Xue, J., Wang, Q., Li, L., Zhang, W., Xie, R., Wang, K., et al. (2018b). Changes of maize lodging after physiological maturity and its influencing factors. Acta Agronom. Sin. 44, 1782–1792. doi: 10.3724/SP.J.1006.2018.01782

 Yin, B., Hu, Z., Wang, Y., Zhao, J., Pan, Z., and Zhen, W. (2021). Effects of optimized subsoiling tillage on field water conservation and summer maize (Zea mays L.) yield in the North China Plain. Agric. Water Manage. 247, 106732. doi: 10.1016/j.agwat.2020.106732

 Yu, X., Qu, J., Hu, S., Xu, P., Chen, Z., Gao, J., et al. (2023). The effect of tillage methods on soil physical properties and maize yield in Eastern Inner Mongolia. Eur. J. Agron. 147, 126852. doi: 10.1016/j.eja.2023.126852

 Yu, X. F., Sun, H. L., Gao, J. L., Wang, Z. G., Yang, H. S., Zhang, R. F., et al. (2013). Mechanism behind densification and yield increase of spring maize with different density-tolerance regulated by subsoiling. Trans. Chin. Soc. Agric. Eng. (Transactions CSAE) 35, 35–46. doi: 10.11975/j.issn.1002-6819.2019.13.004

 Zhang, P., Gu, S., Wang, Y., Yang, R., Yan, Y., Zhang, S., et al. (2021a). Morphological and mechanical variables associated with lodging in maize (Zea mays L.). Field Crops Res. 269, 108178. doi: 10.1016/j.fcr.2021.108178

 Zhang, J., Li, G. H., Song, Y. P., Liu, Z. H., Yang, C. D., Tang, S., et al. (2014). Lodging resistance characteristics of high-yielding rice populations. Field Crop Res. 161, 64–74. doi: 10.1016/j.fcr.2014.01.012

 Zhang, Y., Tan, C., Wang, R., Li, J., and Wang, X. (2021b). Conservation tillage rotation enhanced soil structure and soil nutrients in long-term dryland agriculture. Eur. J. Agron. 131, 126379. doi: 10.1016/j.eja.2021.126379

 Zhang, P., Yan, Y., Gu, S., Wang, Y., Xu, C., Sheng, D., et al. (2022). Lodging resistance in maize: A function of root–shoot interactions. Eur. J. Agron. 132, 126393. doi: 10.1016/j.eja.2021.126393

 Zhang, R. F., Yang, H. S., Gao, J. L., Zhang, Y. Q., Wang, Z. G., Fan, X. Y., et al. (2015). Effect of subsoiling on root morphological and physiological characteristics of spring maize. Trans. Chin. Soc. Agric. Eng. (Transactions CSAE) 31, 78–84. doi: 10.3969/j.issn.1002-6819.2015.05.012

 Zheng, Y. X., Chen, D., Wei, P. C., Lu, P., Yang, J. Y., Li, S. K., et al. (2021). Effects of planting density on lodging resistance and grain yield of spring maize stalks in Guizhou province. Acta agronom. Sin. 47, 738751. doi: 10.3724/SP.J.1006.2021.03044

 Zhou, P., Wang, S., Guo, L., Shen, Y., Han, H., and Ning, T. (2019). Effects of subsoiling stage on summer maize water use efficiency and yield in North China Plains. Plant Soil Environ. 65 (11), 556–562. doi: 10.17221/353/2019-PSE




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 © 2024 Feng, Ma, Lei, Hu, Yu and Gao. 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: 03 September 2024

doi: 10.3389/fpls.2024.1387187

[image: image2]


Modulation of Cd carriers by innovative nanocomposite (Ca+Mg) and Cd-resistance microbes (Bacillus pumilus): a mechanistic approach to enhance growth and yield of rice (Oryza sativa L.)


Muhammad Azhar Ali 1, Muhammad Nafees 2, Muhammad Waseem 3, Sarah Owdah Alomrani 4, Khalid A. Al-Ghanim 5, Mohammed Ali Alshehri 6, Hao Zheng 1,7, Shafaqat Ali 3,8* and Fengmin Li 1*


1 Institute of Coastal Environmental Pollution Control, Ministry of Education Key Laboratory of Marine Environment and Ecology, and College of Environmental Science and Engineering, Ocean University of China, Qingdao, China, 2 State Key Laboratory of Pollution Control and Resource Reuse, School of the Environment, Nanjing University, Nanjing, China, 3 Department of Environmental Sciences and Engineering, Government College University, Faisalabad, Pakistan, 4 Department of Biology, College of Science and Arts, Najran University, Najran, Saudi Arabia, 5 Department of Zoology, College of Science, King Saud University, Riyadh, Saudi Arabia, 6 Department of Biology, Faculty of Science, University of Tabuk, Tabuk, Saudi Arabia, 7 Institute of Coastal Environmental Pollution Control, Key Laboratory of Marine Environment and Ecology, Ministry of Education, Frontiers Science Center for Deep Ocean Multispheres and Earth System, Ocean University of China, Qingdao, China, 8 Department of Biological Sciences and Technology, China Medical University, Taichung, Taiwan




Edited by: 

Min Huang, Hunan Agricultural University, China

Reviewed by: 

Harmanjit Kaur, Allahabad University, India



Muhammad Ishfaq, Shenzhen University, China

Ali Raza Khan, Jiangsu University, China

Amin Jan, Shaheed Benazir Bhutto University, Pakistan

Meng Jiang, Zhejiang University, China

*Correspondence: 

Fengmin Li
 lifengmin@ouc.edu.cn 

Shafaqat Ali
 shafaqataligill@yahoo.com


Received: 29 February 2024

Accepted: 12 July 2024

Published: 03 September 2024

Citation:
Ali MA, Nafees M, Waseem M, Alomrani SO, Al-Ghanim KA, Alshehri MA, Zheng H, Ali S and Li F (2024) Modulation of Cd carriers by innovative nanocomposite (Ca+Mg) and Cd-resistance microbes (Bacillus pumilus): a mechanistic approach to enhance growth and yield of rice (Oryza sativa L.). Front. Plant Sci. 15:1387187. doi: 10.3389/fpls.2024.1387187



Cadmium (Cd) is a well-known pollutant in agricultural soil, affecting human health through the food chain. To combat this issue, Ca + Mg (25 mg L−1) nanocomposite and Bacillus pumilus, either alone or combined, were applied to rice plants under Cd (5 mg kg−1, 10 mg kg−1) contamination. In our study, growth and yield traits demonstrated the beneficial influence of Ca + Mg and B. pumilus application in improving rice defense mechanism by reducing Cd stress. Combined Ca + Mg and B. pumilus application increased SPAD (15), total chlorophyll (18), chlorophyll a (11), chlorophyll b (22), and carotenoids (21%) with Cd (10 mg kg−1), compared to the application alone. Combined Ca + Mg and B. pumilus application significantly regulated MDA (15), H2O2 (13), EL (10), and O2•– (24%) in shoots under Cd (10 mg kg−1), compared to the application alone. Cd (10 mg kg−1) increased the POD (22), SOD (21), APX (12), and CAT (13%) in shoots with combined Ca + Mg and B. pumilus application, compared to the application alone. Combined Ca + Mg and B. pumilus application significantly reduced Cd accumulation in roots (22), shoots (13), and grains (20%) under Cd (10 mg kg−1), compared to the application alone. Consequently, the combined application of Ca + Mg and B. pumilus is a sustainable solution to enhance crop production under Cd stress.
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Highlights

	Cd toxicity inhibited rice growth, yield, and antioxidative activity more than control.

	Cd toxicity decreased the nutrient uptake by increasing Cd accumulation.

	Ca + Mg + B. pumilus application enhanced rice growth and regulated the oxidative stress, compared to the application alone.

	Ca + Mg + B. pumilus application reduced Cd uptake and increased macro and micronutrients in shoots and grains, compared to the application alone.






1 Introduction

Heavy metal contamination, such as cadmium (Cd), is a widespread environmental hazard that has gained significant attention in agricultural soil (Alengebawy et al., 2021; Ali et al., 2022a; Zulfiqar et al., 2023a). Cd is rated 7th on the list of hazardous compounds due to its carcinogenic properties, according to the US Agency for Toxic Substances and Disease Registry (ASTDR, 2021; Zulfiqar et al., 2022a). Due to inadequate crop production strategies, Cd has caused food safety issues in recent years. Plants rapidly uptake, accumulate, and translocate Cd into different parts, particularly edible ones, triggering food safety issues (Liu et al., 2010; Zeb et al., 2022; Zulfiqar et al., 2022b). Rice is a staple crop with an annual production of 754.6 million tons, feeding half of the world’s population and representing a vital component of the global agricultural economy (FAO, 2017). Cd toxicity inhibits plant height, root length, leaf area, and the number of leaves per plant in rice (Song et al., 2015). Cd significantly reduces the growth and agronomical attributes of rice (Wang et al., 2014; Li et al., 2022). Numerous studies reported that Cd stress enhances oxidative stress through reactive oxygen species (ROS) production in rice seedlings (Srivastava et al., 2014; Ayyaz et al., 2022; Nazir et al., 2022). Therefore, it is essential to develop an effective remediation strategy to deal with Cd-contaminated soil. Various physical, chemical, and biological remediation techniques have been adopted for the removal of heavy metal contamination. These techniques are often unrealistic due to poor efficiency (Nafees et al., 2018; Hou et al., 2020; Yang et al., 2020). Hence, there is a need to develop cost-effective, eco-friendly, and innovative approaches to limit the impact of heavy metal pollution on global food safety (Chen and Li, 2018; Li et al., 2022).

Nanotechnology has garnered significant attention in the modern era, as this field has radically transformed modern science and is expanding exponentially (Bhardwaj et al., 2022). Recently, nanoparticles (NPs) have significantly enhanced plant growth and development by reducing heavy metal uptake in plants (Nafees et al., 2020; Babu et al., 2022; Ulhassan et al., 2022; Khalid et al., 2023; Nafees et al., 2024a). NPs mitigate stress by regulating phytohormones (Maqsood et al., 2023). According to a study, copper (Cu) NPs enhanced the growth and agronomical attributes of wheat by mitigating Cd toxicity (Noman et al., 2020). The foliar application of nano zinc (Zn) and iron (Fe) has shown a beneficial effects in Rosmarinus officinalis (Hassanpouraghdam et al., 2020). Similarly, the foliar application of ceric oxide (CeO2) and copper oxide (CuO) NPs enhanced the fresh weight, yield, and nutritional quality of cucumber (Hong et al., 2016).

Calcium (Ca) and magnesium (Mg) are ubiquitous metal elements in the Earth’s crust, and their ionic forms (Ca2+ and Mg2+) in soil are vital plant nutrients. Mg plays a fundamental role in regulating physical and biochemical processes, and its deficiency is a limiting factor for crop production (Ishfaq et al., 2021, 2022). Ca2+ and Mg2+ are absorbed by roots and transported to shoots via xylem. CaO NPs significantly enhanced plant biomass, and enzymatic and non-enzymatic antioxidative activity due to a substantial decrease in ROS species under Cd toxicity (Nazir et al., 2022). Li et al. (2022) reported that Ca2+ and Mg2+ treatment boosted rice growth and yield by reducing uptake and accumulation of Cd in grains, roots, stems, and leaves. Limited research has focused on investigating the influence of Ca and Mg NPs on plant–soil systems, particularly regarding soil microbial interactions with plants.

Like NPs, microbes play a vital role in plant growth by reducing the uptake and accumulation of heavy metals (Hassan et al., 2017; Ali et al., 2022b; Zulfiqar et al., 2023b). Bacillus pumilus is a growth-promoting bacterium in plants. B. pumilus reduces the uptake of cadmium and promotes plant height and photosynthetic pigments in rapeseed (Brassica napus L.) (Masood et al., 2020). Similarly, Bacillus spp. enhances the activity of ROS-scavenging enzymes such as POD, SOD, CAT, and APX, and boosts maize tolerance to Zn and Cu stress (Shahzad et al., 2021). Currently, no studies have been conducted on the combined effect of Ca + Mg nanocomposite and microorganisms on rice growth. Furthermore, the risk assessment of their toxicity to rice and soil is still in its early stages. Meanwhile, the combination of nanoparticles and microbial strain inoculation has recently attracted significant attention in agriculture due to their greater efficacy in alleviating heavy metal stress (Babu et al., 2022; Ahmed et al., 2023).

Therefore, a novel Ca + Mg nanocomposite was synthesized and the specific objectives of the current study were: a) to evaluate the individual and combined effect of Ca + Mg nanocomposite and B. pumilus on rice yield and growth; b) investigate the alleviating combined role of the Ca + Mg nanocomposite and microbes on oxidant and antioxidant enzymatic activity; c) to analyze the individual and combined effect of the Ca + Mg nanocomposite and B. pumilus on Cd uptake and accumulation in rice. Thus, the current study could offer an economically feasible alternative fertilizer that promotes sustainable agricultural crop production with higher nutritional value.




2 Material and methods


2.1 Soil collection and scrutiny

The soil was collected from the fields of the University of Agriculture, Faisalabad. Soil was air-dried and sieved through a 2 mm sieve. The soil used in this study was sandy clay loam according to Bouyoucos (1962). The electrical conductivity (EC) was 1.85 dS m−1, and the pH (7.68) of the soil extract was measured using appropriate methods. Available Cd (0.07 mg kg−1) was measured following the standard procedure of Amacher (1996). Soil organic carbon was assessed by following the Walkley–Black protocol, while calcium carbonate, total nitrogen, available phosphorous, extractable potassium, and cation exchange capacity were 3.16 g kg−1, 3.2%, 0.089%, 6.1 mg kg−1, 92 mg kg−1, 10.4 cmol(+) kg−1, respectively, using appropriate methods. Similarly, Zn, Mn, and Fe were 5.13 mg kg−1, 4.97 mg kg−1, and 53.74 mg kg−1, respectively, determined using the calcimeter method (Moodie et al., 1959; Jackson, 1962).




2.2 Ca + Mg nanocomposite synthesis

The calcium and magnesium nanocomposite was synthesized following the method of Das et al. (2018) using calcium nitrate tetrahydrate (Ca(NO3)2 · 4H2O) and magnesium nitrate tetrahydrate (Mg(NO3)2 · 4H2O). Separate solutions of calcium nitrate tetrahydrate (0.1 M) and magnesium nitrate tetrahydrate (0.1 M) were prepared. Both solutions were mixed, and sodium hydroxide (NaOH) pellets were added to maintain a pH 11.5. The mixture was stirred on a hotplate at 90°C, 120 g for 6 h. The formation of the Ca and Mg nanocomposite was confirmed by visually observing the color change of the solution. After 6 h, the solution was cooled to room temperature and centrifuged at 7,000g, 25°C for 5 min. The obtained residue was then washed several times with double-distilled water, dried in an oven at 80°C for 24 h, and ground using a mortar and pestle. The nanocomposite was calcined at 500°C for 3 h using a furnace tube to homogenize and remove impurities. X-ray diffraction (XRD) patterns and Fourier transform infrared (FT-IR) spectra were analyzed using PANalytical B·V. (Netherlands) and PerkinElmer, respectively. The surface morphology of the nanocomposite was examined by scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDX) and transmission electron microscopy (TEM), as shown in Figure 1.




Figure 1 | SEM of calcium and magnesium (Ca+Mg) (A, B), TEM (C, D), XRD (E) and FTIR (F).






2.3 Seeds inoculation with B. pumilus

The isolated strain B. pumilus (KF859972) was collected from the Department of Microbiology, GC University, Faisalabad, and prepared following Zeng et al. (2020). Nutrient broth (250 mL) simmered on a rotary shaker (150 g, 37°C, 24 h), then collected after centrifugation (10,000g, 10 min). The supernatant was discarded, and the residue was washed with sterilized distilled water. Surface-sterilized seeds (hydrogen peroxide 10% H2O2) were inoculated with bacteria using carboxymethyl cellulose (2%) on a rotary shaker at room temperature (90 g). A mixture of clay and peat moss (1:1 w/w) was used to coat the inoculated seeds. Both normal and inoculated seeds were planted in control and respective treatment conditions according to the treatment plan.




2.4 Experimental conditions

A pot experiment was carried out under natural environmental conditions (day–night temperature, 39/32°C, and humidity, 78 ± 4%) in 2022 at the Botanical Garden of Government College University Faisalabad, Pakistan. Treatments includes: Control; Cd 5 mg kg−1, Cd 10 mg kg−1, Microbes, Cd 5 mg kg−1 + Microbes, Cd 10 mg kg−1 + Microbes, (Ca + Mg) foliar, Cd 5 mg kg−1 + (Ca + Mg) foliar, Cd 10 mg kg−1 + (Ca + Mg) foliar, Microbes + (Ca + Mg) foliar, Cd 5 mg kg−1 + (Ca + Mg) foliar + Microbes, Cd 10 mg kg−1 + (Ca + Mg) foliar + Microbes. Pots were filled with sifted soil (5 kg pot−1) spiked with Cd (5 mg kg−1 and 10 mg kg−1) using cadmium chloride according to the treatment plan. A complete randomized design was used to conduct the experiment in triplicate. Rice seeds were soaked in water for 48 h, inoculated with B. pumilus before sowing, and grown in sieved and washed sand. After 20 days of germination, the rice plants were transplanted into pots, each containing four healthy plants. The recommended dose of NPK fertilizer was applied to prevent nutrient deficiency. The foliar Ca + Mg nanocomposite was applied after germination. A total of seven foliar applications were sprayed at one-and-a-half week intervals.




2.5 Measurement of photosynthetic pigments and gas exchange parameters

SPAD value was measured using an in situ SPAD meter. Photosynthetic pigments such as chlorophyll a and b, total chlorophyll, and carotenoids were determined spectrophotometrically in fresh rice leaves (Lichtenthaler, 1987). Acetone 85% (v/v ratio) was used to extract the samples to assess chlorophyll and carotenoid contents. Readings were taken using a spectrophotometer after extraction and centrifugation of samples. Gas exchange parameters (photosynthesis rate, transpiration rate, stomatal conductance, and water use efficiency) were measured during sunlight (12:00 a.m.) in leaves of rice plants using an infrared gas analyzer (IRGA).




2.6 Harvesting of plants

Plants were harvested and carefully separated into shoots, roots, leaves, and grains after 120 days of sowing. Growth parameters such as root and shoot lengths (cm), root fresh and dry weights (g), shoot fresh and dry weights (g), spike length, and number of grains were determined. Roots were washed with HCl (0.1%) and distilled water to remove metals. Root, shoot, and grain samples were oven-dried (72 h at 80°C) and crushed into small pieces for further analysis.




2.7 Measurement of oxidative stress and antioxidant enzymatic activity

Malondialdehyde (MDA) levels were assessed using the TBA (0.1%) method (Zhang and Kirkham, 1994; Abbas et al., 2017). Electrolyte leakage determination was achieved in two steps. Initial EC was noted after incubating samples for 2 h at 32°C. Second EC was measured for 20 min at 121°C following Dionisio-Sese and Tobita (1998). H2O2 activity was analyzed as per Jana and Choudhuri (1982). Samples were crushed in phosphate buffer (PB 5 Mm and pH 6.5) and centrifuged for 20 min. Sulfuric acid (20%) was added after centrifugation and then centrifuged for 15 min. Absorbance was measured at a wavelength of 410 nm using a spectrophotometer. Superoxide radical (O2•–=) contents were measured by obtaining fresh leaf extract in hydroxylamine hydrochloride, titrated with naphthylamine (7 mM) and sulfanilamide (17 mM) (Yang et al., 2011).

Phosphate buffer (PB 0.5, at pH 7.8) was used to homogenize the leaf and root samples for the determination of peroxidase (POD) and superoxide dismutase (SOD) contents (Zhang, 1992). Ascorbate peroxidase (APX) activity was estimated using the Nakano and Asada (1981) protocol, while CAT contents were assessed using the Aebi (1984) method.




2.8 Measurement of metabolites

Total soluble proteins (TSP) were measured by homogenizing 0.5 g of fresh leaves in potassium phosphate buffer (50 mM, pH 7.5) following Bradford (1976). Fresh leaves (0.5 g) were crushed in a potassium phosphate buffer solution (50 mM, pH 7.5). Pyridine and acid ninhydrin were used to titrate the supernatant to measure total free amino acids (TFAA) (Hamilton et al., 1943). Total soluble sugars (TSS) were analyzed by homogenizing 0.5 g of fresh leaves in an ethanol and ethanol mixture, and the extract was reacted with an anthrone reagent (Yemm and Willis, 1954). Phenolics were determined by triturating 0.5 g of fresh leaves in acetone, centrifuging at 10,000g for 10 min, and then reacting the supernatant with Folin and Ciocalteau’s phenol reagent for determination (Wolfe et al., 2003).




2.9 Assessment of metal contents and macro and micronutrients

The protocol of Lwalaba et al. (2020) was adopted with slight modification. Briefly, samples were digested in a diacid mixture of HNO3:HClO4 (4:1 v/v) at 140°C on a hotplate. Concentrations of elements such as Ca, Mg, Mn, Zn, Fe, K, and Cd were determined using ICP-MS (iCAP RQ, Thermo Scientific).




2.10 Statistical analysis

Data analysis was performed using SPSS version 16.0 (SPSS, Chicago, IL). One-way analysis of variance (ANOVA) was conducted, following the Tukey HSD test to assess significant differences among means.





3 Results


3.1 Effect of Ca + Mg nanocomposite and B. pumilus on growth parameters

Foliar application of Ca + Mg nanocomposite and microbial inoculation showed positive effects on rice growth, physiology, and antioxidant contents under Cd (5 mg kg−1, 10 mg kg−1) toxicity. The results showed that Cd (5 mg kg−1) reduced the length of roots and shoots by 20% and 30%, weight of fresh roots and shoots by 22% and 13%, weight of dry roots and shoots by 19% and 16%, number of tillers and grains by 38% and 19%, and spike length by 21% compared to the control treatment. Similarly, the roots and shoots length were reduced by 44% and 46%, weight of fresh roots and shoots by 42% and 32%, weight of dry roots and shoots by 36% and 37%, number of tillers and grains by 59% and 35%, and spike length by 41% significantly (p ≤0.05) inhibited with Cd (10 mg kg−1) compared with control treatment. Meanwhile, the B. pumilus significantly (p ≤0.05) increased the length of roots and shoots length by 23% and 22%, weight of fresh roots and shoots by 26% and 10%, wet of dry roots and shoots by 21% and 12%, number of tillers and grains by 20% and 19%, and spike length by 13% compared to the control. Moreover, B. pumilus inoculation enhanced the length of the roots and shoots by 3% and 12%, weight of fresh roots and shoots by 10% and 11%, weight of dry roots and shoots by 7% and 11%, number of tillers and grains by 46% and 16%, and spike length by 15% in Cd (5 mg kg−1) contamination compared without B. pumilus treatment. Under Cd (10 mg kg−1) contamination, B. pumilus improved the length of roots and shoots by 11% and 19%, weight of fresh roots and shoots by 15% and 19%, weight of dry roots and shoots by 9% and 25%, number of tillers and grains by 75% and 22%, and spike length by 24% compared without B. pumilus treatment.

Foliar application of Ca + Mg nanocomposite promoted the length of roots and shoots by 22 and 14%, weight of fresh roots and shoots by 23 and 10%, weight of dry roots and shoots by 18 and 15%, number of tillers and grains by 18 and 20%, and spike length by 26% compared to control treatment. Application of Ca + Mg nanocomposite boosted the length of roots and shoots by 17 and 15%, weight of fresh roots by 9%, weight of dry roots and shoots by 8 and 2%, number of grains by 4%, spike length by 4%, and decreased the weight of fresh shoots by 1% and number of tillers by 3% under Cd (5 mg kg−1) contamination compared to Cd (5 mg kg−1) + B. pumilus treatment. Similarly, Ca + Mg nanocomposite foliar application enhanced the length of roots and shoots by 21% and 18%, weight of fresh roots by 13%, dry roots and shoots weight 17% and 3%, number of grains by 3%, spike length by 4%, while decreasing the weight of fresh shoots by 2%, and no. of tillers by 7% under Cd (10 mg kg−1) contamination compared with Cd (10 mg kg−1) + B. pumilus treatment.

The highest increase was observed with the combined application of Ca + Mg foliar spray and B. pumilus. Significantly (p ≤0.05), the combined application of Ca + Mg and B. pumilus inoculation boosted length of roots and shoots by 14% and 8%, weight of fresh roots and shoots by 11% and 9%, weight of dry roots and shoots by 8% and 10%, number of tillers and grains by 21% and 16%, and spike length by 21% compared with B. pumilus treatment. While, the combined application of Ca + Mg and B. pumilus inoculation augmented the length of roots and shoots by 31% and 28%, weight of fresh roots and shoots by 17% and 9%, weight of dry roots and shoots by 15% and 14%, number of tillers and grains by 17% and 19%, and spike length by 23% with Cd (5 mg kg−1) contamination as compared to Cd (5 mg kg−1) + B. pumilus treatment. Similarly, the combined application of Ca + Mg and B. pumilus significantly (p ≤0.05) boosted the length of roots and shoots by 43% and 32%, weight of fresh roots and shoots by 27% and 16%, weight of dry roots and shoots by 24 and 14%, number of tillers and grains by 25% and 22%, and spike length by 29% under Cd (10 mg kg−1) as compared with Cd (10 mg kg−1) + B. pumilus treatment.




3.2 Effect of Ca + Mg nanocomposite and B. pumilus on photosynthetic pigments

The statistical analysis showed that the SPAD values, chlorophyll a, b, total chlorophyll, and carotenoid with Cd (5 mg kg−1, 10 mg kg−1) toxicity decreased at a significant (p ≤0.05). Results showed that the Cd (5 mg kg−1) abridged the SPAD values, chlorophyll a, b, total chlorophyll, and carotenoid contents 12%, 21%, 32%, 25%, and 33%, compared with the control treatment. Similarly, Cd (10 mg kg−1) at a significant (p ≤0.05) minimized the SPAD, chlorophyll a, b, total chlorophyll, and carotenoid contents 34%, 36%, 49%, 42%, and 55%, as compared to the control treatment. Besides, compared with the control treatment, B. pumilus application boosted SPAD values, chlorophyll a, b, total chlorophyll, and carotenoids 23%, 17%, 13%, 15%, and 17%. Similarly, B. pumilus enhanced the SPAD, chlorophyll a, b, total chlorophyll, and carotenoid contents 6%, 12%, 25%, 26%, and 25% with Cd (5 mg kg−1) contamination as compared with respective treatment. Under Cd (10 mg kg−1) stress, B. pumilus inoculation at a significant (p ≤0.05) enhanced the SPAD, chlorophyll a, b, total chlorophyll, and carotenoid contents 17%, 20%, 33%, 26%, and 50% compared with respective treatment.

Ca + Mg nanocomposite increased the SPAD, chlorophyll a, b, total chlorophyll, and carotenoid contents by 10%, 9%, 8%, 10%, and 12% as compared with control. Under Cd (5 mg kg−1) contamination, Ca + Mg nanocomposite enhanced the SPAD, chlorophyll a, b, total chlorophyll, and carotenoid contents 5%, 9%, 2%, 5%, and 10% as compared with Cd (5 mg kg−1) + B. pumilus treatment. Similarly, Ca + Mg nanocomposite application increased the SPAD values, chlorophyll a, b, total chlorophyll, and carotenoid contents by 9%, 6%, 8%, 6%, and 12% with Cd (10 mg kg−1) contamination as compared with Cd (10 mg kg−1) + B. pumilus treatment. Besides this, combined application of microbial inoculation and Ca + Mg nanocomposite significantly enhanced the SPAD, chlorophyll a, b, total chlorophyll, and carotenoid contents. The results showed that the combined Ca + Mg and B. pumilus application considerably increased the SPAD, chlorophyll a, b, total chlorophyll, and carotenoid contents 9%, 10%, 15%, 18%, and 11% as compared with B. pumilus treatment. However, the combined Ca + Mg and B. pumilus application increased the SPAD, chlorophyll a, b, total chlorophyll, and carotenoid contents by 13%, 16%, 15%, 17%, and 20% with Cd (5 mg kg−1) contamination as compared with Cd (5 mg kg−1) + B. pumilus treatment. Similarly, Cd (10 mg kg−1) contamination with combined Ca + Mg and B. pumilus application at a significant (p ≤0.05) increased the SPAD, chlorophyll a, b, total chlorophyll, and carotenoid contents 15%, 11%, 22%, 18%, and 21% as compared with Cd (10 mg kg−1) + B. pumilus treatment.

Likewise, the SPAD, chlorophyll, and carotenoid contents, the photosynthesis rate (Pn), transpiration rate (Tr), water use efficiency (WUE), and stomatal conductance were also enhanced with foliar application of Ca + Mg nanocomposite and microbial inoculation under Cd (5 mg kg−1, 10 mg kg−1) stress. Results showed that the Pn, Tr, WUE, and stomatal conductance were inhibited 20%, 23%, 22%, and 24% with Cd (5 mg kg−1) contamination, as compared with control. Similarly, under Cd (10 mg kg−1), the Pn, Tr, WUE, and stomatal conductance were reduced 44%, 39%, 42%, and 40%, respectively, compared with the control. While B. pumilus inoculation enhanced the Pn, Tr, WUE, and stomatal conductance 12%, 24%, 19%, and 26%, compared with the control. Moreover, B. pumilus treatment enhanced the Pn, Tr, WUE, and stomatal conductance 16%, 17%, 21%, and 20% with Cd (5 mg kg−1) contamination, compared to without B. pumilus. Under Cd (10 mg kg−1) contamination, B. pumilus inoculation at a significant (p ≤0.05) amplified the Pn, Tr, WUE, and stomatal conductance by 26%, 21%, 33%, and 27%, compared to without B. pumilus inoculation. Ca + Mg nanocomposite promoted the Pn, Tr, WUE, and stomatal conductance by 11%, 13%, 10%, and 18% as compared with control. Ca + Mg nanocomposite increased Pn, Tr, WUE, and stomatal conductance by 2%, 5%, 3%, and 9% with Cd (5 mg kg−1) contamination compared with Cd (5 mg kg−1) + B. pumilus treatment. Similarly, foliar application of Ca + Mg nanocomposite enhanced the Pn, Tr, WUE, and stomatal conductance 6%, 3%, 5%, and 1% with Cd (10 mg kg−1) contamination, compared with Cd (10 mg kg−1) + B. pumilus treatment.

The highest increase was observed with the combined application of Ca + Mg and B. pumilus inoculation. Further, the combined application of Ca + Mg and B. pumilus inoculation enhanced the Pn, Tr, WUE, and stomatal conductance by 17%, 9%, 11%, and 12% at a significant (p ≤0.05) compared to B. pumilus treatment. Meanwhile, combined Ca + Mg and B. pumilus application increased the Pn, Tr, WUE, and stomatal conductance by 16%, 11%, 13%, and 19% with Cd (5 mg kg−1) contamination compared with Cd (5 mg kg−1) + B. pumilus treatment. Correspondingly, the combined Ca + Mg and B. pumilus application significantly (p ≤0.05) promoted the Pn, Tr, WUE, and stomatal conductance by 28%, 10%, 19%, and 16% with Cd (10 mg kg−1) contamination compared with Cd (10 mg kg−1) + B. pumilus treatment.




3.3 Effect of Ca + Mg nanocomposite and B. pumilus on oxidative stress markers and antioxidant enzymatic activities

Foliar application of Ca + Mg nanocomposite and microbial inoculation showed a significant (p ≤0.05) effect on oxidants and antioxidants enzymatic activity in roots and leaves such as MDA, H2O2, EL, O2•–, POD, SOD, APX, and CAT with Cd (5 mg kg−1, 10 mg kg−1) contamination (Figures 2A, B). Results showed that Cd (5 mg kg−1) boosted MDA, H2O2, EL, and O2•– in roots by 36%, 30%, 33%, and 31% and leaves by 15%, 18%, 16%, and 32% compared with control. Meanwhile, Cd (5 mg kg−1) declined the POD, SOD, APX, and CAT in roots by 28%, 16%, 15%, and 19% and leaves by 20%, 22%, 16%, and 17% compared with control. Similarly, Cd (10 mg kg−1) further enhanced the MDA, H2O2, EL, and O2•– in roots by 67%, 63%, 58%, and 85% and leaves by 31%, 36%, 35%, and 91%, compared with control. The POD, SOD, APX, and CAT activity in roots by 53%, 39%, 29%, and 39% and leaves by 37%, 41%, 31%, and 34% decreased significantly (p ≤0.05) with Cd (10 mg kg−1) compared with control. Meanwhile, B. pumilus inoculation abridged the MDA, H2O2, EL, and O2•– contents in roots by 14%, 29%, 23%, and 16% and leaves by 33%, 35%, 25%, and 16% compared with control.




Figure 2 | (A) Alone and combined effect of Ca+Mg nanocomposite (25 mg L-1) and inoculation of Bacillus pumilus on enzymatic antioxidants POD, SOD, APX and CAT and oxidants EL, MDA, H2O2 in roots and small letter showed the difference in significance at p ≤ 0.05 level with mean of three replications. (B) Alone and combined effect of Ca+Mg nanocomposite (25 mg L-1) and inoculation of Bacillus pumilus on enzymatic antioxidants POD, SOD, APX and CAT and oxidants EL, MDA, H2O2 in shoots and small letter showed the difference in significance at p ≤ 0.05 level with mean of three replications.



B. pumilus inoculation at a significant (p ≤0.05) boosted POD, SOD, APX, and CAT activity in roots by 34%, 35%, 16%, and 15% and leaves by 24%, 22%, 14%, and 17% compared with control. Moreover, B. pumilus inoculation diminished the MDA, H2O2, EL, and O2•– contents in roots by 28%, 27%, 22%, and 22% and leaves by 29%, 28%, 20%, and 25% with Cd (5 mg kg−1) contamination compared without B. pumilus inoculation. B. pumilus inoculation enhanced the POD, SOD, APX, and CAT in roots by 50%, 28%, 17%, and 22% and leaves by 14%, 19%, 11%, and 10% with Cd (5 mg kg−1) contamination, compared to without B. pumilus treatment. Under Cd (10 mg kg−1) contamination, the B. pumilus inoculation significantly (p ≤0.05) inhibited MDA, H2O2, EL, and O2•– production in roots by 21%, 27%, 22%, and 21% and leaves by 18%, 22%, 19%, and 24% compared without B. pumilus treatment. Similarly, B. pumilus inoculation significantly (p ≤0.05) increased POD, SOD, APX, and CAT activity in roots by 65%, 34%, 15%, and 19% and leaves by 17%, 29%, 16%, and 15% under Cd (10 mg kg−1) contamination compared without B. pumilus treatment.

Ca + Mg nanocomposite further reduced the production of MDA, H2O2, EL, and O2•– in roots by 5%, 15%, 6%, and 14% and leaves by 21%, 20%, 18%, and 13% as compared with control. Ca + Mg nanocomposite boosted the POD, SOD, APX, and CAT in roots by 24%, 21%, 7%, and 11% and leaves by 17%, 14%, 10%, and 14% as compared with control. Ca + Mg nanocomposite diminished the MDA, H2O2, EL, and O2•– production in roots by 25%, 12%, 17%, and 8% and leaves by 21%, 15%, 7%, and 15% with Cd (5 mg kg−1) contamination compared with Cd (5 mg kg−1) + B. pumilus treatment. Similarly, foliar application of Ca + Mg nanocomposite increased the POD, SOD, APX, and CAT in roots by 4%, 9%, 5%, and 10% and leaves by 5%, 1%, 3%, and 9% with Cd (5 mg kg−1) contamination compared with Cd (5 mg kg−1) + B. pumilus treatment. Similarly, Ca + Mg nanocomposite lessened the production of MDA, H2O2, EL, and O2•– in roots by 9%, 15%, 18%, and 9% and leaves by 7%, 11%, 10%, and 13% with Cd (10 mg kg−1) contamination compared with Cd (10 mg kg−1) + B. pumilus treatment. Additionally, Ca + Mg nanocomposite foliar application promoted the POD, SOD, APX, and CAT in roots by 3%, 4%, 4%, and 5% and leaves by 6%, 2%, 4%, and 10% with Cd (10 mg kg−1) contamination compared with Cd (10 mg kg−1) + B. pumilus treatment.

The highest increase was observed with combined Ca + Mg and B. pumilus application. Further, the combined application of Ca + Mg foliar spray and B. pumilus inoculation significantly (p ≤0.05) inhibited MDA, H2O2, EL, and O2•– production in roots by 23%, 22%, 21%, and 19% and leaves by 26%, 18%, 21%, and 23% compared with B. pumilus treatment. The combined Ca + Mg foliar spray and B. pumilus inoculation augmented the POD, SOD, APX, and CAT activity in roots by 9%, 18%, 7%, and 25% and leaves by 11%, 16%, 9%, and 16% as compared with B. pumilus treatment. Combined Ca + Mg foliar spray and B. pumilus inoculation inhibited the MDA, H2O2, EL, and O2•– in roots by 17%, 22%, 14%, 17%, and leaves by 19%, 15%, 17%, and 16% with Cd (5 mg kg−1) contamination as compared with Cd (5 mg kg−1) + B. pumilus treatment. The combined Ca + Mg foliar spray and B. pumilus inoculation increased the POD, SOD, APX, and CAT in roots by 2%, 12%, 9%, and 20% and leaves by 16%, 13%, 10%, and 14% with Cd (5 mg kg−1) contamination compared with Cd (5 mg kg−1) + B. pumilus treatment. Similarly, the combined Ca + Mg foliar spray and B. pumilus inoculation further decreased the MDA, H2O2, EL, and O2•– in roots by 23%, 14%, 9%, and 23% and leaves by 15%, 13%, 10%, and 24% with Cd (10 mg kg−1) as compared with Cd (10 mg kg−1) + B. pumilus treatment. The combined Ca + Mg foliar spray and B. pumilus inoculation enhanced the POD, SOD, APX, and CAT in roots by 21%, 13%, 18%, and 19% and leaves by 22%, 21%, 12%, and 13% with Cd (10 mg kg−1) compared with Cd (10 mg kg−1) + B. pumilus treatment.




3.4 Effect of nanocomposite Ca + Mg and B. pumilus on metabolites

Foliar application of Ca + Mg nanocomposite and microbial inoculation showed a slight (p ≤0.05) effect on metabolites in roots and leaves such as TSP, TFAA, TSS, and phenolics under Cd (5 mg kg−1, 10 mg kg−1) toxicity (Figures 3A, B). Results demonstrated that Cd (5 mg kg−1, 10 mg kg−1) considerably (p ≤0.05) boosted TSP, TFAA, TSS, and phenolics in roots and leaves compared with the control treatment. Application of Ca + Mg nanocomposite and microbial inoculation slightly decreased the metabolites in roots and leaves with Cd (5 mg kg−1, 10 mg kg−1) contamination. Meanwhile, B. pumilus inoculation slightly (p ≤0.05) reduced the TSP, TFAA, TSS, and phenolics contents in roots by 33%, 27%, 12%, and 11% and leaves by 27%, 29%, 14%, and 15% as compared with control. Moreover, B. pumilus inoculation decreased the TSP, TFAA, TSS, and phenolics contents in roots by 11%, 19%, 13%, and 10% and leaves by 23%, 21%, 18%, and 13% with Cd (5 mg kg−1) contamination compared without B. pumilus treatment. Under Cd (10 mg kg−1) stress, B. pumilus inoculation slightly (p ≤0.05) inhibited the production of TSP, TFAA, TSS, and phenolics in roots by 9%, 27%, 13%, and 6% and leaves by 13%, 31%, 8%, and 5% compared without B. pumilus treatment. Ca + Mg nanocomposite reduced the TSP, TFAA, TSS, and phenolics in roots by 22%, 15%, 11%, and 8% and leaves by 20%, 21%, 12%, and 14%, compared to the control treatment. Ca + Mg nanocomposite increased the TSP, TFAA, TSS, and phenolics in roots by 3%, 9%, 4%, and 3% and leaves by 3%, 5%, 4%, and 7% with Cd (5 mg kg−1) contamination compared with Cd (5 mg kg−1) + B. pumilus treatment. Similarly, Ca + Mg nanocomposite boosted the TSP, TFAA, TSS, and phenolics in roots by 2%, 23%, 11%, and 7% and leaves by 4%, 31%, 3%, and 3% with Cd (10 mg kg−1) contamination compared with Cd (10 mg kg−1) + B. pumilus treatment.




Figure 3 | (A) Alone and combined effect of Ca+Mg nanocomposite (25 mg L-1) and inoculation of Bacillus pumilus on total soluble proteins, total free amino acids, total soluble sugars and phenolics in roots and small letter showed the difference in significance at p ≤ 0.05 level with mean of three replications. (B) Alone and combined effect of Ca+Mg nanocomposite (25 mg L-1) and inoculation of Bacillus pumilus on total soluble proteins, total free amino acids, total soluble sugars and phenolics in leaves and small letter showed the difference in significance at p ≤ 0.05 level with mean of three replications.



The highest increase was observed with combined Ca + Mg nanocomposite and B. pumilus inoculation. Further, the combined Ca + Mg nanocomposite and B. pumilus inoculation decreased (p ≤0.05) the TSP, TFAA, TSS, and phenolics in roots by 8%, 9%, 16%, and 14% and leaves by 24%, 15%, 16%, and 19% compared with B. pumilus treatment. Meanwhile, the combined Ca + Mg nanocomposite and B. pumilus inoculation inhibited the TSP, TFAA, TSS, and phenolics in roots by 14%, 15%, 18%, and 6% and leaves by 14%, 21%, 19%, and 2% with Cd (5 mg kg−1) toxicity compared with Cd (5 mg kg−1) + B. pumilus treatment. Similarly, the combined Ca + Mg nanocomposite and B. pumilus inoculation also decreased the TSP, TFAA, TSS, and phenolics in roots by 10%, 17%, 8%, and 7% and leaves by 11%, 12%, 10%, and 7% with Cd (10 mg kg−1) toxicity, compared to Cd (10 mg kg−1) + B. pumilus treatment.




3.5 Effect of nanocomposite (Ca + Mg) and B. pumilus on nutrient profile

The results showed that the soil spiking with Cd (5 mg kg−1, 10 mg kg−1) decreased the macro and micronutrients in shoots and grains of rice over the control (Table 1). Meanwhile, Ca + Mg nanocomposite and microbial inoculation significantly increased the macro and micronutrients under Cd (5 mg kg−1, 10 mg kg−1) toxicity. Results revealed that the Cd (5 mg kg−1) diminished Zn, Fe, Mg, Mn, K, and Ca in shoots by 34%, 44%, 22%, 38%, 20%, and 13% and grains by 28%, 36%, 24%, 34%, 37%, and 14% compared with control treatment. Similarly, Cd (10 mg kg−1) at a significant (p ≤0.05) lessened the concentration of Zn, Fe, Mg, Mn, K, and Ca in shoots by 65%, 82%, 38%, 70%, 35%, and 24%, and grains by 64%, 77%, 59%, 69%, 63%, and 24% compared with control treatment. Meanwhile, B. pumilus inoculation at a significant (p ≤0.05) increased the concentration of Zn, Fe, Mg, Mn, K, and Ca in shoots by 27%, 33%, 26%, 18%, 24%, and 9% and grains by 30%, 36%, 22%, 16%, 19%, and 8% as compared with control treatment. Moreover, the B. pumilus inoculation increased the values of Zn, Fe, Mg, Mn, K, and Ca in shoots by 60%, 88%, 42%, 57%, 38%, and 14%, and grains by 53%, 64%, 32%, 46%, 35%, and 14% with Cd (5 mg kg−1) contamination compared without B. pumilus. Under Cd (10 mg kg−1) contamination, B. pumilus inoculation at a significant (p ≤0.05) increased the concentration of Zn, Fe, Mg, Mn, K, and Ca in shoots by 146%, 358%, 41%, 158%, 37%, and 16% and grains by 152%, 217%, 82%, 115%, 60%, and 15% compared without B. pumilus.


Table 1 | Macronutrients and micronutrients contents in shoots and grains under different treatments.



The foliar application of Ca + Mg nanocomposite increased Zn, Fe, Mg, Mn, K, and Ca contents in shoots by 15%, 18%, 32%, 7%, 29%, and 14%, and grains by 7%, 19%, 34%, 12%, 11%, and 14% compared with control treatment. Ca + Mg nanocomposite decreased the concentration of Zn, Fe, and Mn in shoots by 19%, 25%, and 21% and increased Mg, K, and Ca 4%, 3%, and 6% with Cd (5 mg kg−1) contamination compared with Cd (5 mg kg−1) + B. pumilus treatment. Meanwhile, foliar application of Ca + Mg nanocomposite decreased the concentration of Zn, Fe, Mn, and K in grains by 30%, 24%, 13%, and 16% and increased Mg and Ca by 10% and 6% with Cd (5 mg kg−1) contamination compared with Cd (5 mg kg−1) + B. pumilus treatment. Similarly, Ca + Mg nanocomposite decreased the concentration of Zn, Fe, and Mn in shoots by 38%, 50%, and 39% and increased Mg, K, and Ca by 8%, 7%, and 8% with Cd (10 mg kg−1) contamination compared with Cd (10 mg kg−1) + B. pumilus treatment. Foliar application of Ca + Mg nanocomposite decreased the concentration of Zn, Fe, Mn, and K in grains by 38%, 39%, 19$, and 9% and increased Mg and Ca by 4% and 8% with Cd (10 mg kg−1) contamination compared with Cd (10 mg kg−1) + B. pumilus treatment.

The highest increase was observed with combined Ca + Mg nanocomposite and B. pumilus inoculation. Further, the combined Ca + Mg nanocomposite and B. pumilus inoculation at a significant (p ≤0.05) increased concentration of Zn, Fe, Mg, Mn, K, and Ca in shoots by 15%, 17%, 12%, 24%, 11% and 13% and grains by 13%, 20%, 21%, 20%, 13%, and 13% compared with B. pumilus treatment. Meanwhile, the combined Ca + Mg nanocomposite and B. pumilus inoculation increased the concentration of Zn, Fe, Mg, Mn, K, and Ca in shoots by 18%, 23%, 9%, 19%, 9%, and 16% and grains by 8%, 16%, 10%, 20%, 17%, and 16% with Cd (5 mg kg−1) contamination compared with Cd (5 mg kg−1) + B. pumilus treatment. Similarly, combined Ca + Mg nanocomposite and B. pumilus inoculation increased the concentration of Zn, Fe, Mg, Mn, K, and Ca in shoots by 19%, 24%, 15%, 19%, 13%, and 15% and grains by 7%, 30%, 8%, 35%, 26%, and 15% with Cd (10 mg kg−1) contamination compared with Cd (10 mg kg−1) + B. pumilus treatment.




3.6 Effect of nanocomposite (Ca + Mg) and B. pumilus on Cd uptake

Statistically, soil spiking with Cd (5 mg kg−1, 10 mg kg−1) increased Cd levels in roots, shoots, and grains of rice over the control (Figure 4). Meanwhile, Ca + Mg nanocomposite and microbial inoculation significantly decreased the Cd uptake and toxicity with Cd (5 mg kg−1, 10 mg kg−1) contamination. Meanwhile, B. pumilus inoculation at a significant (p ≤0.05) declined the uptake of Cd in roots, shoots, and grains by 61%, 55%, and 60%, compared to control. Moreover, B. pumilus inoculation reduced the uptake of Cd in roots, shoots, and grains by 35%, 47%, and 40% with Cd (5 mg kg−1) contamination, compared to without B. pumilus inoculation. Under Cd (10 mg kg−1) contamination, B. pumilus inoculation at a significant (p ≤0.05) lessened the uptake of Cd in roots, shoots, and grains by 26%, 27%, and 23% compared without B. pumilus inoculation treatment.




Figure 4 | Alone and combined effect of Ca+Mg nanocomposite (25 mg L-1) and inoculation of Bacillus pumilus on Cd uptake and accumulation in roots, shoots, grains, and small letter showed the difference in significance at p ≤ 0.05 level with mean of three replications.



Ca + Mg nanocomposite decreased the uptake of Cd in roots, shoots, and grains by 31%, 55%, and 60%, compared to the control. Meanwhile, the Ca + Mg nanocomposite augmented the uptake of Cd in roots, shoots, and grains by 18%, 24%, and 19% with Cd (5 mg kg−1) contamination compared with Cd (5 mg kg−1) + B. pumilus treatment. Similarly, Ca + Mg nanocomposite increased Cd uptake in roots, shoots, and grains by 13%, 15%, and 11% with Cd (10 mg kg−1) contamination, compared to Cd (10 mg kg−1) + B. pumilus treatment. The highest decrease was observed with combined Ca + Mg nanocomposite and B. pumilus inoculation. Further, the combined Ca + Mg nanocomposite and B. pumilus inoculation at a significant (p ≤0.05) minimized the uptake of Cd in roots, shoots, and grains by 60%, 50%, and 33% as compared with B. pumilus treatment. Meanwhile, the combined Ca + Mg nanocomposite and B. pumilus inoculation decreased the uptake of Cd in roots, shoots, and grains by 15%, 9%, and 21% with Cd (5 mg kg−1) contamination compared with Cd (5 mg kg−1) + B. pumilus treatment. Similarly, combined Ca + Mg nanocomposite and B. pumilus inoculation reduced the uptake of Cd in roots, shoots, and grains by 22%, 13%, and 20% with Cd (10 mg kg−1) contamination compared with Cd (10 mg kg−1) + B. pumilus treatment.





4 Discussion

Several studies showed that the application of exogenic CaO and MgO NPs alleviates Cd toxicity in different crops (Li et al., 2022; Nazir et al., 2022). Similarly, B. pumilus strains increased plant growth by decreasing Cd contamination in soil (Shahzad et al., 2021; Maslennikova et al., 2023). However, there is a gap in research regarding the combined effect of Ca–Mg nanocomposite and microbes on plants and their mitigation mechanism. Therefore, the present study examined the combined effect of Ca–Mg and B. pumilus inoculation on physiology, photosynthetic pigments, oxidative stress, Cd uptake, and accumulation in rice.

After Cd uptake, the high excitation energy of thylakoid situated photosynthetic electron transport was produced, which ultimately promotes ROS synthesis (MDA, H2O2, and EL) (Huihui et al., 2020). Cd also reduced the production of SOD, POD, CAT, and APX, which may hinder excessive scavenging of oxidative stress species. MgO NPs enhanced light absorption, photosynthetic function, photosystem II (PSII) efficacy, Fv/Fm, and the effective quantum yield of PSII photochemistry (FPSII). Magnesium also benefits net CO2 absorption in several plant species and mitigates heavy metal stress (Tränkner et al., 2016; Samborska et al., 2018; Faizan et al., 2021). To minimize the toxic effects in heavy-metal-stressed plants, usually caused by the generation of reactive oxygen species (ROS), antioxidative protective mechanisms are activated, including the antioxidant enzymes CAT, POD, and SOD (Ahmad et al., 2018). Similarly, CaO NPs enhanced growth, antioxidative enzymes, and nutrient profile by inhibiting Cd uptake and toxicity in barley seedlings (Nazir et al., 2022). B. pumilus produces organic acids that bind C and solubilize phosphorus and other nutrients, which help plant growth (Sharma et al., 2013). The proposed mechanism of the Ca + Mg nanocomposite and B. pumilus strain is shown in Figure 5. Roots are exposed directly to the soil, and the Casparian strip might be an effective barrier to decrease Cd uptake and translocation due to the sole structure of the endothelial layer (Wu et al., 2018; Guo et al., 2021). Earlier findings discovered that Cd content in rice roots was 10 times higher than in upground plant parts, and a major portion of Cd accumulated in the cell wall, demonstrating that the root cell wall efficiently reduced Cd translocation to shoots and leaves (Liu et al., 2016; Yu et al., 2020). Cd concentration was significantly minimized with Ca, signifying an intervention between Ca2+ and Cd2+ ions. Cd is a nonessential and toxic element for rice plants, and Ca transporters enter the cells due to the chemical similarity (Tian et al., 2016; Ye et al., 2020). Through specific translocation channels, Ca2+ ions impede the uptake and translocation of Cd2+ ions by the roots, subsequently reducing the Cd concentration in plant parts (Kanu et al., 2019). Ca contents in the cytoplasm increased significantly, and signals were conveyed quickly among cells, allowing plants to mitigate Cd toxicity (Guo et al., 2018). Cd toxicity increased rice’s amino groups, hydroxyl groups, cellulose, epoxide, and reactive oxygen species richness, causing structural damage to the plasma membrane and cell wall. At the same time, Ca minimized these unfavorable effects (Ye et al., 2020). Previous analyses indicated that Cd toxicity caused structural, chlorophyll alterations, primarily by replacing Mg2+ ions, leading to the breakdown of chlorophyll fragments (Kanu et al., 2019). Similarly, Mg concentrations correlate negatively with Cd concentrations in rice leaves and shoots (Khaliq et al., 2019).




Figure 5 | Proposed mechanism of Ca + Mg nanocomposite and B. pumilus to mitigate Cd toxicity and enhance rice growth and yield.



Cadmium is a non-essential element for plant growth with no biological function and inhibits the biomass of various plant species, including root and shoot length, dry weight, and SPAD values (Jia et al., 2020; Yang et al., 2020; Li et al., 2021). Similar results were found in the current study: Cd toxicity decreased rice plant growth parameters, including root and shoot length, root and shoot fresh and dry weight, number of tillers, and spike length, as shown in Table 2. Several studies have demonstrated that the exogenous application of NPs can alleviate Cd toxicity in wheat and rice, including Fe, Cu, TiO2, and ZnO NPs (Hussain et al., 2018; Noman et al., 2020; Irshad et al., 2021; Manzoor et al., 2021). It has been reported that CaO NPs could promote root development, growth rate, and seed yield, and supply Ca in soybean and peanut (Liu and Lal, 2014, 2015). Ca and Mg are beneficial elements and enhance the plant growth. A previous study reported that the application of Ca and Mg improved growth by reducing Cd accumulation and translocation in rice (Li et al., 2022). Similarly, Mg input to chloroplast significantly enhanced the photosynthesis in rice (Li et al., 2020). Several microbes are well-known for detoxifying, transferring, and accumulating heavy metals (Pathania and Srivastava, 2020). A previous study reported that seed inoculation with B. pumilus increased maize growth by decreasing Cd toxicity (Shahzad et al., 2021). Fatemi et al. (2020) reported that the combined application of lead (Pb)-resistant microbes and silicon NPs improved the growth of coriander (Coriandrum sativum L.) under Pb stress. Previous studies showed that applying silica NPs with two microbial strains (Azotobacter chroococcum and Pseudomonas koreensis) improved the physiology and SPAD values of barely under saline stress (Alharbi et al., 2022). Our study also showed similar results: the combined application of Ca–Mg nanocomposite and B. pumilus inoculation minimizes Cd toxicity and increases plant growth factors (Table 3).


Table 2 | Growth parameters under different treatments.




Table 3 | Photosynthetic and gas exchange parameters under different treatments.



The literature confirmed that photosynthetic pigments are considered fundamental markers of heavy metals-induced oxidative stress (Rizwan et al., 2018). Previous studies demonstrated that CaO NPs increased chlorophyll content and gas exchange characteristics by reducing arsenic toxicity in barley. Ilyas et al. (2022) stated that seed inoculation with Bacillus sp. strains increased the chlorophyll contents in wheat plants. Moreover, chlorophyll content and gas exchange attributes significantly increased with the combined application of Ca + Mg and microbial inoculation. Previous studies also agreed that the combined application of ZnO NPs and Cr-resistant microbes increased chlorophyll content and gas exchange characteristics in wheat (Ahmad et al., 2022). The present study demonstrated similar findings: Ca + Mg enhanced chlorophyll and gas exchange characteristics in rice leaves under Cd contamination (Table 3).

Antioxidant enzymes activity was reduced with increasing Cd concentration (Shi et al., 2020). Cd toxicity inhibits growth and triggers oxidative damage due to the release of ROS (Marques et al., 2019). ROS damage biomolecules, proteins, carbohydrates, and lipids, particularly in membranes, harming the integral membrane and ultimately leading to cell death (Dar et al., 2017). Researchers found that Cd contamination increased MDA, H2O2, EL, and O2•– due to ROS generation (Du et al., 2020; Kaya et al., 2020; Ali et al., 2022a). Similar outcomes were found in our study: Cd contamination decreased antioxidant enzyme activity and increased oxidative damage by producing ROS. Similarly, the combined application of Staphylococcus aureus and ZnO NPs reduced ROS production and increased antioxidant enzyme activities in wheat under Cr-contaminated soil (Ahmad et al., 2022). Our study showed similar results: the combined application of Ca–Mg and B. pumilus inoculation decreased ROS production by reducing EL%, MDA, H2O2, and O2•– concentrations and increased antioxidant enzyme activities by increasing POD, SOD, APX, and CAT concentrations in roots and leaves (Figures 2A, B).

Cd toxicity increased the osmolytes (proline and glycine betaine), sugar content, and secondary metabolites in mustard (Brassica juncea) plants (Ahmad et al., 2016). In contrast, the application of Pseudomonas aeruginosa and Burkholderia gladioli) decreased Cd toxicity in Solanum lycopersicum seedlings by modulating the expression of secondary metabolites (Khanna et al., 2019). Similar outcomes were found in our study: B. pumilus inoculation decreased Cd toxicity by regulating secondary metabolites. The current study showed that Cd toxicity significantly increased secondary metabolites such as TSP, TFAA, TSS, and phenolics in roots and shoots, while combined application of Ca–Mg and B. pumilus inoculation slightly decreased secondary metabolism in leaves and roots (Figures 3A, B).

Nano-fertilization has been considered a game-changer in addressing nutritional insecurity, especially in developing countries (Wang et al., 2020; Cao et al., 2022);. The application of CaO NPs decreased the Cd concentration in the roots, shoots, and grains of barley plants and increased the macro and micronutrients (Nazir et al., 2022). Similarly, gallic acid increased wheat growth and decreased the uptake of Cr in roots, shoots and grains under tannery wastewater stress (Nafees et al., 2024b). Previously, Ca and Mg reduced the Cd concentration in rice roots, shoots, and grains (Li et al., 2022). Similar results were found in our study: the combined application of foliar Ca–Mg and B. pumilus decreased the Cd concentration in rice roots, shoots, and grains (Figure 4) and increased the macro and micronutrients (Zn, Fe, Mg, Mn, K, and Ca) in shoots and grains (Table 1). Therefore, during phytoremediation, the foliar application of Ca + Mg nanocomposite and microbial (B. pumilus) inoculation will not only raise the market value of agricultural products but also improve the nutritional value of rice grains, which is of great significance in addressing hidden hunger.




5 Conclusion

The present study investigated how cadmium toxicity reduced plant growth, biomass, and gas exchange characteristics in rice. Additionally, Cd-stressed rice demonstrated increased MDA, H2O2, EL, and O2•– levels and higher Cd concentration. However, the application of Ca + Mg nanocomposite and B. pumilus individually modulated the antioxidant system of treated rice by improving the activity of CAT, SOD POD, and APX. Moreover, the combined application of Ca + Mg nanocomposite and B. pumilus further enhanced the growth and physiochemical features of rice seedlings grown under both standard and Cd-contaminated conditions. Further studies are required to understand the molecular mechanisms involved in Cd tolerance in different crops through the synergistic application of Ca + Mg nanocomposite and B. pumilus.
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Introduction

In recent years, with the rapid expansion of ratoon rice production in Hunan, a unique ratoon rice-based production system, forage-grain ratoon rice (FG-RR), has been newly developed. Ratooning rice is a season of rice harvested by utilizing the dormant buds on the rice stubble left after harvesting the first season of rice to sprout and grow. Therefore, the characteristics of stalks themselves are crucial for the production of ratoon rice. The cutting period and higher stubble height directly affect the characteristics of ratoon rice stubbles. Based on this, we conducted the following research.





Methods

In 2021 and 2022, field experiments were conducted in central China to study the effects of different cutting periods and stubble height on the regeneration rate and nutrient content of ratoon crops. The treatments included two cutting periods (10 days after heading in the first season and 30 days after heading in the first season, respectively referred to as T10 and T30) and two stubble heights (10 cm and 30 cm, respectively referred to as H10 and H30). 





Results

Compared with the T30H30 treatment, T10H10 and T10H30 increased grain yield by 48.1%, 41.7%, 73.1%, and 65.2% in the two-year ratoon seasons, while T30H10 reduced grain yield by 30.9% and 19.5% in the two years, respectively. Early cutting increased the panicles, spikelets per panicle, and filled grain rate to varying increase, while higher stubble height increased panicles but decreased spikelet panicle. On the one hand, early cutting and higher stubble height increased the dry and fresh weight, nonstructural carbohydrates (NSCs), organic carbon (C), and nitrogen content of rice stalks, thereby improving the regeneration rate of ratoon rice. On the other hand, early cutting and higher stubble height retention increased the accumulation of nitrogen in rice stubble throughout the entire growth period and facilitated the transport of nitrogen to the mature panicles. 





Discussion

Therefore, appropriate early cutting and higher stubble height retention are the keys to improving the grain yield and stability of ratoon rice.





Keywords: ratoon rice, regeneration rate, stubble height, nutrients, grain yield




1 Introduction

Feeding herbivores has become increasingly common in southern China. However, there are few extensive grassland areas, and the development of recycled forage has become an important agricultural technology. It has been reported that developing recycled rice for forage can increase forage production without creating additional demand on fields in subtropical and temperate rice areas. Still, it cannot balance cereal production with livestock feed production (Chen et al., 2022). Therefore, balancing rice and feed production has become the focus of our research (Dong et al., 2020). A large amount of ratoon forage was obtained by leaving stakes 30 cm from the first season harvest, spraying 60 g hm−2 erythromycin, and harvesting ratoon forage on the 37th day after the first season rice harvest while maintaining a harvest height of 5 cm. However, the quality of rice grain was poor in the first season and excellent in the regrowth season (Huang et al., 2020). The idea of obtaining high-quality rice grain in the ratoon season, supplemented by rice straw in the first season, was then switched to mowing at the pre-furrow period, which increased the ratoon grain yield to 7.5 t ha−1 (unpublished data from this group). Studies indicated that FG-RR systems have higher energy output and higher energy utilization efficiency, while also reducing the potential for global warming and eutrophication (Qi et al., 2024b). As such, FG-RR systems may comprise a novel approach to reconcile the simultaneous demands of grain and forage production on the same land parcel, although further work in situ is required to elucidate prospects associated with this claim.

The regeneration ability of ratoon rice determines the grain yield of the ratoon season. The regeneration rate can be used as an indicator to evaluate the regeneration ability of regenerated buds, and the level of regeneration ability ultimately determines the grain yield of regenerated buds. Regeneration ability is a complex trait determined by variety traits, climatic conditions, and agronomic measures (Bond and Bollich, 2006). Researchers have conducted extensive studies on different agronomic measures. Studies indicated that the dry weight of a single stem sheath during the first season of rice maturity has the greatest direct impact on regeneration ability (Ren et al., 2006). Higher stubble height increased the regeneration rate and grain yield of regenerated crops due to the increase in the weight of stubble (Takeo et al., 2017). In short, the higher stubble dry weight left after the first harvest provides more carbohydrates, which are beneficial for the growth of regenerated buds. The process of ratooning can be explained by apical dominance (Wang et al., 2020), which is a phenomenon in plants involving the inhibition of axillary bud outgrowth by the shoot apex. Regenerated crops, after removing their apical dominance, stored reserves when their photosynthetic products are insufficient to meet their own growth needs (White, 1973).Carbohydrate reserves are considered the substrate for plant growth and respiration. During the growth and development process of the first season, nonstructural carbohydrates accumulate in the leaves and stems of rice plants and are transported to the grains after flowering (Turner and Fund, 1993). Under normal mature conditions, when harvesting the first crop, the stubble does not accumulate NSC again (Yoshinaga et al., 2013). In the early growth period of ratoon rice, the germination and growth of regenerated tillers are mainly attributed to the nutrients stored in the first season stubble (He et al., 2019), and the nutrients stored in the stubble are positively correlated with regeneration ability (Santos et al., 2003). When the first crop season is harvested, the starch in the stubble is rapidly hydrolyzed and transported to new tillers (Slewinski, 2012). Xu and Xiong (2000) indicated that the increase in the non-structural carbohydrates of the rice stubble increased both generation speed and the total number of auxiliary buds during ratoon season. The stubble is the primary NSC storage organ in grasses. As the stubble height decreases, the NSC content shows a decreasing trend (Lee et al., 2008). The higher the dry weight of the first season rice after harvest, the more carbohydrates are available for the growth of regenerated buds.

The difference in harvest time in the first season has a more direct impact on the grain yield of regenerated crops, even surpassing the use of nitrogen fertilizer, with higher RC grain yield obtained when harvested before maturity in MC in Japan (Tanaka et al., 2021). After the first season of heading, a large number of regenerated buds die, mainly due to an increase in the amount of light energy allocated to the grains during the grain-filling period of the main crop, and a decrease in the amount of light energy allocated to the regenerated buds. On the 14th, 7th, and 0th day before harvest, the survival rates of regenerated buds treated with ear removal were 1.9% to 15.9%, 23.9% to 29.6%, and 34.8% to 51.1% higher than the control, respectively (Xu et al., 2021). Yang et al. (2022) also found that poor grain filling in the first season leads to a higher accumulation of nutrients such as carbohydrates and mineral elements in the stem, which also promotes the germination of regenerated buds. In short, the main reasons for the survival rate and length of regenerated buds depend on the biomass storage and light energy allocation in the stem sheath. Therefore, the agronomic measures that are beneficial for increasing the NSC content in stubble after the first harvest are worth exploring to promote the germination of regenerated shoots and increase the grain yield during the ratoon season. The height of stubble and harvesting time in the first season are two main agronomic measures to improve the dry weight and NSC content of stubble after harvesting in the first season.

Based on previous research on “forage-grain ratoon rice (FG-RR),” the first season of rice should be harvested 30 days after the full heading period, with a stubble height of 10 cm (Chen et al., 2022). At this time, the carbon footprint is small and the economic benefits are high. However, to achieve high grain yield in the regeneration season, it is crucial to understand how the mowing period and stubble height affect grain yield through the characteristics of the stubble. We speculate that: 1) early mowing and high stubble retention may increase the grain yield potential of RC; 2) the methods to increase RC grain yield may differ between early mowing and high stubble retention.




2 Materials and methods



2.1 Experimental site and design

Field experiments were conducted during the rice growth seasons of 2021 and 2022 in Jinjing Town, Changsha County, Hunan Province, central and southern China (28° 53′ N, 113° 38′ E). The soil in the experimental field was acidic red soil evolved from granite, and the basic soil fertility over the past two years is shown in Table 1. During these two years, climate parameters, including daily minimum temperature, and maximum temperature were collected from a weather station (Em50, METER Group, Inc. USA) approximately 100 m away from the experimental field during the growth period from the transplanting of the main crop (MC) to the maturity of the ratoon crop (RC) (Figure 1).


Table 1 | Soil nutrient status in the 0 cm–20 cm soil layer of the experimental field.






Figure 1 | Average temperature and precipitation during the 2021–2022 rice growing season.



The tested variety was Xiangliangyou 900 (XLY900). It is a super hybrid rice variety developed by Hunan Nianfeng Seed Industry Technology Co., Ltd. and Hunan Hybrid Rice Research Center using Guangxiang 24S × R900 breeding. According to previous experiments conducted by the research group, XLY900, as a type of “forage-grain ratoon rice,” showed better silage grain yield and quality in the first season and better grain yield and rice quality in the ratoon season (Chen et al., 2022). The experiment adopted a randomized block design with two mowing period treatments: 10 days after heading in the first season (T10) and 30 days after heading in the first season (T30); and two stubble height treatments: low stubble height 10 cm (H10) and high stubble height 30 cm (H30), repeated three times (Table 2). The plot size was 20 m2 (4 m × 5 m). To prevent the leakage of fertilizer and water between plots, a 30 cm field ridge was used to separate the areas, and the field ridges were covered with plastic film. For MC, a total of 195 kg N·hm-2 was applied three times, with basal fertilizer: tillering fertilizer: ear fertilizer = 5:2:3. For RC, a total of 150 kg N·hm−2 was applied twice, Nbud:Ntiller = 5:5. All nitrogen fertilizers were applied in the form of urea. The application amount of P2O5 was 97.5 kg·hm−2 (all basal application in the first season), and the application amount of K2O was 240 kg·hm−2 (195 kg·hm−2 in the first season, basal fertilizer: ear fertilizer = 5:5; 45 kg·hm−2 in the ratoon season, all as seedling fertilizer).


Table 2 | Description of different mowing periods and stubble height treatments.



Pre-germinated seeds were sown in seedbeds on 5 April 2021 and 23 March 2022, and 30-day-old seedlings were transplanted into the paddy field on 5 May 2021 and 22 April 2022. Seedlings were transplanted into the paddy soil with a hill spacing of 30 cm × 13.3 cm, with two seedlings per hill. During the first season of ripening, manual harvesting was carried out. During most of the rice growth period, the fields remained flooded until 7 days before MC ripening, except for about 10 days of drainage during the maximum tillering period (when the number of tillers reaches 80% of the expected number of panicles). In RC, the fields remained flooded until 10 days before maturity. Throughout the entire two-year growth season, weeds, diseases, and insects were strictly controlled.




2.2 Sampling and measurements

During the mature period of the ratoon season (except for the second row in each plot), 1 m2 (25 hills) of representative plant samples were taken to calculate grain yield and its constituent factors. The 1 m2 sample was divided into D2 (ears regenerated from the top 2nd section), D3 (ears regenerated from the top 3rd section), and D4 (ears regenerated from the lower section below the 3rd section) to calculate grain yield and its constituent factors separately. The empty spikelets were separated from the partially filled spikelets by winnowing. Three subsamples with 30 g filled spikelets and three subsamples with 2 g empty spikelets, along with all partially filled spikelets, were taken to count the number of spikelets (He et al., 2019).

Regeneration ability = Effective panicles per unit area during the ratoon season/Number of mother stems per unit area in the first season;

Regeneration ability at different nodes = Effective number of panicles per unit area at different nodes during the ratoon season/Number of mother stems per unit area in the head season.

Two rice plants were selected to measure the number and length of regenerated buds at 3 days, 9 days, 15 days, heading, and maturity periods after mowing. After washing, the regenerated buds from each node were peeled off, and the number of regenerated live buds (total number of buds with a length of ≥1 cm) and axillary bud length from the two sampled plants in D2 (second node from the top), D3 (third node from the top), and D4 (lower node below the third node of the stem). The regeneration rate and axillary bud length were calculated using the following formula:

Regeneration rate (%) = Number of live buds at each node/Number of mother stems × 100%; Axillary bud length (cm) = Sum of axillary bud lengths at each node/Number of buds.

Immediately after harvesting the first season crops, take their stubbles (except for the second row) and continuously take 12 hills (3 from each community × 4) Measure the fresh and dry weight of the rice stubble, then blanch at 105 °C for half an hour, and then dry it in a constant temperature drying oven at 80 °C to constant weight. Crush the dried rice stubble sample, pass it through a 100-mesh sieve, and divide it into two parts. One part was used to measure the organic carbon and nitrogen concentrations using an element analyzer (vario ISOTOPE cube, Elementar Trading Co., Ltd., Germany); the other part was used to determine the content of soluble sugars, starch, and non-structural carbohydrates (NSC) (He et al., 2019).




2.3 Data analysis

Variance analysis was performed using IBM SPSS Statistics version 22.0, and the means of treatments were compared based on the least significant difference (LSD) test at the 0.05 probability level. Statistical analysis and graphical representation of data were performed using GraphPad Prism version 9.0 software.





3 Results



3.1 Growth duration

The phenological data of various growth periods of rice are shown in Table 3. The reproductive periods of MC and RC are 120 days–145 days and 78 days–102 days, respectively, and the total reproductive period of RC was 53%–85% of MC. Under the same mowing period and conditions, the duration of RC increases with the decrease in stubble height. Under the same stubble height conditions, the duration of RC increases with the delay of the mowing period.


Table 3 | Growth periods and durations of main and ratoon crops under different mowing periods and stubble height treatments.






3.2 Grain yield and composition of ratoon crops under different treatments

The grain yield under different treatments during the 2021 ratoon season was lower than that in 2022. The analysis of variance results showed that T had a significant impact on grain yield, panicles, filled grain rate, and 1,000-grain weight (p <0.01), while H had a significant impact on grain yield, panicles, spikelet panicle, and filled grain rate (P <0.01). Under the same stubble height conditions, the grain yield of T10 was higher than that of T30. Under the same mowing conditions, the grain yield of H30 was higher than that of H10. The highest grain yield was observed during the ratoon season under T10H30 treatment, ranging from 7,530 kg hm−2 in 2021 to 9,466 kg hm−2 in 2022. Compared with T30H30, T10H10 and T10H30 increased production by 48.1%, 41.7%, and 73.1%, 65.2%, respectively in the two years, while T30H10 reduced production by 30.9% and 19.5%, respectively.

Early mowing can improve all three factors of grain yield. However, higher stubble height significantly increased the number of panicles, while low stubble significantly increased the number of spikelets per panicle. On average, under the same mowing conditions, the number of panicles in H30 increased by 44.61% compared to H10, while the number of spikelets per panicle decreased by 27.76% compared to H10. The height of stubble had no significant effect on the filled grain rate. However, under different mowing periods, the 1,000-grain weight showed opposite trends under H30 and H10 treatment conditions.




3.3 Dry weight and fresh in stubble of MC

Overall, the fresh weight of stubble in 2021 was higher than in 2022, while the dry weight of stubble in 2021 was lower than that in 2022 (Figure 2). Under the same stubble height conditions, the fresh weight of T10 stubble was greater than that of T30, while there was no significant difference in dry weight between T10 and T30 stubble. It was evident that the dry and fresh weights of high stubble height were significantly higher than those of low stubble height. Compared with T30H30, the two-year dry and fresh weights of T10H30 increased by 1.9%, 3.6%, 33.2%, and 4.0%, respectively, while the two-year dry and fresh weights of T10H10 decreased by 51.6%, 47.3%, 38%, and 47.2%, respectively. The two-year dry and fresh weights of T30H10 decreased by 53.4%, 49.2%, 53.4%, and 49.3%, respectively.




Figure 2 | The fresh and dry weight under different mowing period and stubble heights in 2021 and 2022. Different lowercase letters denote statistical differences among four nitrogen treatments according to LSD test (0.05). Data are mean ± standard error. T10H10, Cut 10 days after heading in the first season and leave stubble height of 10 cm; T10H30, Cut 10 days after heading in the first season and leave stubble height of 30 cm; T30H10, Cut 30 days after heading in the first season and leave stubble height of 10 cm; T30H30, Cut 30 days after heading in the first season and leave stubble height of 30 cm. ** indicates significant effect at 0.01 level and ns indicates no significant effect.






3.4 Nitrogen, Organic carbon content, and C/N of stubble

The results of the analysis of variance showed that T and H had a significant impact on the nitrogen content of stubble, while the C/N ratio of stubble was only affected by H (Figure 3). Under the same stubble height conditions, the nitrogen content in T10 stubble was significantly higher than that in T30, while there was no significant difference in the C/N ratio of stubble. Under the same mowing period conditions, the nitrogen content in H30 stubble remained higher than in H10, while the C/N ratio in H30 stubble was significantly lower than in H10. Compared with T30H30, the nitrogen content of T10H30 stubble increased by 7.6%, while T10H10 and T30H10 decreased by 18.4% and 30.3%, respectively. Compared with T30H30, the organic carbon content of stubble in T10H10, T10H30, and T30H10 decreased by 1.2%, 1.8%, and 6.8%, respectively. Compared with T30H30, T10H10 and T30H10 increased rice stubble C/N by 22.9% and 33.6%, respectively, while T10H30 decreased by 8.3%.




Figure 3 | The nitrogen (N), carbon (C) content, and C/N of stubble under different mowing period and stubble heights in 2021 and 2022. Different lowercase letters denote statistical differences among four nitrogen treatments according to LSD test (0.05). Data are mean ± standard error. T10H10, Cut 10 days after heading in the first season and leave stubble height of 10 cm; T10H30, Cut 10 days after heading in the first season and leave stubble height of 30 cm; T30H10, Cut 30 days after heading in the first season and leave stubble height of 10 cm; T30H30, Cut 30 days after heading in the first season and leave stubble height of 30 cm. ** indicates significant effect at 0.01 level and ns indicates no significant effect.






3.5 Sugar, starch, and NSC content of stubble

The analysis of variance results showed that the effects of T and H on rice stem NSC and soluble sugar content reached a significant level, while only H had a significant impact on starch content (Figure 4). The influence trend of different treatments on the NSC and soluble sugar content of stubble was consistent. Under high stubble height conditions, the NSC and soluble sugar content of stubble in T10 were significantly higher than those in T30, while under low stubble height conditions, the difference between the two was not significant. Under the same mowing period conditions, the content of NSC and soluble sugars in H30 stubble remained higher than that in H10. The starch content of T10H30 stubble was significantly higher than the other three.




Figure 4 | Effects of mowing period and stubble height on soluble sugar, starch, and NSC content of stubbles during the mowing period. Different lowercase letters denote statistical differences among four nitrogen treatments according to LSD test (0.05). Data are mean ± standard error. T10H10, Cut 10 days after heading in the first season and leave stubble height of 10 cm; T10H30, Cut 10 days after heading in the first season and leave stubble height of 30 cm; T30H10, Cut 30 days after heading in the first season and leave stubble height of 10 cm; T30H30, Cut 30 days after heading in the first season and leave stubble height of 30 cm.






3.6 Regeneration rate of different nodes

As the mowing period progressed, the regeneration rate of different treatments and nodes showed a downward trend (Figure 5). Overall, the regeneration rate of the upper node was higher than that of the lower node, and it was found that the upper node had a certain inhibitory effect on the growth and development of the lower node. Compared with T30H30, the regeneration rate of T10H30 at different nodes (D2, D3, D4) improved over the past two years. Compared with T30H30, the two-year regeneration rate of T10H10 D3 and D4 nodes improved, while the two-year regeneration rate of T30H10 D3 and D4 nodes has decreased.




Figure 5 | Regeneration rate in 2nd, 3rd, and 4th nodes (D2, D3, and D4) from the top of ratoon crop under different mowing periods and stubble heights in 2021 (A–X) and 2022 (B–X). T10H10 (A-1, B-1), Cut 10 days after heading in the first season and leave stubble height of 10 cm; T10H30 (A-2, B-2), Cut 10 days after heading in the first season and leave stubble height of 30 cm; T30H10 (A-3, B-3), Cut 30 days after heading in the first season and leave stubble height of 10 cm; T30H30 (A-4, B-4), Cut 30 days after heading in the first season and leave stubble height of 30 cm.






3.7 Regeneration bud length of different nodes

As the mowing period progressed, the length of regenerated buds at different nodes of different treatments showed an upward trend (Figure 6). Overall, the length of regenerated buds at the lower node was greater than that at the upper node. Different mowing periods had no significant impact on the growth of regenerated seedlings at different nodes during the ratoon season, while different stubble heights have a significant impact on the growth dynamics of regenerated seedlings at different nodes during the ratoon season. The growth dynamics of regenerated seedlings in D3 and D4 sections were basically consistent with low stubble retention treatment; Under high stubble retention treatment, the growth rate of regenerated seedlings in D2 and D3 nodes was higher than that in D4 from 3 days to 15 days of mowing, and at the mature period, the regenerated seedlings in D4 nodes were greater than those in D2 and D3.




Figure 6 | Bud length of regenerated tillers in 2nd, 3rd, and 4th nodes (D2, D3, and D4) from the top of ratoon crop under different mowing periods and stubble heights in 2021 (A–X) and 2022 (B–X). T10H10 (A-1, B-1), Cut 10 days after heading in the first season and leave stubble height of 10 cm; T10H30 (A-2, B-2), Cut 10 days after heading in the first season and leave stubble height of 30 cm; T30H10 (A-3, B-3), Cut 30 days after heading in the first season and leave stubble height of 10 cm; T30H30 (A-4, B-4), Cut 30 days after heading in the first season and leave stubble height of 30 cm.






3.8 Regeneration ability

The results of the analysis of variance showed that Y, T, and H all had a significant impact on regenerative power (Figure 7). Under the same stubble height conditions, the ratoon force of T10 was significantly higher than that of T30. Under the same mowing period conditions, H30 had significantly higher regeneration ability than H10. We also found that the average regenerative power of T10 was significantly higher than that of H30. Compared with T30H30, the two-year ratoon capacity of T10H10 and T10H30 increased by 19.0%, 8.5%, and 40.5%, 30.6%, respectively, while the two-year ratoon capacity of T30H10 decreased by 39.4% and 23.9%, respectively.




Figure 7 | The effect of mowing period and stubble height treatment on the regeneration ability of regenerated crops. Different lowercase letters denote statistical differences among four nitrogen treatments according to LSD test (0.05). Data are mean ± standard error. T10H10, Cut 10 days after heading in the first season and leave stubble height of 10 cm; T10H30, Cut 10 days after heading in the first season and leave stubble height of 30 cm; T30H10, Cut 30 days after heading in the first season and leave stubble height of 10 cm; T30H30, Cut 30 days after heading in the first season and leave stubble height of 30 cm. ** indicates significant effect at 0.01 level and ns indicates no significant effect.






3.9 Correlation analysis

In 2021 and 2022, there was a significant positive correlation between ratoon capacity and fresh weight of stubbles, with correlation coefficients (R2) of 0.58 and 0.86 for the two years, respectively (Figure 8). The regeneration ability was significantly positively correlated with the dry weight of stubble, but the correlation was weaker compared to the fresh weight of stubble, with correlation coefficients (R2) of 0.30 and 0.62 for the two years, respectively. There was a positive correlation between regeneration ability and organic carbon and nitrogen content in stubbles, but the correlation between regeneration ability and organic carbon content was not significant. There was a highly significant negative correlation between regeneration ability and stubble C/N, with an R2 of 0.6774. There was a highly significant positive correlation between the regeneration ability and the content of soluble sugar, starch, and NSC in stubbles, with correlation coefficients (R2) of 0.78, 0.60, and 0.76, respectively.




Figure 8 | Correlation between regeneration ability of regenerated crops and fresh dry weight, C/N ratio, and NSC content of stubbles.






3.10 Nitrogen accumulation and allocation of stubble and RC

The conditions of different mowing periods and stubble height have varying degrees of impact on the nitrogen accumulation of regenerated crops during the mowing period, including rice stubble, full heading period, and mature period. During the mowing period, the accumulation of nitrogen in rice stubble was significantly higher in high stubble than in low stubble (Figure 9A-1). Under the same stubble height conditions, the effect of mowing period on the accumulation of stubble nitrogen was not significant (Figure 9A-1). Under the same mowing period conditions, there was no significant difference in the accumulation of nitrogen in regenerated crops during the full heading period due to the height of the stubble (Figure 9A-2). Under the same stubble height conditions, the nitrogen accumulation during the full heading period of regenerated crops harvested in advance was significantly higher than that of normal harvesting (Figure 9A-2). Under the same mowing period conditions, high retention stubble significantly increased the accumulation of nitrogen in mature regenerated crops compared to low retention stubble (Figure 9A-3). Under the same stubble height conditions, the nitrogen accumulation during the mature period of early mown regenerated crops was significantly higher than that of normal mown (Figure 9A-3).




Figure 9 | Effects of different mowing periods and stubble height on nitrogen accumulation and allocation in ratoon rice (A-1 cutting stage, A-2 full heading stage, A-3 Manure stage, B-1 full heading stage, B-2 Manure stage). Different lowercase letters denote statistical differences among four nitrogen treatments according to LSD test (0.05). Data are mean ± standard error. T10H10, Cut 10 days after heading in the first season and leave stubble height of 10 cm; T10H30, Cut 10 days after heading in the first season and leave stubble height of 30 cm; T30H10, Cut 30 days after heading in the first season and leave stubble height of 10 cm; T30H30, Cut 30 days after heading in the first season and leave stubble height of 30 cm.



There was a significant difference in the proportion of nitrogen distribution in different organs of regenerated crops during the full heading period between different mowing periods and stubble heights. Compared with T30H30, the proportion of nitrogen in the stem increased by 1.6%, while T10H10 and T30H10 decreased by 21.8% and 19.1%, respectively (Figure 9B-1). Compared with T30H30, the proportion of nitrogen in the leaves of T10H30 decreased by 2.8%, while T10H10 and T30H10 increased by 10.4% and 17.4%, respectively (Figure 9B-1). There was no significant effect of different mowing periods and stubble heights on the proportion of nitrogen allocation during the mature period of regenerated crops. Compared with T30H30, T10H30 increased the proportion of nitrogen elements in the panicle by 1.6%, while T10H10 and T30H10 decreased by 8.1% and 4.3%, respectively (Figure 9B-2).





4 Discussion



4.1 Early mowing and high stubble height can achieve higher ratooned grain yield

The first season cutting period and stubble height are important agronomic measures for determining RC grain yield. Overall, compared with H10, H30 showed an increase in the number of panicles and the filled grain rate, while spikelet panicle and 1,000-grain weight decreased to varying degrees, resulting in a final increase of 13.94%–44.80% (Table 4). This may be due to the high stubble height retaining more regenerated buds, especially the second node buds (D2). At this time, over 90% of 14C assimilates accumulate in the stem sheath, mainly distributed in the first and second internodes of the upper part, with less than 10% of assimilates allocated to other internodes. Therefore, D2 significantly contributes to the grain yield of the ratoon season under H30 treatment. On the other hand, under high stubble conditions, plants can have greener and more photosynthetic leaves, and the NSC in the rice stubble provides more carbohydrates for the plant (Nakano et al., 2020).We also observed an interesting phenomenon: compared to H10, H30 increased the grain setting rate of rice in the ratoon season (Table 4), which we believe is likely related to canopy temperature. Studies indicated that the average daily temperature for the growth of high retention staked plants was 0.9 °C higher than that of low retention stakes from tasseling to 40 days after tasseling. Obviously, when the height of the staking was reduced, rice spiked later and could not reach the appropriate temperature required for seed filling, which seriously affected seed filling. Low stubble height increases the number of grains per spike, mainly by reducing the growth point of axillary buds and increasing the number, size, and growth period of panicles starting from the basal node (Harrell et al., 2009; Xu et al., 2021). Some scholars believe that the grain yield potential of low stubble height is higher than that of high stubble height. However, the stability of low stubble height grain yield is lower, and its effectiveness depends on the local climate (Santos et al., 2003).


Table 4 | Grain yield and composition of different nodes of regenerated crops under mowing period and stubble height treatment.



In this study, compared with T30, T10 significantly increased the number of panicles, spikelets per panicle, and the filled grain rate of ratoon rice, while having a relatively small impact on 1,000-grain weight, resulting in a final increase of 65.24%–114.44% (Table 4). The main reason for the increase in T10 production may be that NSC in the stubble was not completely transferred to the grains at early mowing, and most of it still accumulated in the nutrient organs (Yoshinaga et al., 2013). On the other hand, late harvesting party in the first season of ratoon rice led to a delay in the growth period in the second season, and the late period of reproduction did not have enough heat due to the cool weather, which led to irregular tasseling in the second season and low grain yield (Albacete et al., 2014).




4.2 Ways to increase the grain yield of ratoon season through early mowing and higher stubble height

According to reports, the grain yield of RC depends on the nutritional status of MC stubble, such as dry weight, soluble sugar, and NSC content. The specific analysis of the indicators related to the characteristics of stubble will not be conducted here. These indicators themselves have a significant correlation with the grain yield of the ratoon season, and the patterns presented are almost similar to the grain yield. For example, compared with T30, T10 was more conducive to improving the dry weight, nitrogen content, and NSC content of stubble, while H30 increased the amount of stubble characteristic indicators to varying degrees compared to H10. Possible reasons for this: On one hand, the heavier the dry weight of the stem and sheath, the more carbohydrates were left behind by the nutrient organs mainly composed of the stem and sheath, and the higher the content of carbohydrates (total sugars, soluble sugars, etc.) in the rice stubble (Ren et al., 2006). On the other hand, NSC in the stubble is the foundation for the early growth of ratoon rice. Early mowing results in incomplete transfer of NSC from the stem to the grain (the amount of transfer to the grain depends on the mowing period), and most of it still accumulates in the nutrient organs, which may be necessary for the growth of the second crop. In short, early mowing and higher stubble height can provide more carbohydrates for the growth of regenerated roots and buds. However, through summary and analysis, we found that the trend of grain yield changes also differs from the characteristics of stubble.

Analysis shows that the grain yield of the ratoon season was positively correlated with the dry weight of stubble but weakly correlated with the fresh weight (Figure 8). The effect of stubble height on the dry and fresh weight of stubble was more significant than that during the mowing period. This is worth noting, as it does not fully match the pattern of grain yield changes during the ratoon season. Analysis revealed that the grain yield of the ratoon season was positively correlated with the nitrogen content in stubble, independent of the organic carbon content, and negatively correlated with the C/N ratio (Figures 3, 8), indicating that the nitrogen content in stubble was related to grain yield formation. Moreover, the average nitrogen content of stubble in high stubble height was 1.09 times higher than that of early mowing. Next, we analyzed the stubble NSC and found that the H30 stubble NSC and soluble sugar content were consistently higher than H10, and the average values of stubble NSC and soluble sugar content in higher stubble height were higher than those in early mowing (Figure 4). A pattern was found that under different treatments, the dry weight, nitrogen content, and NSC of stubble showed a consistent trend, and high stubble height retention had a greater impact on the above indicators than early mowing. However, early mowing has a direct impact on regeneration ability (Figure 7), and this impact is much greater than high stubble retention and normal mowing. The grain yield of the ratoon season seems to be more consistent with the variation pattern of regeneration ability, with the highest grain yield being achieved through early mowing. We think that the increase in grain yield during the ratoon season is not only influenced by the characteristics of stubble, but may also be more closely related to endogenous hormones. According to reports, thinning during the full heading period not only changes the transportation, distribution, and metabolism of assimilates in plants, but also alters the content of hormones and other physiologically active substances in plants (Griffiths et al., 2016). Studies indicated that sparse panicles during the full heading period of rice affect the germination and growth of axillary buds by breaking the apical dominance, altering the transportation and distribution of IAA, and the transcriptional expression of related genes (Arite et al., 2010). In short, there are different ways to increase grain yield between early mowing and high stubble. Early mowing increases grain yield due to changes in endogenous hormones, while high stubble stores more nutrients in stubble.However, we have a limited understanding of the relationship between endogenous hormone content and the regeneration rate of regenerated plants, which can serve as our next research direction. On the other hand, higher stubble height has a greater impact on nitrogen accumulation in early plants than early mowing and lower stubble height. However, during the full heading and mature periods, T10 has a much greater impact on nitrogen accumulation in plants than H30. Early mowing is beneficial for the accumulation of nitrogen in the late period of the ratoon season of ratoon rice, which may be another reason for increased grain yield.




4.3 The impact of climate and growth period on the grain yield of the ratoon season

The average grain yield in the ratoon season was 5.29 t ha−1 in 2021, significantly lower than in 2022 (6.98 t ha−1) (Table 4). The difference in the grain yield of the ratoon crop between 2021 and 2022 might be related to differences in solar radiation and total effective accumulated temperature during the ratoon season in the two years. The daily average solar radiation and total effective accumulated temperature from the harvest of the main crop to the maturity of the ratoon season were 14.15 MJ m−2d−1 and 1,348 °C in 2022, respectively, while in 2021 they were 13.48 MJ m−2d−1 and 1,204 °C, respectively. According to reports, there is a positive correlation between rice grain yield and daily effective accumulated temperature (Xie et al., 2016). Nagarajan et al. (2010) showed that when the daily average solar radiation was less than 21 MJ m−2d−1, there was a positive correlation between rice grain yield and daily average solar radiation. In our study, the ratoon capacity in 2022 was 1.11 times that of 2021, and the seed setting rate in 2022 was much higher than in 2021, which was 1.28 times higher. Perhaps it was because sufficient temperature and solar radiation are conducive to grain filling and maturation of regenerated panicles (He et al., 2019). Delaying the main crop mowing period and reducing the height of stubble extended the growth cycle of the ratoon season. However, studies indicate that delaying the growth cycle has a negative impact on climate factors, leading to lower accumulated temperature, accumulated sunshine hours, and accumulated rainfall during the ratoon season, thereby reducing the grain yield during the ratoon season (Qi et al., 2024a).





5 Conclusion

Compared to delayed harvesting and lower stubble retention, early harvesting and higher stubble retention are suitable for improving the grain yield of the ratoon season (Figure 10). Early mowing increases grain yield and the three components of grain yield to varying degrees. However, increasing the number of panicles with high stubble height reduces spikelet per panicle, but here the increase in source contributes more to the grain yield of the ratoon season than sink.




Figure 10 | Path analysis of increasing rice grain yield under early mowing and high stubble retention conditions.
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95.77 + 5.23f

109.63 + 6.12cd

106.3 £ 1.39cd

115.11 + 3.88b

12392 +2.97a

103.93 + 2.64de

111.74 + 6.49bcd

112.85 + 4.27bc

Different lower-case letters indicate significant difference between fertilization treatments at 0.05 level.

4.84 + 0.07¢

4.82 + 0.03cd

4.67 + 0.05f

4.91 + 0.03b

4.81 + 0.04cd

4.71 £ Oef

4.56 + 0.04h

4.78 + 0.04cde

4.80 + 0.03cd

4.74 + 0.02def

12.36 + 0.53cd

13.85 + 1.35abc

14.45 + 1.12ab

12.35 + 0.35¢d

13.05 £ 0.93bed

11.52 + 1.14de

13.30 £ 0.99abed

15.09 + 0.88a

12.29 + 0.55cd

11.72 £ 0.63de

154.20 + 8.77cd

173.57 + 4.57ab

166.46 + 4.99bc

167.75 % 10.5bc

184.16 + 9.16a

163.58 + 9.88bc

156.85 + 8.76cd

169.27 + 7.73abc

183.05 + 2.94a

143.59 + 9.09de
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Treatment content sugar starc!’\ content content content
(SPAD value) (gkg™) (gkg™) (g.kg™) (gkg™d)
NoPoKy 1.08 + 0.13¢ 43.91 £ 0.51b 56.50 + 2.03def = 24.47 + 1.86e 21.65 + 1.20bcd 1.20 + 0.15efg 18.61 + 233cd
NoPK, 1.13 £ 0.07bc 44.03 + 0.80b 63.86 + 1.87¢ 23.53 £ 2.33¢ 18.52 + 0.95¢ 1.18 + 0.10fg 18.57 + 1.17cd
NPK, 1.20 + 0.08abc 44.77 £ 1.50ab 54.32 + 2.79fg 24.65 £ 143e 21.16 £ 0.29¢d 1.35 £ 0.06cdef 18.93 + 0.53cd
N,PoK, 118 + 0.04abc 4512 £ 0.63ab ‘ 6624 +2.80bc | 26.24 % 0.56e 22.13 + 0.75bcd 143 £ 0.11cd 19.77 £ 0.75¢
NP K, 1.24 £ 0.06ab [ 44.72 £ 0.42ab 53.81 + 2.67fg 25.58 £ 0.70e 2321 = 0.40ab 1.65 + 0.10ab 21.75 £ 0.74b
N,PK, 1.26 £ 0.01ab 46.89 + 0.96a 60.02 + 2.41d 39.38 £ 10la 22,64 + 1.13abc 1.71 £ 0.09 20.45 £ 0.53bc
N,P:K, 1.21 + 0.06abc 43.38 + 0.96b 68.72£0.78ab | 3621 + 2.10b 23.55 + 1.38ab 1.28 + 0.10defg 18.50 + 0.66cd
N,P:Ky 1.14 + 0.11abc 44.48 £ 1.13b 5619 + 1.24defg = 25.77 + 1.80e 22.42 + 1.03bc 1.52 + 0.03be 18.68 + 0.58cd
NoPoK; 1.28 £ 0.10a 44.28 + 0.86b 53.49 + 2.02fg 29.13 £ 1.13d 20.72 £ 0.91cd 1.27 + 0.08defg 18.71 + 0.65cd
NPKs 1.22 + 0.04abc | 4537 £ 1.26ab ‘ 59.71 £ 047de | 32.20 % 098¢ 23.32 + 0.78ab [ 1.25 + 0.01defg 19.01 + 0.75¢d
N;PK, 1.19 + 0.02abc 44.35 + 0.94b 70.17 + 1.64a 26.24 = 1.96e 24.50 £ 1.06a 129 + 0.11defg 2447 £ 093a
NPK, 1.17 + 0.05abc 44.89 + 2.49b 5246+ 173g 3117 % 0.42cd 20.31 + 0.65d 1.39 + 0.15cde 1931 + 0.53cd
NPK; 1.27 £ 0.03ab 43.87 £ 1.27b 57.43 £ 112def = 29.41 + 1.70d 21.13 £ 0.76cd 1.14 £ 0.12g 17.62 + 132d
N,P,K; 1.24 + 0.07ab 44.99 + 1.43ab 5588 +327efg | 25.59 + 1.59% 2225 + 1.96bed 1.28 + 0.05defg 18.46 + 124cd

Different letters in the same column represent significant differences in sapodilla at p < 0.05 for different fertilization treatments (Tukey's test).
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Years  Measurement

indexes

2017 Quality
content

Quality
yield

2018 Quality
content

Quality
yield

Irrigation  Irrigation ~ Harvest Irrigation Irrigation Irrigation Irrigation
method volume event method X  method X = volume x method X irri-
irrigation harvest harvest gation volume X
volume event event harvest event
Acid 9.63**. 13334 18.77% 2.09ns. 0.07ns. 6,56 3.94%
detergent
fiber
Neutral 0.58ns. 0.34ns. 711** 3571t 2.01ns. 1738 2.16ns.
detergent
fiber
Crude 0.01ns 7.32% 44.45% 4.37* 444* 7.63** 3.82%
protein
Relative 0.02ns. 4.30* 9.56*** 0.94ns. 1.88ns. 1587 3.60%
feed value
Hay yield 1.89ns. 448.25%* 330.58*** 21.03** 31,00 4402 6.18*
Acid 041ns 146.23** 111.96% 4.35* 8.87 3.13* 339%
detergent
fiber yield
Neutral 21.46*** 159.34*%% 142.06%** 34.08** 19.90* 4017 6.20"
detergent
fiber yield
Crude 5.84% 176.54**% 139.07%+ 6,83 11724 51,64 2.64%
protein
yield
Relative 0.03ns. 67.04%* 44.09%* 13.06°* 3.17ns. 30.00%* 1.16ns.
feed
value
yield
Acid 36.35% 18.39**% 31.46™* 3023+ 13.50% 2.50* 11.50%*
detergent
fiber
Neutral 40.49** 0.41ns. 19.65% 623 6,60 2.34* 18.24%*
detergent
fiber
Crude 13.95% 44,08 64.474 41.85 2.56ns. 4.89%* 8.24*%
protein
Relative 4158 1.91ns. 19.68"* 9.22°%% 7.02%%% 1.35ns. 13.77%
feed value
Hay yield 129.09** 247.92%%% 66.40%* 19.57% 331% 486" 3250
Acid 22.85%* 158.36*** 61.48** 2.68ns. 641 645 5.54%%%
detergent
fiber yield
Neutral 39.03%+ 153.21%%% 63.95%* 7.04% 4.05* 5.67*% 5.820%
detergent
fiber yield
Crude 139.98*** 177.74*%% 34.55%% 3675 2.13ns. 4,98 5.60%*%
protein
yield
Relative 168.52%* 129.12*%% 14.68** 23.65%* 720 2.97* 8.65*
feed
value
yield

*indicates significant differences at P = 0.05, **indicates significant differences at P = 0.01, ***indicates significant differences at P = 0.001, and ns. indicates not significant.
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2017
Irrigation
volumes
(mm
week )
cspIl 10
PRDSDIL 10
CSDI2 20
PRDSDI2 20
CsSDI3 30
PRDSDI3 30

Irrigation

frequency
(no.)

13
13
13
13
13

13

Irrigation
quota
(mm)

130
130
260
260
390

390

Irrigation
date
(day-
mon

24 June, 1 July,
8 July, 15 July,
22 July, 5
August, 12
August, 27
August, 3
September, 10
September, 16
September,

23 September

2018

Irrigation
volumes
(mm
week™)

10
10
20
20
30

30

Irrigation
frequency
(no.)

19
19
19
19
19

19

Irrigation
quota
(mm)

190
190

380

380

570

570

Irrigation date
(day-month)

15 April, 22 April, 29
April, 6 May, 13
May, 20 May, 27
May, 4 June, 10 June,
17 June, 24 June, 3
July, 8 July, 15 July,
22 July, 29 July, 12
August, 1 September,
17 September

*PRDSDI represents partial root-zone drying subsurface drip irrigation; CSDI represents conventional subsurface drip irrigation.
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Regrowth cycle

First harvest

Second harvest

Third harvest

Fourth harvest

“Start at the alfalfa seeding.

2017

Start date

20 May®
16 July

19 August

Harvest date

15 July
18 August

30 September

Regrowth
duration Start date
(days)
58 8 April
35 8 June
44 6 July
8 August

Harvest date

7 June
5 July
7 August

September 20

Regrowth

duration
(days)

62
29
34

44





OPS/images/fsufs-08-1368423/crossmark.jpg
©

2

i

|
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Final grain mass (mg)

Maximum grain-filling

Mean grain-filling

Treatment rate (mg-day™) rate (mg-day™) Growth
period (day)
Superior Inferior Superior Inferior Superior Inferior
47.21 40. i
ATRARW1 . 073 o R (;) 6087 " 231+ 0013" | 225 +0.06>¢ ‘o 08193 gt 1.60 £0.027°  87.00 + 2.000°"
4046 228
ATRARW2 | 47.49 + 0.381° o §535 235 +0.041% £ 190 +£0015°  1.62 00145  86.00 + 2.000%"
39.01 hi oh d fghi
ATRGRW1 4673 + 0.128¢ + 0682 23240009 | 21500858 187 £0.005% 15600270  86.00 £ 1.000
i 37.73 h hi i of Kim
ATR6RW2 4524 + 0.22 o 233+00228" | 2.12+0.04 1.81 = 0.008 151 £ 0,010 82.33 + 1528
33.56 i
ATR6RW3 4284 + 0243 015 208+0012°  177+008  171+0010  1.34+0006° | 76.67 + 1.528"
ATR6LRW1 4621 +0.231" f:‘;;ﬁg 231+ 0006" | 22+0035%%  1.85+0009"  1.53+0024°  88.00 + 2.000%"
47.33 4023 i
ATR6LRW2 +0ad0 £ 0306 226+0029  212+006" | 1.89+ 00147 161 +0012° | 86.33 = 0.577°E"
ATR6LRW3 | 4636 +0.329" 3828 +0.61° | 2.41+0048°% = 2.11+0026" = 185+0013"  153+0024° 8200+ 1.000"™"
i1
ATR6SRW1 | 4613 £0.377"  37.57+0351" = 2.28 +0.017" " 0;,5,, 1.85 + 0.015" 150 +0.014" | 8633 + 1.528°%"
h 39.13 " i h d hijk
ATR6SRW2  46.18 + 0.304' + 05461 21940055 | 2.05+0033 1850012 157 £0022¢ | 84.67 + 1.528"
47.08 d th hi fg d mno
ATR6SRW3 e 39 +0.281 233 +00368" 211 £0.02 188 0,002 156 + 0.011 80.67 + 1528
2020 25
BTR4RW1 5033 + 0.139° s 248 +0.027°° | 231 £0004%  201+0006° 171 +0006°  93.00+ 1.000°
a 42.67 a abc a a a
BTR4RW2 5032 + 0218 L OAE 25+ 0034 23+0018 201 + 0,009 171+ 0006°  93.00 + 1.000
49.61 42,65 227
BTR6RW1 + 0095 0Tas" 24200170 ooLad | 198 % 0004* 171+ 0006° | 93.00 + 1.000*
42.12 223
d def d b bed
BTR6RW2  49.05 + 0.122' songh | 239x0on® L oooger | 1960005 168 £0.005°  90.33 + 1.528'
BTR6RW3 +‘:)7(')3;d f(;)‘lx;f 231+ 0.021" . 02(‘)1373,3,, 1.89+ 0003 1.61+0.005  86.00 + 1.000%"
49.38 - - 228 1.98 & .
BTR6LRW1 porghed | 4234£014% | 2420019 i el 1.69 + 0.006 93.33 + 1.528
221
BTR6LRW2  49.17 + 0.157% | 424 +0279% | 2.37 + 0.02°%® . 00;;,,( 1.97 £0.006° | 170 +0.011"  91.67 + 0577
b 42.16 be a b ab d
BTR6LRW3  49.72 + 0,039 o 244 +0.001 2340011 | 1.99 + 0,002 1.69 + 0.007 90.00 + 1.000
BTR6SRW1 . ‘;9627‘;“, . T)zif;:ﬂ’ 2.4 + 0.006°% . O%gj,kd 197 0003 1.69 +0.006 | 92.67 + 1.155"
42.16 226
BTR6SRW2 4921 + 0.044" +0.075% 239 £ 0.004% coonzd | 197 0.002¢ 169 +0.003" | 91.33 + 1.528%
b 41.81 cd ab b b def
BTR6SRW3  49.69 + 0.092 . 0099 243 £0.005  232+0.007°  1.99  0.004 1.67 £0.004°  88.00 £ 0.000°
47.09 39.94 226
ATRARW1 . L g 231 +0.018% i 188 +0013°  1.60 £0028° 7933 + 1.528°%¢"
2021
ATRARW2 4736 + 0.378° 14:‘33 133° 234 +0042% 22840080 189+0015 161 £0013 | 7867+ 0.577%"
38.89 feh of f a fghi
ATR6RW1 466 +0.133¢ e 232+0.008%" 215 + 0.8 1.86 +0.005% 156+ 0.026¢  77.67 + 2,082
i 3763 e ¢ i of Kim
ATR6RW2 4511 +0.224 L oaget | 2330023% 21150043 180 £ 0,009 151 + 0,009 73.00 + 1.000
3343 . . s
ATR6RW3  42.71 + 0243 L 209 + 0011 176+ 0086"  1.71+0009  134%00065 | 70.00 + 1.000°°F
ATR6LRWI | 46,09 0225 381 +0.589° | 2.3+0005" = 220042  1.84+0009"  152+0024° 78,67 + 1.528%"
of 40.12 i i e < fghi
ATR6LRW2 | 472 + 0346 0307 225 + 0.03 21200610 1.89 + 0014 1.60 +0.012°  78.67 + 2.082'
- 38.15 - 5 1.85 . -
ATR6LRW3 4623 + 0.334 e 241 + 0046 2.1 +0.028% uedns 1,53 +0025°  73.00 + 1.000'
218 :
ATR6SRW1 4601 +0382" = 37.45+ 0364 2.28 + 0017" 00415 1.84+0015" 150 £0.015° | 78.67 + 1.155%"
ATR6SRW2 4607 0.301" = 39 + 0.545° 21940055 203 +0028%  184+0012" 156+ 0022% | 78.00 + 1.000%"
f 38.86 i f o d o)
ATR6SRW3  46.96 + 0.064 g 234 +0.038%  211+0013" 1880003 1.55 + 0010 69.67 + 1.528°
a 4264 ab a a a a
BTR4RWI  50.21 0.132 o138 247 + 0068 232£0011° | 2.01 £ 0.005 171+ 0006°  86.00 + 2.000
a 42.55 a ab a o ab
BTR4RW2  50.19 + 0211 1A 25+0033°  229+0013® 2,01+ 0.008 170 + 0006° 8533 + 0577
49.48 42, g 22
BTR6RW1 + 0095 ‘o 1543? 242+ 0016 o 012,," 198 £0.004° 170 +0.006°  84.33 % 1.155"
41.99 223
BTR6RW2 48.92 +0.123¢ e 239+ 0008 00025 1.96 £ 0.005 | 1.68 +0.006™  81.33 + 1.528%
47.19 40.03 217
BIRGRW3 " 0136 231 + 0,028 + 0046 1.89 +0003° 160 0005 | 75.00 + 1.000%
4927 4222 228 1.97
BTRGLRWL " s c0127® 24 +0.013¢ SR et 169 + 0005 | 85.00 + 1.000°"
d 42.27 def ab J ab abed
BTR6LRW2  49.05 + 0.159 cog | 2370021 229 +0.03 1.96 + 0.006' 1.70 £ 0.011 83.67 + 1155
b 42.05 be a b ab fghi
BTR6LRW3 496 + 0.04 Wpreea 244 0,003 2330018 1.98 0,002 1.69 £ 0.008 78.67 + 0.577
49.12 228
BTRGSRWL 0 421 £ 0148 | 2.39 + 0.009°% SO0 196 +0.003°  1.68 +0.006™ | 85.00 £ 0.000"
49.09 42,04 225
BTRGSRW2 "0 ca e 2.39 + 0.002°% SibT 196 £0.002°¢  1.68 +0.004°  83.33 + 0.577°¢
b 41.68 be o b b i
BTR6SRW3  49.56 + 0.097 + 0089" 243 +0.002! 232+0006°  1.98 + 0.004 1.67 £0004° | 7633 + 0577

A and B represent NS22 and NS44, respectively. TR4 represents a single tube serving four wheat rows under equal row spacing planting, WRHS was 15 cm, DTS was 60 cm; TR6 represents a
common single tube serving six wheat rows under equal row spacing planting, DTS was 90 cm, WRHS was 15 cm; TR6L represents an enlarged single tube serving six wheat rows under wide-
narrow row planting, DTS was 90 cm, WRHS was 10 cm, IBS was 35 cm; TR6S represents a shortened single tube serving six wheat rows under wide-narrow row planting, DTS was 80 cm, WRHS
was 10 cm, IBS was 25 cm. RW1, RW2, and RW3 represent the first, second, and third rows of wheat plants close to the drip tube, respectively. All the values are average of three replicates. Means

that do not share the same letters in the column differ obviously at p < 0.05.
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Year Testmat Weight per panicle of Weight per panicle of per Panicle grains
superior grains (g) inferior grains (g) panicle = number 4
weight (g)
()}
ATRARW1 1.14 + 0.005" 041 + 0.002° 15 ” 107'56, 43.89 + 0.429" 3’892'00.,
+ 0,005 + 1171 +31.177
155 107.11 3,888.31
ATRARW2 114 + 0.012" 041 +0.012° o N 4429 + 0.4418" S
+ 0,006 +0.694 +24.939
ATR6RW1 1.09 + 0.005 0.38 + 0.005° 7 10241 a8 o165 | 22OHL
+0.000 + 1171 +23.041%
135 104.44 o 235293
ATR6RW2 1.03 £ 0.009™ 032 £ 0.015' 42.56 + 0205
£001" + 1347 = + 52004
118 93.22 2,091.59
ATR6RW3 093 + 0.008" 025 = 0.008' , 43.20 + 02707
+0.001° + 1.018% +67.293
ATR6LRW1 1.05 + 0.006' 034 + 0.0048" 1.38 - 100'67d f0140258m 2T
+ 0,003 + 1764 +33.595
140 10333 2,371.78
ATR6LRW2 1.06 + 0.0029 0.34 = 0.0048" 41.78 £ 0.307' !
3 +0.002' +0333% +49719"
; 149 106.11 2,502.28
ATR6LRW3 L11 £ 0,013 0.38 + 0.010" 44.74 + 0.536° '
+0.002° +0.509" +37.288¢
ATR6SRW1 1.05 + 0.009' 0.33 + 0.007" 138 - 93'67ei 42.70 + 0.271% 2’382'7lh
+ 0,005 +0.882 +69.743
139 95.11 2,413.02
ATR6SRW2 1.05 + 0.009' 034 + 0.006%" - . 4332 +0.197" .
+ 0,007 +0.694° +17.529
P 142 10433 2,719.58
ATR6SRW3 1.07 + 0.012% 035 + 0.009% " 2 44.13 + 0318 a
+0.004' +0.882! + 65471
2020
1.86 89.00 413461
BTR4RW1 1.30 + 0.007° 056 +0.011° 53.30 £ 0.377°
+0.018" + 1453 +74512°
BTR4RW2 1.30 +0.013" 0.56 + 0.013° L6 i 8878 5345 + 0.472° 4’133'97,
+ 0007 +1.018 +49.432
1.82 89.89 2,683.24 +
BTR6RW1 1.28 + 0.006™ 0.54 + 0.008" 5 i 49.64 + 1.087% R
+0.004 +0.6947 48296
178 9111 2,602.39
BTR6RW2 1.26 £ 0.009% 052 + 0.006° 49.65 + 0.690% i
g +0.009° +0.509™ o +21217°
165 85.78 223578
BTR6RW3 1.16 + 0.009% 048 +0.002* 50.23 + 0.219% "
+0.0108 +0.694% +14.133'
177 89.89 2,589.91
BTRSLRW1 1.25 + 0.012° 0.52 + 0.008° i . 48.91 + 0.427° ¢
+0013 +0.6947 +32.377
174 89.44 2,545.28
BTR6LRW2 123 + 0.008" 052 + 0.010° . 5047 + 0.324° -
+0.008 +0.509 +43.688%
1.82 92.11 2,690.81
BTR6LRW3 1.28 £ 0.009* 0.54 + 0.005" 2.80 + 0.123° ?
+0.005° +0.6948" s +49.458¢
173 81.00 2,609.29
BTR6SRW1 122 £ 0.013° 0.51 + 0.008° 48.97 + 0.350° .
+0.006" +0.667™ +29.671¢F
172 83.11 2,739.06
BTR6SRW2 1.21 + 0.008" 051 + 0.007° - " 5150 + 0.396" A
+0.002 +0.509 +17.957
BTR6SRW3 1.27 +0.016% 0.53 + 0010 1.80 . 8667 G 53.07 +0.235" 2’833'9(1
+0.007 +0.882 +39.052
151 107.22 3,697.47
2021 ATR4RW1 112+ 0.012¢ 0.39 + 0.003° 43.48 + 0.168%" 2
4 +0011" +1.836° +30.683"
151 107.00 3,676.19
ATR4RW2 112 £ 0.021° 0.39 + 0.004" 44.16 + 0629 ’
+0.020" £0.333" +44.659°
146 101.89 2,395.52
ATR6RW1 1.09 + 0.007% 037 + 0.0128 4131 +0.236' o
+0015' +1.262° +24.854'%
133 10478 2211.02
ATR6RW2 102 £ 0,010 032 = 0.006 . & 41.96 + 0.208' <
+0.011 + 0,509 +23.153
116 9244 1,941.93
ko k. h >
ATR6RW3 091 £ 0015 024 + 0.004 0016 13808 Bosx0220" |
136 99.78 . 1,977.09
ATR6LRW1 1.03 + 0009 033 +0,013" 65 + 0,088 ;
2 2 SRR +0.009' + 1.644° 2262 +26372
139 103.44 2,187.69
ATR6LRW2 1.05 + 0.014" 034 +0.005" 41.25 £ 0.304' s i
+0.017% +2.589% +34521™
146 107.78 233174
ATR6LRW3 1.09 + 0.021° 0.37 £ 0.016° i N 44.32 + 02217
+0,027 +0.839 +30.616°
i 135 93.67 221513
ATR6SRW1 1.03 + 0,022 032 £ 0.010° - - 41.94 + 0371 "
+0013 +0333 +47.847
; 137 95.00 234823
ATR6SRW2 1.04 + 0005 034 +0.001" 43.08 + 0.556" "
+0.006" +0.333° +37.335%
141 104.44 2,532.08
ATR6SRW3 1.07 + 0.0065" 034 + 0.006" 4352 01628 :
+0.006' +0.509" +92.266"
179 90.00 .3
BTR4RW1 1.27 £ 0.009° 0.53 + 0.009° . i 5273 +0.231° |
+0.013 + 1453 + 80.733
179 90.56 3941.75
BTR4RW2 1.26 + 0.014° 053 +0.012° . 52930237 2
+0.006* + 18362 + 56377
176 89.67 2,553.02
BTR6RW1 1.25 + 0.007°" 051 +0.007° 49.44 £ 1.029° "
+0011° +1.000' + 158267
172 90.11 251243
BTR6RW2 123 +0.011% 0.49 = 0.008° 49.07 £ 0.947% ’
+0.015% +0.694" +18345¢
158 85.56 2,137.63
BTR6RW3 113 £ 0.012° 0.45 + 0.005¢ 49.81 + 0380 i
+0.016% +0.509 +11.813
BTR6LRW1 1.22 £ 0.009° 0.49 + 0.006! B el 4850 + 0agst | A2
+0011 +0333 +32.794
1.68 89.78 2,380.13
4 d i o 4 c >
BTR6LRW2 119 0011 049 + 0,011 PRar o 5026200427 | O o
175 91.89 2,531.56
BTR6LRW3 125 +0.011° 0.50 £ 0.009" 52.56 + 0.147* 3
+0.003% + 0,509 +37.118¢
167 80.67 24,85.69
BTR6SRW1 1.18 + 0.010° 048 +0.011¢ 49.77 £ 0.879° ’
+0.002" +0.667' +14.875%
1.66 8256 2,551.56
d d b >
BTR6SRW2 118 0,012 048 + 0.007" g 0604 5155+ 0344° | P
. 173 85.89 2,646.40
BTR6SRW3 1.23 £0.019* 050 +0.013¢ 52.58 +0.155" .
+0.008% +0.694' +39.052°

A and B represent NS22 and N$44, respectively. TR4 represents a single tube serving four wheat rows under equal row spacing planting, WRHS was 15 cm and DTS was 60 cm; TR6 represents a
common single tube serving six wheat rows under equal row spacing planting, DTS was 90 cm, WRHS was 15 cm; TR6L represents an enlarged single tube serving six wheat rows under wide-
narrow row planting, DTS was 90 cm, WRHS was 10 cm, IBS was 35 cm; TR6S represents a shortened single tube serving six wheat rows under wide-narrow row planting, DTS was 80 cm, WRHS
was 10 cm, IBS was 25 cm. RW1, RW2, and RW3 represent the first, second, and third rows of wheat plants close to the drip tube, respectively. All the values are average of three replicates. Means
that do not share the same letters in the column differ obviously at p < 0.05.
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Year Treatment - . . - grains benefit
superior inferior panicle number Weight(Q) (US (US$ ha™})
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7,780.31
1.55 107.33 2,037.03
ATR4 1.14 = 0.008" 041 + 0.006° " L 44.09 = 04307 + 988.77 N
+0.004° +0.441 & +2.197
52,671
7,007.63
ATR6 1.02 + 0.007% 032 + 0.009° 133 10004 42,52 +0.158° + 82648 Liseos
: . e +0.004¢ +0.706° CeE i ) +7.233¢
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7,011.93
142 103.37 1,926.19
ATR6L 1.07 + 0.005° 035 +0.004° 4222 +0.138" £ 82648 9
+0.001° +0.849° 3 +7.778"
58.350
751531
1.40 97.70 2,101.82
ATR6S 1.06 + 0.009" 034 + 0.007° . 4 43.38 £0.243° + 867.05 3
+0.005 +0.804° . + 8.830!
59.609'
2020
8,268.58
BTR4 1.30 + 0.005 056 + 0.011° 1.86 8889 53.37 + 0.314° + 988.77 221150
e U +0.007" +1.182° e i : +6.138°
31477
752141
175 88.93 2,091.86
BTR6 1.24 + 0.007° 0.51 +0.004° 49.84 + 0571° + 82648 ’
+0.004° +0.170" = +7.264°
17.908
7,826.00
1.78 9048 224571
BTR6L 1.25 + 0.003° 052 + 0.004" 5 . 5073 +0.206" + 826.48 2 b
+0,007' +0.280! 8 +12.132
63.472
818225
BTR6S 1.23 + 0.004° 052 +0.001” 175 8359 51.18 +0.222° + 867.05 23244
’ : CeE +0.003° +0.2318 SR g ’ +9.620°
30.936
7,373.67
151 107.11 1,87327
+ d + g + o + ”
ATR4 112 £ 0.015 039 + 0,003 5 5013 oo | 13820395 £ 988.77 i
74.514
6,548.46
ATR6 1.00 + 0.008" 031 =+ 0.005" 152 970 1 4a12 0078 + 82648 171563,
+0012¢ + 0,612 ¢ +11.843
59.120
6,496.52
ATR6L 1.06 + 0.005° 034 +0.001¢ 140 10307 41.74 + 01268 9+ 82648 Liz2ad
T e +0.004° +0.484° e = ) +7.689"
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7,095.44
138 97.70 . 1,944.96
ATR6S 1.04 + 0.007° 033 + 0.004° 42.84 + 0.330 + 867.05
+0.006" +0.170¢ 09386 +6.473¢
2021
7,883.47
BTR4 1.26 + 0.007° 053 +0.011° 178 2028 )83+ 0,008 + 988.77 204548
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132706
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7,683.65
BTR6S 1.20 + 0.005° 0.49 + 0.002° L6y 8204 5130 + 0.360" + 867.05 215351
+ 0,003 +0.390¢ Sy + 2,693

A and B represent NS22 and NS44, respectively. TR4 represents a single tube serving four wheat rows under equal row spacing planting, WRHS was 15 cm and DTS was 60 cm; TR represents a
common single tube serving six wheat rows under equal row spacing planting, DTS was 90 cm, WRHS was 15 cm; TR6L represents an enlarged single tube serving six wheat rows under wide-
narrow row planting, DTS was 90 cm, WRHS was 10 cm, IBS was 35 cm; TRGS represents a shortened single tube serving six wheat rows under wide-narrow row planting, DTS was 80 cm, WRHS
was 10 cm, IBS was 25 cm. The prices of wheat grain, single bypass, and drip tube were 0.39 US$ kg™, 0.04 US$, and 0.028 US$ m™", respectively. Other costs included water consumption (180 US
$ha™"), seed (165.3 US$ ha™"), and fertilizers and pesticides (155.6 US$ ha™"). All the values are average of three replicates. Means that do not share the same letters in the column differ obviously
at p < 0.05.
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Parameter Average

pH 7.6 £02
Organic matter (g kg_l) 114+ 25
Alkaline-N (mg kg_l) 421+12

Olsen-P (mg kg_l) 13.8 £ 0.6
Available K (mg kg_l) 295.0 + 4.6

Bulk density (g cm™3) 1.2+0.8
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Water content (%)
fresh weight (g) - dry weight (g)]/fresh weight (g) x 100 (2)
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Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Integrated

score (order) score (order) score (order) score (order) score (order)  score (order
NoPoKy -5.33 (14) -0.81 (11) 038 (8) -0.07 (7) -0.09 (9) -1.81 (14)
NoP.K, -3.61 (13) L11 (4) -0.48 (9) 052 (9) 0.8 (1) ‘ -1.19 (13)
NP.K, -0.60 (10) 0.73 (5) 091 (6) 0.09 (5) 028 (6) ‘ 0.18 (8)
NoPoK, 179 (12) -0.87 (12) 098 (4) -0.68 (1) -115 (12) 082 (12)
N,P.K, 0.86 (7) -1.28 (13) 0.96 (5) -1.56 (14) 1.71 (1) 0.19 (7)
N,P,K, 449 (1) 0.28 (6) 225 (1) -0.56 (10) -1.42 (13) 1.64 (1)
NoPiK, 113 (5) -0.77 (10) -3.29 (14) 0.12 (4) -1.67 (14) 063 (1)
NoPK, -047 (9) -0.04 (8) 058 (7) 071 (12) 003 (8) -0.14 (9)
NaPoK, 1.06 (6) 182 (2) 127 (11) -0.20 (8) 129 (2) 0.62 (4)
N,P,K;y 135 (4) 0.06 (7) 1.03 (3) 234 (1) -0.62 (10) 0.90 (2)
N,P,K, 1.76 (2) -4.03 (14) -1.28 (12) 0.04 (6) 0.69 (5) -0.42 (10)
NPK, 162 (3) 245 (1) -0.71 (10) -133 (13) 0.6 (7) 071 (3)
NP.K, 013 (8) 147 (3) -1.30 (13) 1323) 093 (3) 042 (5)

NoPJK, -0.63 (11) 0.12(9) 123 (2) 172 (2) 0.80 (4) 036 (6)
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AN AP AK MBC MBN

pH -0.11 0.04 0.06 0.07 0.02 0.05 0.04

soc -0.09 0.23 0.09 0.14 0.07 0.16 0.18

AN -0.39 025 0.62 034 0.28 0.12 022

AP 0.03 -0.04 -0.03 -0.06 -0.01 -0.04 -0.04

AK 0.01 -0.01 -0.02 -0.005 -0.044 -0.01 -0.01

MBC -0.07 0.11 0.03 0.10 0.02 0.15 0.07

MBN -0.04 0.08 0.04 0.07 0.02 0.05 0.11

‘ LAl ‘ SPAD ‘ SS il Nitrogen content Phosphorus content Potassium content

LAT 0.79 0.25 -0.13 . 035 0.18 0.17 0.06

SPAD -0.002 -0.008 0.001 -0.003 -0.001 -0.005 -0.002

ss 0.02 0.02 -0.13 -0.02 -0.05 0.02 -0.05
ST 0.09 0.08 0.03 0.21 0.06 0.06 -0.009
Nitrogen content -0.03 -0.02 -0.05 -0.04 -0.14 -0.04 -0.07
Phosphorus content -0.006 -0.01 0.004 -0.007 -0.008 -0.03 -0.01
Potassium content 0.03 0.08 0.14 -0.02 0.21 0.14 0.37

Bold numerals are the direct effect values.
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pseudo-F P
AP 9 0.004
SOC 57 0.006
AK 2 0.106
AN 18 0.146
MBN 18 0.194
pH 05 061
MBC 02 085
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<45mm
Maris Piper Navan Lady Rosetta
Biostimulant 8193 19375 305.25
Untreated 99.23 196.50 33750

Interaction F (2,18)=0.1042,
Biostimulant F (1, 18)=0.44,

0.902; Variety F (2, 18)=25.59, p <0.001;
=0.517.

Yield (g)
45-65mm
Maris Piper Navan Lady Rosetta
Biostimulant 555362 397.30 55850
Untreated 404500 39920 43030

Interaction F (2, 18)=2.172, p=0.143; Variety F (2, 18)=3.430, p<0.055;
169, p=0.010.

Biostimulant F (1, 18)

Yield (g)
65-85mm
Maris Piper Navan Lady Rosetta
Biostimulant 784.59 53574 100.75
Untreated 61353 41752 19.25

Interaction F (2, 18) = 1089, p=0.358; Variety F (2, 18)=226.1, p<0.055;
Biostimulant F (1, 18) = 24.62, p=0.001.

Yield (g)
>85mm
Maris Piper Navan Lady Rosetta
Biostimulant 405482 31275 0.00
Untreated 105.24b 14450 0.00

Interaction F (2, 18) =4.203, p=0.318; Variety F (2, 18) = 14.62, p=0002;
Biostimulant F (1, 18)=13.58, p=0.0017.

For each potato variety, means with differen lettersare ignificantly different from each
other at p<0.05.
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Application
1

Biostimulant rate

2litres Ha

10 litres Ha™
10 litres Ha™

10 litres Ha™

Water rate

200 litres Ha™!

300 litres Ha™!
200 litres Ha™!

200 litres Ha™!

Timing of applica

Applied with liquid fertliser in furrow at planting (Ramsey) or applied as soon

after planting as possible (all other locations)
Rosete stage; leaves and branch stems developing, stolons developing

Start of tuber

n, possibly plant flowering

“Tuber initiation complete, tubers start to bulk
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Site cation (lat/long) Soil type Variety Seed Planting date

Fen peat soils soilscape

Lodge Farm
52.430715, 0.424091 27 Maris Piper Chitted 10/04/22
Lime rich loam
‘Wamil Hall
52343806, 0.487013 soilscape 5 Maris Piper Chitted 210422
Slightly acid loamy
Danchill D10 s v
52.279230, 0.477335 soilscape 7 Maris Piper Chitted 15/04/22

Slightly acid I
Danehill LOGC ightly acid loamy

52.281259, 0.465214 soilscape 7 Maris Piper Chitted 15/04/22
Sandy/loam with peaty
Ramsey
52472931,0.145139 surface soilscape 23 Maris Piper Un-chitted 23104122
Slightly acid I
Danehill LO6U s
52.281259, 0.465214 soilscape 7 Maris Piper Un-chitted 15/04/22
Irrigation Desiccation/harvest
Site e Harvest date Spray dates Spray method information time
Lodge Farm 05/10/22 April o July 22 Boom sprayer 14-21 days prior to harvest
Wamil Hall 16/09/22 April to July 22 Boom sprayer Fully irrigated 14-21days prior to harvest
Danehill D10 0709122 April to July 22 Boom sprayer Fully irrigated 14-21 days prior to harvest
Danehill LOGC 07109122 April o July 22 Boom sprayer Fully irrigated 14-21 days prior to harvest

. In furrow and boom
amsey
v 18/10/22 Aprilto July 22 sprayer Early irrigation 14-21 days prior to harvest

Danehill LO6U 07/09122 April to July 22 Boom sprayer Fully irrigated 14-21days prior to harvest
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Chlorophyll

content (SPAD

units)
Maris Piper Navan Lady Rosetta.
Biostimulant 38.23 3843 37.25
Untreated 3623 3648 3670

Interaction F (2, 18) =0.423, p=0.661; Variety F (2, 18)=0.141, p=0.869;
Biostimulant F (1, 18)=4.219, p=0055.

Leaf Assimilation

area (m?)
Maris Piper Navan Lady Rosetta
Biostimulant 0814 0818 0803
Untreated 0797 001 0719

Interaction F (2, 18) =2.357, p=0.123; Variety F (2, 18)=4.627, p=0.024;
Biostimulant F (1, 18)=7.240, p=0.015.

Specific leaf

Maris Piper Navan Lady Rosetta
Biostimulant 3363 3274 3312
Untreated 3.295 3225 3,169

Interaction F (2, 18) =0.404, p=0.673; Variety F (2, 18)=1515, p=0247;
Biostimulant F (1, 18)=3.578, p=0.075.

For each potato variety, means with differen lettersare significantly different from each
other at p<0.05.
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Tuber No

<45mm
Maris Piper Navan Lady Rosetta
Biostimulant 470 453 1993
Untreated 5.69 7.06a 1933

Interaction F (2, 18) = 2738, p=0.916; Variety F (2, 18)
Biostimulant F (1, 18)=3.177, p=0.0916.

92.2, p<0.001;

Tuber No
45-65mm
Maris Piper Navan Lady Rosetta
Biostimulant 6442 594 582
Untreated 431b 449 392

Interaction F (2, 18)=0.300, p=0.744; Variety F (2, 18) =
5.45,p<0.001.

663,p=0527;

Biostimulant F (1, 18)

Tuber No
65-85mm
Maris Piper Navan Lady Rosetta
Biostimulant 400 512 033
Untreated 275 3.44b 008

Interaction F (2, 18) =0.1.493, p=0.744; Variety F (2, 18)=50.51, p<0.001;
Biostimulant F (1, 18)=9.311, p=0.007.

Tuber No
>85mm
Maris Piper Navan Lady Rosetia
Biostimulant 125 128 0.00
Untreated 025 048 0.00

Interaction F (2, 18) = 1.855, p=0.185; Variety F (2, 18)=5.934, p=0011;
Biostimulant F (1, 18)=7.154, p=0.016.

For each potato variety, means with differen lettersare ignificantly different from each
other at p<0.05.
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Year 2019 2020

Internode Second Third Fourth Fifth  Sixth Seventh Second Third Fourth Fifth  Sixth = Seventh

Tillage

RT 61.14a 55.54b 52.16a 48.97a  47.68a 39.73b 43.57b 45.40a 39.55b 3135b | 27.30b 22.74b
sS 69.852 62.89 56.72a 51652 = 47.72a 43152 55.892 50.44a 46.42a 40422 | 3423 26.81a
Density 7 7 7

D1 69.40a 6334 58.00a 5338  49.95a 4479 57.98a 53.27a 48.20a 41282 35.70a 28.58a
D2 61.60b 55.09b 50.88b 4724b  43.45b 38.10b 41.48b 42.56b 37.77b 3049 | 25.83b 2097b
Varieties

ZD2 61.76b 55.51b 47.44b 47.15b  43.90b 39.89b 47.72b 46.23a 41.00b 35342 | 29.23b 22.73b
XY335 69.23a 6291a 61.45a 53.46a  49.50a 43.00a 51.74a 49.60a 44.97a 36432 32.30a 26.82a
Source

Tillage (T) . . - . e - - 8 - . o -
Density (D) - - e o o e o - o - . -
TxD ns ns ns ns ns ki ns ns ns ns ns x
Varieties (V) . . - . . - * 4§ * i o -
TxV i ns - ns ns ns ns ns # ns ns ns
DxV ns ns i ns ns * ns ns ns ns ¥ ¥
TxDxV ns ns ns ns ns ns ns ns ns ns ns ns

Different lowercase letters indicate significant differences (p < 0.05) among various treatments. *Significant at the 0.05 probability level. **Significant at the 0.01 probability level. ns indicates non-
significance. SS, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1, 75,000 plants ha™'; D2, 105,000 plants ha™.
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Precipitation Average Solar

(mm) temperature radiation
(2C) (W/m

2019 2020 2019 2020 2019 2020
4 148 08 118 9.8 509.8 547.5
5 125 20.0 17.8 17.5 563.3 575.7
6 80.8 236 I 234 228 487.1 588.6
7 57.1 112.0 ‘ 236 222 475.0 540.0
8 57.1 129.8 213 20.5 465.0 4433
9 95.0 58 | 38 155 384.1 401.8

10 42 72 123 5.9. 296.5 347.0
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Specific

gravity Dry matter Starch
Location (gml™) (%) content (%)
Lodge
Control 1080(00007)  20235(0.151) | 13.859(0.147)
MX42SEK L0S1(00007) | 20348 (0.145) | 14025(0.129)
Wamil
Control 1092(00007)  22634(0157) 16099 (0.147)
MX42SEK 1091(0.0008)  22570(0.169) 16019 (0.163)
Dane 10
Control 1088 (00006)  22023(0130)  15516(0.123)
MX42SEK 1009(00004)  22187(0084) 15670 (0.079)
Dane 106 C
Control 1087(00008)  21677(0.165) | 15.190(0.156)
MX42SEK 1087(00005)  21742(0113) | 15.278(0.105)
Ramsey
Control 109400014 | 23184(0316) 16611 (0.298)"
MX42SEK 1087 (0.0013) 21640 (0263 | 15.000 (0.256)"
Dane LO6 U
Control 1088 (00008) 21846 (0.165) 15349 (0.156)
MX42SEK 1085(00007)  21345(0147) | 14911 (0.133)

For each trial location, means with different letters are sigificantly different from each other
at p < 0.05.
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ocation
Lodge
Control
MX425EK
Wamil
Control
MX42SEK
Dane 10
Control
MX42SEK
Dane 106 C
Control
MX42SEK
Ramsey
Control
MX42SEK
Dane LO6 U
Control

MX42SEK

5mm

31.12(1.27)

3040(2.15)

27.34(1.35)

2752(1.92)

17.40 (1.03)

15.53 (1.14)

1519 (1.88)

17.38 (0.85)

34.85(1.25)

3031 (2.29)

1864 (1.91)

19.19 (0.76)

45-85mm

66.49 (0.86)

6744 (1.86)

71.29(1.43)

6955 (2.28)

8102 (1.15)

8209 (2.15)

8475 (1.90)

8169 (0.78)

64.71(1.34)

69.63(2.28)

79.62(1.71)

80.15(0.82)

>85mm

239(0.96)

216 (0.66)

138 (0.34)

2.94(0.48)

158 (0.53)
2.39(1.36)

0.06(0.06)
093 (027)

0.44(021)

0.06 (0.06)

174 (049)

0.67(030)

No significant differences in percentage tuber numbers due to MX42SEK application.
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ocation Mean tuber weight (g) <45mm 45-85mm >85mm
Lodge
Control 146,00 (8.01) 6.67(0.56) 8470 (294) 8.63(331)
MX42SEK 153.83 (8.06) 654(0.77) 86.28 (1.41) 7.19 (167)
Wamil
Control 17450 (6:61) 464 (0.39) 8978 (1.27) 558 (131)
MX42SEK 185.00 (8.21) 457 (0.29) 85.19(1.92) 10.24(1.75)
Dane 10
Control 190.17 (11.86) 250 0.33) 93.13(1.26) 437 (138)
MX42SEK 19350 (8.21) 270 (0.26) 9132 (3.27) 598 (3.21)
Dane 106 C
Control 160.83 (5.17) 3.28(0.45) 96.72(0.45) 000 (0.00)
MX42SEK 18333 (4.80) 3.0 (0.21) 9378 (0.74) 3.13 (0.87)
Ramsey
Control 112,50 (5.06) 9,89 (0.90) 88.20 (0.85) 1.92(1.00)
MX42SEK 11950 (7.32) 7.42 (1.06) 9236 (0.98) 022(0.22)
Dane LO6 U
Control 186.00 (9.48) 244(043) 8224(291) 1533 (3.06)
MX42SEK 16617 (5.95) 433 (0.42) 8765 (2.43) 8.02(248)

No significant differences in tuber size classes (as a % of total yield) due to MX42SEK application.
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Treatments Shoots Grains

rients mg kg™* DW Macronutrients mg kg™ DW Micronutrients mg kg™ DW Macronutrients mg kg™ DW

Fe Mn Ca Mg K Zn Fe Mn Ca ] K
Control | 48.67 3890 5060 23183 207880 227383 2410 19.60 2553 n617 112873 124113
+138d = 149d +151de +535de +6179F + 85.08f +13de +070d +0.70¢ +286de 40270 £891c
cd(smgkg!) | 3207 2197 3150 199.97 162230 181207 1740 1250 1680 99.97 865.63 777.90
= 1851 £ 170f +372g + 6891 £827%h | 9043k + 079 +0751 £0.90f =330 +8047¢ + 60.58¢fg
cd (10mgkg') 1690 690+ 151h 1523 17633 129020 147520 8574080h 447+ 086h 773 +080h 8867 45687 45887
+151h +162 +437g + 83430 +59230 +231g +5562f +4551h
Microbes | 6160 5160 5950 25163 262323 282453 3130 2673 2963 12580 137490 147187
+1.08b +108b +115b +5.46bc £5478bc | £4507bc  £075b £097b +0.50b +245bc +4440bc | +4676b
Cd (5 mgkg') + Microbes | 51.40 41.40 49.43 227.23 230443 2504.43 2660 2057 2453 11413 113487 1054.10
£091d +091d +075de +540de +61.25¢ +6125¢ +075d +096d +0.60cd +241de +4130d +6021d
Cd (10 mg kg') + Microbes | 4167 3167 3943 20377 182623 2026.13 2163 1417 1667 10177 83023 73520
+1.25¢ + 149 + 108 +3726 16225 | 462258 +0.80¢ +075¢f + 0870 = 1760 +5559 513563
(Ca + Mg) nanocomposite (25 mg L") | 5577 4577 5390 26457 273403 293403 2577 2340 2853 13257 151603 137153
+1L17e +L17c +127cd +603b +5028b  +5428b  +0.45d +098¢ +112b £330 s6813ab  x4665bc
Cd (5 mg kg'") + (Ca + Mg) nanocomposite (25 mg 4117 3117 3920 24197 238630 2586.30 1870 1553 2143 12097 125303 88797
L) =149 + 149 +122f +344ed +7360de | £7360de  +095f +070¢ 065 +151cd £8200d | +2680ef
Cd (10 mg kg'") +(Ca + Mg) nanocomposite (25 | 2597 15.97 2387 21957 198060 2180.60 1347 870+0555 1357 10990 86727 66730
mgLl) | +115g + 1158 +1.15h +391e +84.30fg + 84.30fg. +0.87g +0.658 + 183¢ + 4824 + 52,868
Microbes + (Ca + Mg) nanocomposite (25 mg L") | 7057 60.57 6857 283.90 293210 313210 3543 213 3557 14190 166550 1662.10
172 172 £ 1802 =488 +13.9% + 4393 +107 +075 115 +2262 + 64161 +59.80a
Cd (5 mg kg'") + Microbes + (Ca + Mg) | 6073 5073 5873 263.90 251953 2719.53 2860 2383 2950 13190 125287 123110
nanocomposite (25 mg L) | + 1.60b + 160> + 1.40bc +533b £8492d | £8506cd 098 £087c +0.75b £272 £11270cd | £5411c
Cd (10 mg kg'") + Microbes + (Ca + Mg) | 4937 3937 4710 233,60 209360 220357 207 18.47 24 11660 89323 92480

nanocomposite (25 mg L")+ 1.56d +156d +1.25¢ +5de +55.026 + 54870 +0.76¢ +065d +0.86de £ 240de +545le +5551de
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Year Tillage Varieties Density Secol Third Fourth Fifth Sixth Seven
2019 RT ZD2 D1 2504 +0.66bc | 22.97 £ 0.73bc | 2299+ 0.42b | 21.51+03%bc 2074 £ 0.49bc | 1931 +0.24b
D2 2147 £0.03f | 20.52+023d | 2069+ 0.78cd | 1885+ 0.de 19.2 £ 049 1642 + 0.35d
XY335 D1 28.35 +0.71a 25.17 + 0.45a 2531+ 0.3a 23.94 + 0.68a 2248 + 0.35a 212 £0.5a
D2 25.71 £ 0.07b 22.95 + 0.54bc  23.49 + 0.39b 21.74 + 0.37bc | 21.81 + 0.6bc 18.8 + 0.34b
SS zD2 D1 | 2343 £0.18d 21.87 + 0.58¢ 21.47 £ 0.14c 2075+ 043cd | 1898 +0.41cd = 17.05 + 0.22cd
D2 20.8 +0.19f 19.36 + 0.28¢ 19.17 £ 0.57e 18.37 + 0.19%¢ 16.93 + 0.34e 1431 + 0.58f
XY335 D1 247 £ 0.3¢ 23.65+089d | 2271+061b | 2196+ 052b | 2098 +0.44b | 17.29 +0.08¢
D2 22.34 +0.3% 19.71 + 0.41d 20.44 + 0.25d 19.94 + 0.62d 19.39 + 0.26d 154 + 0.31e
2020 RT ZD2 D1 18.95 £ 0.73cd | 20.96 + 0.34b 20.05 + 0.77b 19.14 + 0.08cd | 18.19 + 0.57¢ 16.86 + 0.71bc
D2 16.59 £ 0.09¢ 16.28 + 0.23d 16.31 £ 0.78¢ 16.01 + 0.89f 15.64 + 0.36e 14.13 £ 0.7d
XY335 D1 2098 £0.79ab | 21.03 + 0.44b 19.39 + 0.2bc 19.96 + 0.63bc  19.02 + 0.33b ‘ 17.84 + 0.66ab
D2 1805 +0.58de | 18.65+057c | 17.64+03de 1735+ 052 1618 +033e | 1473 +0.36d
s ZD2 ‘ D1 2155+ Llab | 2226+ 1.38ab  20.64 + 085b = 2055+ 0.48ab 1921 +022b | 17.89 % 0.11ab
D2 17.93 £ 1.32de = 18.94 + 0.69¢ 18.57 £ 0.27cd = 18.01 + 0.42e 17.04 £ 0.09d 14.76 + 0.5d
XY335 D1 2221 £ 0.36a 22.84 + 1.49a 222+ 0.8% 213 +0.6a 20.56 + 0.41a 18.28 £ 0.92a
D2 20.33 £ 0.41bc | 20.8 + 0.24b 19.34 £ 0.79bc = 18.15+ 0.19de = 17.53 + 0.47cd | 16.26 + 0.41c

Different lowercase letters indicate significant differences (p < 0.05) among various treatments. SS, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1,75,000 plants ha™'; D2,
105,000 plants ha™".
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Root superficial area/ Root volume/(x10-

Days after Seed Root total length/(cm/plant) (cm2/plant) 2cm3/plant) Root number/(NO./plant)
sowing/d plumpness
nonoverlapping overlapping nonoverlapping overlapping nonoverlapping overlapping nonoverlapping overlapping
2 bl / 278" / 013 / 025+ / 114
i) / 269" / 015 / 029+ / Lor
i) / 250" / 012 / 020 / 109
6d T / 456 / 019 / 035+ / 269
i) / s18t / 024 / 046+ / 322
i) / 197" / 022 / 041 / 318+
10d m 495 1349 033 054 082 L5 352 815
i+ 501 1385 033 056 077 104 338 8867
i) a2 1514 027 057 062 Log 272 1071
18d I 1548 2294 062 078" 118 123 754 1471
i) 1019 2532 042 0.86" 11 146 507 1807
i) 1317 2094 047 o7 085 115 825 1522*
30d b 2521 3638+ 092 139 173 208 1669 3062
i+ 2759 36157 102 118 176 177 2437 2923
i) 22 4478 091 144 168 247+ 1661 3097+

wep
'

indicates seeds not germinated. Nonoverlapping and overlapping represent TSR and STOSE modes, respectively. T
¥ ANOVA P-values and symbols are defined as: *, P<0.05; **, P<0.01.
¥ 2d, 6d, 10d, 18d and 30d represent days after sowing respectively.

T2 and T3 represent different types of seeds (plumped, mixed and unplumped seeds, respectively).
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Year 2019 2020

Internode Second Third Fourth Fifth = Sixth Seventh Second Third Fourth Fifth  Sixth = Seventh

Tillage treatment

RT 22.09b 20.69b 20.09b 1936b  18.46b 15.25b 18.25b 18.50b 17.79b 17.69b 16.73b 15.46b
Ny 24.642 22.48a 2171a 20.92a 19.96a 18.85a 2021a 2121a 20.192 19.50a 18.58a 16.80a
Density 7 7 7

D1 24.74a 23.04a 2235 2145 20.53a 18.39a 20.53a 21.04a 2001a 19.81a 18.72a 17.29%
D2 22.00b 20.13b 19.45b 18.84b  17.90b 15.98b 18.22b 18.67b 17.96b 17.38b 16.59b 14.97b
Varieties

ZD2 2221b 20.89b 2031b 1927b | 19.20a 16.55b 18.36b 18.88b 18.33b 18.00b 16.99b 15.48b
XY335 24.52a 22.28a 21.50a 21.01a 19.23a 17.82a 2039 20.83a 19.64a 19.19a 18.32a 16.78a
Source

Tillage (T) . - . - . - o - - - . -
Density (D) - ™ - ™ ™ o ™ » o - - e
T xD 4 & ¥ ¥ ns ns ns ns ns ns 5 ns
Varieties (V) . . . - & - - N * - . o
TxV ns ns ns ns ns ns ns ns ns i ns ns
DxV i * ¥ e B ns ns ns ns ns i ns
TxDxV ns ns ns ns ns * ns ns ns ns ns *

Different lowercase letters indicate significant differences (p < 0.05) among various treatments. *Significant at the 0.05 probability level. **Significant at the 0.01 probability level. ns indicates non-
significance. SS, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1, 75,000 plants ha™'; D2, 105,000 plants ha™.
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Tillage Varieties Density ar ratio
2019 RT ZD2 D1 303.67 + 1.25b 113.67 + 1.25ab 038 + 0.01ab
D2 31167 + 1.92 118.17 + 6.46a 039 + 0.02a
XY335 D1 278.47 + 0.83f 102.33 + 1.25de 0.37 + Oabe
D2 290.07 + 0.54d 110.33 + 3.47bc 0.38 + 0.01ab
SS zD2 D1 294.83 + 0.84c 112.33 + 0.94ab 0.37 + Oabc
D2 304.27 + 1.38b 116.67 + 1.25a 0.37 + 0.01abc
XY335 D1 272.83 + 0.85g 95.27 + 1.02f 0.36 + 0c
D2 283.13 + 0.84e 1024 + 5.53¢ 037 % 0.01bc
2020 RT zD2 D1 308.33 +2.49b 120.33 + 1.43b 0.39 + 0a
D2 32167 £ 1.7a 126.1 + 0.83a 0.39 £ 0a
XY335 D1 300.67 + 4.19cd 101.07 + 1.3e 0.34 + 0.01bc
D2 312.33 +3.09 10747 + 1.11d 034 +0b
s ZD2 D1 298.67 + 6.65¢d 1146 + 1.92¢ 038 + 0a
D2 310.67 + 4.03b 120.6 + 0.43b 0.39 £ 0.01a
XY335 D1 291.33 + 1.25d 98.5 + 1.63e 0.32 + 0Oc
D2 300.67 + 0.47cd 105.6 + 0.43cd 0.34 + 0.02bc

Different lowercase letters indicate significant differences (p < 0.05) among various treatments. The data in this table are all from the silk spinning period (R1). S8, subsoil; RT, rotary tillage;
XY335, Xian yu335; and ZD2, Zhong dan 2. D1, 75,000 plants ha™' D2, 105,000 plants ha™".
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Year 2019 2020

Indicators Plant height Ear height Ear ratio Plant height Ear height Ear ratio
Tillage

RT 297.12a 112.71a 0382 310.75a 11447a 0.36a
ss 288.76b 108.27a 0.36a 30033b 108.21b 0.352
Density

D1 288.67b 108.29b 037a 299.75b 7 108.55b 0.352
D2 297.28a 112.69 0372 31133 114.142 0.36a
Varieties

D2 304.83a 116.79 038a 309.83a 121.14a 0.38a
XY335 28L.12b 104.19b 036a 301.25b 101.22b 033b
Source

Tillage (T) o * * [ o o oy
Density (D) " * ns " * ns
TxD ns ns ns ns ns ns
Varieties (V) o % ns - e #x
TxV ; ns ns ns ns ns
DxV 8 ns ns ns ns ns
TxDxV % ns ns ns ns ns

Different lowercase letters indicate significant differences (p < 0.05) among various treatments. *Significant at the 0.05 probability level. **Significant at the 0.01 probability level. ns indicates non-
significance. The data in this table are all from the silk spinning period (R1). SS, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1, 75,000 plants ha™'; D2, 105,000 plants ha™".
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Growth period

VELEES Tillage Density
R6

2019 ZD2 RT D1 2.89b 11.61b 12.41c 17.70c
D2 4.56a 13.56a 33.72a 38.16a
sS D1 1.38¢ 7.59¢ 9.61d 14.48d
D2 3.91ab 10.34b 28.28b 32.95b

XY335 RT D1 0.00d 0.00d 0.00e 1.35fg

D2 0.00d 0.00d 0.78¢ 445¢

SS D1 0.00d 0.00d 0.00e 0.56g

D2 0.00d 0.00d 0.00e 3.45ef

2020 zD2 RT D1 0.41c 9.53¢ 9.77¢ 11.25¢
D2 1.21a 13.99 19.16a 21.23

sS D1 0.21d 7.77d 7.50d 9.69d
D2 | 0.82b 11.12b 12.65b I 14.75b

XY335 RT D1 0.00e 0.00e 0.00e 0.00e

D2 0.00e 0.00e 0.00e 0.00e

By D1 0.00e 0.00e 0.00e 0.00e

D2 0.00e 0.00e 0.00e 0.00e

Different lowercase letters indicate significant differences (p < 0.05) among various treatments. R1, silking stage; R3, milk stage; R6, physiological maturity; R6-15d, 15 days after physiological
‘maturity. S, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1, 75,000 plants ha™; D2, 105,000 plants ha™".
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Year

Growth period

Tillage

RT 1.86a 6.29% 11.72a 1541a 041a 5.88a 7.23a 8.12a
SS 1.32a 4.48b 9.47b 12.86b 0.25b 4.72b 5.03b 6.11b
Density

D1 1.07b 4.79b 5.51b 8.52b 0.15b 4.32b 4.34b 5.23b
D2 2.11a 5.97a 15.69a 19.75a 051a 6.27a 7.95a 8.99
Varieties 7

ZD2 3.18a 10.77a 21.00a 25.82a 0.66a 10.60a 1227a 14.23a
XY335 0.00b 0.00b 0.19b 2.45b 0.00b 0.00b 0.00b 0.00b
Source

Tillage (T) ns | ot I *r L * | * I o o
Density (D) - N - . o . - -
TxD ns ns ns ns ns ns ns »
Varieties (V) . - . - - - - -
TxV & - - - N - - -
DxV - N * . - - - -
TxDxV ns ns ns ns ns ns ) ns i

Different lowercase letters indicate significant differences (p < 0.05) among various treatments. *Significant at the 0.05 probability level. **Significant at the 0.01 probability level. ns indicates non-
significance. R1, silking stage; R3, milk stage; R6, physiological maturity; R6-15d, 15 days after physiological maturity. SS, subsoil; R, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1,
75,000 plants ha™'; D2, 105,000 plants ha™.
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Main plot Tillage

Subsoil (SS) Rotary tillage (RT)
35cm | 15 cm
Sub-plot Density (plant ha™) ‘
. 75,000 (D1) 105,000 (D2)
Row space 60 cm, plant Row space 60 cm, plant
space 22.22 cm space 15.87 cm

Sub-sub-plot  Varieties ‘
Xianyu335 (XY335) Zhongdan2hao (ZD2)

Lodging resistance Weak lodging resistance
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Total nitrogen Alkaline N Alkaline K Alkaline P Organic matter

Years

(7)) (mg/kg) (mg/kg) (mg/kg) (9/kg)
2019 131 79.31 144.00 18.45 ‘ 17.74 8.50

2020 1.54 74.89 136.28 2132 ‘ 17.83 8.36
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Year

Growth
period

Tillage treatment

RT 54.25b 60.37b 53.18b 45.30b 44.17b 62.22b 53.72b 40.06b
sS 60.63a 66.78a 57.42a 52.67a 54.59 70.10a 62.83a 4824
Density

D1 64.02a 68.89a 63.32a 55.13a 56.32a 76.41a 71.36a 50.03a
D2 50.86b 58.27b 46.16b 42.84b 42.44b 5591b 45.19b 38.26b
Varieties

ZD2 55.12b 57.98b 50.85b 46.61b 46.21b 63.19b 54.36b 41.67b
XY335 59.76a 69.18a 59.74a 51.36a 52.51a 69.13a 62.19a 46.62a
Source

Tillage (T) P P o P o - - .
Density (D) o o o o o - - .
TxD ns ns ns ns ns ns h ns
Vatieties (V) - - . - . - - .
TxV ns ns ns * ns ns o ns
DxV * o * ns ns ns - ns
TxDxV ns ns h ns * ns e ns

Different lowercase letters indicate significant differences (p < 0.05) among various treatments. *Significant at the 0.05 probability level. **Significant at the 0.01 probability level. ns indicates non-
significance. SS, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1, 75,000 plants ha™'; D2, 105,000 plants ha™".
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Year

Internode Seventh Seventh

Tillage treatment

RT 494.81b 403.28b 291.00b 382.87b 332.03b 185.16b
sS 530.58a 473.00a 352522 442312 370.43a 219.53
Density

D1 542.27a 488.43a [ 356.86a 469.57a 381.57a 228.89a
D2 483.11b 387.85b 286.66b 355.61b 320.88b 175.81b
Varieties

ZD2 489.15b 404.39b 295.55b 390.91b 326.95b 189.07b
XY335 536.24a 471.8% 347.97a 434.26a 375.51a 215.62a
Source

Tillage (T) - - . - - .
Density (D) - - - - o .
TxD bl ns ns ns ns ns
Varieties (V) - o o - - .
TxV N N - - N .
DxV ns x ns ns ns 4
TxDxV ns ns ns ns ns ns

Different lowercase letters indicate significant differences (p < 0.05) among various treatments. *Significant at the 0.05 probability level. **Significant at the 0.01 probability level. ns indicates non-
significance. SS, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1, 75,000 plants ha™'; D2, 105,000 plants ha™.
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Year 2019

Internode Second Fourth Second

Tillage treatment

RT 43291b 351.81b 234.17b 361.27b 24891b 159.39b
Ny 488.61a 407.152 271.73a 425432 320.11a 192.06a
Density

D1 510.81a 433.78a 284.27a 434.95a 310.64a 200.77a
D2 410.72b 325.18b 221.63b 351.75b 258.38b 150.68b
Varieties

ZD2 443.30b 315.65b 192.50b 377.29b 255.48b 159.2b
XY335 478.23a 443.31a 3134la 409.41a 313.54a 192252
Source

Tillage (T) - - . - - .
Density (D) - . o - - .
TxD ns * ns ns ns ns
Varieties (V) - o o - - .
TxV * * N i - -
DxV L * % ns # ns
TxDxV ns ns ns ns ns ns

Different lowercase letters indicate significant differences (p < 0.05) among various treatments. *Significant at the 0.05 probability level. **Significant at the 0.01 probability level. ns indicates non-
significance. SS, subsoil; RT, rotary tillage; XY335, Xian yu335; ZD2, Zhong dan 2. D1, 75,000 plants ha™'; D2, 105,000 plants ha™.
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Training set Testing set

Formula
Equation R P R2 RMSE MAE Equation P R’ RMSE MAE
1 SW ~ AS SW=0.89XAS+0.71 | 090 = <0.001 = 0.89 039 032 SW=0.89XAS+0.77 095 = <0.001  0.89 027 022
2 SW ~PL SW=0.82XPL+L.18 090 <0001  0.82 039 032 ‘ SW=077XPL+1.52 | 090 = <0.001  0.80 036 028
3 SW~L SW=0.75XL+1.62 0.87 <0001 | 075 0.46 0.32 ‘ SW=0.68XL+2.12 0.88 | <0.001 076 041 031
4 SW~ W SW=065XW+2.31 081  <0.001 = 0.65 0.54 037 SW=0.77XW+L55 | 090 | <0.001  0.81 036 030
5 SW~LWR = SW=0.11XLWR+5.95 = 0.33 = <0.001  0.10 0.86 069 | SW=0.06XLWR+630 021 = 0004  0.04 0.94 075
6 SW ~ CS$ SW=0.01XCS+6.56 012 0013 | 0012 090 073 | SW=0.006XCS+6.63 | 006 058  -0.007 097 0.80
7 SW ~ DS SW=0.09XD$+6.01 E 031 <0001 | 0.095 [ 0.86 0.67 [ SW=0.11XDS$+5.99 [ 044 | <0.001 | 0185 I 0.89 0.72

Pearson’s correlation coefficient (r), Root mean square error (RMSE); Coefficient of determination (R%); Mean absolute error (MAE).
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Cluster member list ALHCA

CLHCA Cluster 1 Cluster 2 Cluster 3 Cluster 4
‘ Cluster 1 66 0 0 0
‘ Cluster 2 0 26 0 0
Cluster 3 0 0 49 17
Cluster 4 0 0 0 6
!
Cluster range_AS 15.50-18.30 13.60-15.43 17.98-20.78 22.26-23.80
|
Cluster range_SW 5.10-7.34 5.10-6.12 6.55-8.16 8.48-9.46
‘ Cluster mean_AS 17.01 14.65 19.41 22.79
‘ Cluster mean_SW 6.33 5.70 7.26 8.85
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SoV SA HE (€5

Minimum 13.36 13.89 4.48 3.69 107 077 020

Maximum 24.04 19.18 6.35 5.75 133 091 0.56 9.46

Mean + SE 18.09 £ 0.19 16.32 £ 0.13 5.29 + 0.06 4.47 £ 0.005 1.19 + 0.005 0.85 £ 0.001 0.29 + 0.001 6.69 + 0.06
CV. 12.47 672 6.33 7.66 3.15 261 14.94 13.70

C.D 5% 0.52 037 0.15 0.01 0.02 0.03 0.003 0.18

F value 141617 64.60°** 35.074%* 4540.4% 46.67* 191+ 1403.74 208.79***
Heritability 0.98 0.96 0.92 0.99 0.93 0.20 1.00 0.97

GV 498 115 0.10 0.11 0.0013 0.0001 0.002 0.83

EV 0.11 0.05 0.01 0.0001 0.0001 0.0004 0.00001 0.01

*** Significant at p<0.001, surface area (SA), perimeter length (PL), length (L), width (W), length-to-width ratio (LWR), seed circularity (CS), and distance between IS and CG (DS) and hundred-

seed weight (SW).
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Yield (kg/ha)

Observation Gain (%)
pControl pContrast mean
MU21 3540 2550 1034 39
MU22 5990 3220 2620 86
DJj22 2480 1170 1263 112
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Location Number of fields Total area Total number of meas.

Abbrev. (ha) Sample size
2021 MU 21 MU21 190 ‘ 15847 Test: 1104, Ctrl.: 644
2022 MU 13 o 110 ‘ 80137 Test: 964, Ctrl.: 964
2022 DJ 4 DjJ22 110 ‘ 40959 Test: 423, Ctrl.: 188

In this table, “Abbrev.” stands for abbreviation, “Meas.” stands for Measurements, AND “Ctrl.” stands for Control.
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Location Fresh matter yield Dry matter yield Macronutrients content (%) Ash content (%)

-2 —2'
(kg m™) (kg m™)
MU21 220 0.431 3867 029 ‘ 2,081 41.74 9.64
MU22 248 0.610 a8 0.43 ‘ 2.69 39.04 9.79

Dj22 2.83 0.481 ‘ 3.977 0.334 ‘ 2.014 42.01 9.27
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Location ECe 25°C CaCOsz Total N AL-P,Os5 AL-K>O

dS/m (VA] (VA (mg/100g) (mg/100g)

MU 5.05 0479 0.11 4.07 0.261 4.74 33.86

DJ 571 0.502 0.24 338 0.17 3.04 23.19
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Dependent variable Y

Regression equation

Yield/Y,

Crop water productivity/Y,

Partial factor productivity from applied
N/Y;

Crude protein/Y,

Net return/Ys

Y, =-10.1726 + 0.0524133W - 0.0000405778W? * 0.0405016N - 0.0000254222WN
- 0.0000853757N*

Y, = -2.3501 + 0.0732867W - 0.0000752889W* * 0.0823925N - 0.0000461778WN
- 0.000184423N*

Y; = -18.3875 + 0.29835W - 0.000226W? - 0.279407N - 0.000216267WN
+0.000627852N”

Y, - 4.948 + 0.0447W - 0.0000368889W> * 0.0745967N -

0.0000519556WN - 0.000135407N*
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Number of branches

Treatme Plant height (H cm) per plant Leaf area index Yield(t/ha)

Irrigation  Fertilization ~ 1st cut 2nd cut  1st cut 2nd cut Ist cut 2nd cut  1st cut

w, No 41.60d 40.67¢ 10.50¢ 10.66b 3.98g 435¢ 1.85i 231g
N, 48.12ab 47.17abed 10.42¢ 10.50b 4.63f 5.56d 2.46fg 297
N, 48.5ab 48.13abc 11.75ab 11.35ab 5.38e 6.31bc 2.69f 3.53e
N, 49.2ab 48.33abc 11.83ab 11.17b 5.76de 6.76b 281f 3.85cde
N, [ 41.10bc 4147¢ 10.32¢ 10.67b 4.75¢ 538d 2.20h 73A03f

W, No 48.25ab 45.17cd 11.52abc 10.67b 4.96f 5.87cd 2.14h 3.55¢
N, 51.36ab 48.50abc 11.50abc 11.05b 6.19¢ 775 3.60cd 4.10cd
N, 53.33ab 49.03ab 12.17a 12.50a 7.57a 8.16a 4292 4.50ab
N; 54.50a 50.44a 11.97ab 11.83ab 6.64b 7.76a 341de 421bc
N, 51.70ab 46.69bcd 11.35abc 11.17b 5.96cd 6.75b 2.82f 4.13cd

W, No v 45.33cd 44.70d 10.83bc 10.82b 5.70de 6.49b 3.18¢ 3.83de
N, 47.50ab 46.25bcd 11.36abc 10.89b 6.06cd 7.86a 3.75bc 4.02¢d
N, 45.00ab 47.00bcd 11.83ab 11.62ab 6.67b 7.89% 3.92b 4.16cd
N, 45.67ab 48.46abc 12.00ab 11.17b 6.28bc 7.91a 3.50cd 4.68a
N, 40.63d 40.00e 11.33abe 10.65b 4.94f 5.85¢d 1.97hi 3.67¢

Significant level

Irrigation > - B * . - . .
Nitrogen o - o - - o o ”
Irrigation x Nitrogen % * ns ns o o *n ot

W, 50% of ETC (crop evapotranspiration)); W, 75% of ETC; W3, 100% of ETC; Ny, 0 kg N has Ny, 75 kg N has Ny, 150 kg N has Ny, 225 kg N has Ny, 300 kg N ha. The same below. Different
lowercase letters in the same column indicate significance at p< 0.05. *, p< 0.05; **, p< 0.01; ns, p > 0.05.
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Treatment
Water cost Fertilizer cost Cost of cultivation Gross profit Economic benefit

Irrigation Fertilization

W, No 55 172 1011 1450 212
N, 55 205 1011 1893 621

N, 55 239 1011 2169 864

N 55 272 1011 2324 986

Ny 55 306 1011 1824 452

w, No 77 172 1011 1984 724
N, 77 205 1011 2687 1393

N, 77 239 1011 3064 1737

Ny 77 272 1011 2660 1299

‘ Ny 77 306 1011 2425 1031

W, No 98 172 1011 2447 1165
N, 98 205 1011 2711 1396

N, 98 239 1011 2818 1469

‘ N, 98 272 1011 2851 1469

N, 98 306 1011 1967 552
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PCA2 PCA3

Indicators

Average 2022 2023 Average 2022 2023 Average

Yield 0.90 0.92 0.92 -0.10 0.24 0.14 0.33 0.26 0.29

WUE 0.50 0.26 0.42 -0.77 0.95 0.85 0.38 0.17 0.32

IWUE 0.31 0.20 0.27 -091 0.89 ' 0.92 0.01 -0.27 -0.08

PFP -0.28 -0.09 -0.19 0.62 -0.52 -0.61 0.67 0.73 0.71

Factor loading Dry matter accumulation 0.96 0.96 0.98 0.12 0.02 -0.05 0.20 -0.03 0.12

Stem thickness 0.93 0.91 091 0.06 -0.24 -0.16 -0.30 -0.31 -0.33

Vine length 0.85 0.71 0.79 0.31 -0.42 -0.33 -0.41 -0.56 -0.51

LAI 0.96 0.69 0.92 0.02 0.27 0.08 0.10 I 0.60 0.31

ET 0.73 0.87 0.80 0.66 -0.45 ' -0.58 0.05 0.15 0.07

Eigenvalues 5.18 4.46 5.02 238 2.52 224 1.01 1.50 117

Contribution rate(%) 57.58 49.55 55.77 26.44 28.01 2691 1125 16.64 1295

Cumulative contribution(%) 57.58 49.55 55.77 84.01 77.56 82.68 95.27 94.21 95.63

weights(%) 60.44 52.60 58.32 27.75 29.74 28.14 11.81 17.67 13.54
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FIW1 297.25 + 8.20e 7.41 + 0.04f 13.99 £ 0.07¢ 4.90 +0.02e
FIW2 320.56 + 11.25d 7.37  0.06f 13.13 £ 0.10d 5.25 + 0.04d
FIW3 344.53 + 5.99bc 7.23 £ 0.04g 12.30 + 0.06e 5.54 + 0.03b
W1 30441 £ 11.15¢ 7.96 £ 0.04c 15.38 £ 0.08a 4.25 + 0.02g
w2 329.38 + 6.30cd 8.19 + 0.05b 15.00 £ 0.09b 4.74 £ 0.03f
o w3 356.36 + 12.40ab 8.62 = 0.06a 15.17 £ 0.10b 5.39 £ 0.04c
F3W1 318.19 + 2.30d 7.74  0.06d 15.64 £ 0.12a 3.57 + 0.03i
F3w2 34025 + 1.12bc 7.56 £ 0.08e 14.29 £ 0.15¢ 3.73 £ 0.04h
F3W3 367.71 £ 3.80a 7.08 % 0.05h 12.86 + 0.08d 3.77 + 0.02h
CK 345.76 + 4.30bc 6.98 + 0.05h 11.91 + 0.08f 17.87 £ 0.12a
FIW1 244.97 + 9.54f 8.82 + 0.46cd 13.72 £ 0.72¢ 4.80 £ 0.25c¢d
F1w2 278.70 + 3.40cd 8.66 + 0.48cd 13.41 £0.75¢ 5.36 + 0.3bc
FIW3 303.86 + 3.78b 879 + 047cd 13.19 £ 0.71cd 5.93 +0.32b
W1 259.49 £ 0.54e 949 + 0.58ab 15.64 + 0.95ab 4.32 £ 0.26de
F2w2 289.06 + 2.82¢ 9.60 + 0.67ab 15.42 + 1.08ab 4.87 + 0.34cd
. F2W3 312.57 + 4.79ab 10.07 £ 0.07a 15.54 £ 0.10a 5.52 + 0.04bc
F3wW1 270.44 + 0.53de 9.20 + 0.07bc 15.80 + 0.12a 3.61 +0.03e
F3w2 301.50 + 0.42b 8.78 + 0.09cd 14.70 + 0.15b 3.84 £0.04e
F3W3 323.56 + 1.92a 8.28 +0.05d 13.23 £ 0.08cd 3.88 +0.02¢
CK 303.67 + 1.16b 832 + 0.45d 12.47 + 0.68d 18.71 £ 1.01a
FIW1 271.11 £ 8.87f 8.05 +0.20d 13.85 £ 0.35¢ 4.85+ 0.12d
F1w2 299.63 + 3.93de 7.97 +0.25d 13.27 + 0.42d 531 +£0.17¢
FIW3 324.20 + 4.88bc 7.96 + 0.24d 12.75 + 0.38d 574 +0.17b
w1 281.95 + 5.81f 8.66 + 0.28bc 15.51 + 0.50a 4.29 £ 0.14e
w2 309.22 + 1.74d 8.85 + 0.30b 15.21 £ 0.52a 4.80 + 0.16d
Average
F2wW3 334.46 + 8.60ab 9.30 + 0.06a 15.36 + 0.10a 5.46 + 0.04bc
F3W1 294.31 + l.4le 8.41 + 0.06¢ 15.72 £ 0.12a 3.59 + 0.03f
F3w2 320.87 £ 0.44c 8.13 +0.08d 14.49 + 0.15b 3.78 + 0.04f
F3w3 345.63 + 2.86a 7.64 + 0.05¢ 13.05 + 0.08d 3.83 +0.02f
CK 324.72 + 2.73bc 7.60 £ 0.20e 12.19 + 0.33e 18.29 £ 0.49a

Lowercase letters in the table indicate differences between treatments (p<0.05).
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ET(mm)

Year Treatment
seedling stage Vine stage Flowering stage Maturity stage
2022 F1W1 23.48 + 0.80e 84.90 + 3.47d 147.26 + 2.78d 41.61 + 1.42¢ 297.25 + 8.20e
F1w2 24.71 £ 0.83e 94.16 + 2.03abc 154.21 £ 2.12¢ 4748 + 1.12d | 320.56 + 11.25d
FIW3 35.33 + 0.70bcd 98.83 + 1.12a 159.57 + 2.30ab 50.79 + 1.04c | 344.53 + 5.99bc
F2w1 24.51 + 0.40e 85.34 + 1.16d 148.93 + 2.10d 45.60 + 1.28d 304.41 + 11.15e
F2W2 31.37  1.00d 90.37 + 3.02bcd 155.95 + 1.97be 5170 £ 1.63c } 329.38 + 6.30cd
F2W3 3835 + 1.60ab 96.74 + 1.07ab 161.05 + 2.47ab 60.22 + 1.36b 35636 + 12.40ab

F3W1 26.13 = 2.80¢ 89.51 + 1.33bed 15191 + 2.36cd 50.65 = 1.65¢ 318.19 + 2.30d
F3w2 32.29 + 3.80cd 91.89 + 5.98abcd 156.90 + 2.45bc 59.17 + 1.18b 340.25 + 1.12bc

F3W3 41.12 £+ 1.30a 91.85 + 5.91abcd 163.63 + 2.26a 71.12 + 1.63a 367.71 + 3.80a
CK 36.06 + 1.70bc 89.15 + 6.78d 16035 + 1.90ab 6021 £ 1.37b 345.76 + 4.30bc

2023 FIW1 22,51 % 0.70¢ 78.89 + 3.65bc 105.94 + 2.38d 37.56 + 1.12¢ | 24497 2 954f
FIW2 25.15 = 0.63¢ 86.75 + 5.33ab 125.08 + 2.22abc 4150  1.52d | 27870 £ 340cd

FIW3 34.78 + 0.75bc 91.53 + 4.53 12949 + 2.40ab 4847 + 144c 303.86 = 3.78b

F2w1 23.12 + 0.65¢ 79.19 + 3.26bc 119.61 + 2.70c 37.88 £ 1.78e 259.49 + 0.54e

w2 32.69 + 0.90cd 83.01 + 5.88abc 125.80 + 1.67ab 47.59 + 1.68¢ 289.06 + 2.82¢
F2w3 39.63 + 3.40ab 89.45 + 7.67ab 129.96 + 2.27ab 53.69 + 1.23b 31257 + 4.79ab
F3W1 2752 + 0.70de 74.62 + 6.73¢ 12455 + 2.22bc 43.58 + 1.69d 27044 + 0.53de

F3W2 33.61 = 1.68c 84.54 + 6.58abc 127.16 + 2.65ab 56.52 + 1.75b 301.50 £ 0.42b

F3W3 42.38 + 263 88.26 + 5.30ab 13126 + 2.76a 61.44 + 1492 | 323.56 + 192a

CK 37.47 + 2.80abc 81.68 + 6.28abc 128.80 + 2.20ab 55.93 + 1.33b 303.67 + 1.16b

Average FIW1 23.00 + 0.75e 81.89 + 3.56¢ 126.60 + 2.58f 39.59 + 1.27e 271.11 + 8.87f
F1w2 24.93 + 0.73e 90.46 + 3.68abc 139.64 + 2.17cd 4449 + 1.32d 299.63 + 3.93de
FIW3 35.06 + 0.73cd 95.18 + 2.83a 14453 + 2.35ab 49.63 + 1.24c 324.20 + 4.88bc

F2W1 23.82 = 0.53¢ 8227 +2.21c 13427 £ 2.40e 4174 + 1.53¢ ‘ 281.95 + 5.81f

F2W2 32.03 £ 0.95d 86.69 + 4.45abc 140.88 + 1.82cd 49.64 + 1.65¢ | 309.22 + 1.74d
F2w3 38.99 + 2.50ab | 93.10 + 4.37ab [ 145.51 + 2.37ab 56.96 + 1.30b | 334.46 + 8.60ab

F3w1 26.82 + 1.75e¢ 82.07 + 4.03¢ 138.23 +2.29d 47.11 £ 1.67¢ 29431 + 14le

F3w2 3295 +2.74d 88.21 + 6.28abc 142.03 + 2.55bc 57.85 + 1.47b | 320.87 + 0.44c

F3W3 4175+ 197a 90.06 + 5.60abc 14745 £ 2.51a 66.28  1.56a ‘ 345.63 + 2.86a
CK 36.77 + 2.25bc 8541 + 6.53bc 14457 + 2.05ab 5807 + 1.35b | 32472+ 273bc

Lowercase letters in the table indicate differences between different treatments in one growth stage (p<0.05).
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Treatment

Yield(kg/ha)

2023

Average

FIW1

FIW2

FIW3

F2W1

F2w2

F2W3

F3W1

F3w2

22030.15 £ 105.41g
23628.75 + 183.37f
24914.16 + 131.15d
24225.80 + 133.73e
26992.70 + 168.01b
30726.13 + 207.54a
24635.06 + 181.92d

25713.12 + 263.11c

21605.14 + 406.16f

24131.48 + 421.46e

26705.73 + 566.08bc

24632.31 + 353.09¢

27508.7 + 526.77b

31476.13 + 207.54a

24885.06 + 181.92de

26463.12 + 263.11bcd

21817.65 + 163.82¢

23880.12 + 256.47d

25809.94 + 242.56¢

24429.06 + 243.09d

27250.7 + 326.17b

31101.13 + 207.54a

24760.06 + 181.92d

26088.12 + 263.11c

F3W3

CK

26044.72 + 167.67¢

24119.46 + 160.08¢

Lowercase letters in the table indicate differences between treatments (p<0.05).

26794.72 + 167.67bc

25258.67 + 644.52cde

26419.72 + 167.67¢

24689.06 + 340.74d
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Rhizome Rhizome Rhizome Leaf Leaf Leaf

jli=anens fresh weight dry weight dry rate fresh weight dry weight dry rate

FIW1 941 + 61.74d 100.40 £ 10.00¢ 0.107 349.61 + 11.72d 10231 £ 9.68d 0.293
F1w2 1155.48 + 30.02¢ 110.63 + 8.72d 0.096 360.66 + 26.37cd 110.67 + 16.91cd 0.307
FIW3 1159.58 + 28.13¢ 124.66 + 5.29bc 0.108 379.60 + 17.69bcd 119.99 + 5.63bcd 0.316
F2w1 1152.74 + 1543c 118.59 + 6.56cd 0.103 410.25 + 8.87abc 124.31 + 1.46bc 0.303
F2W2 1190.67 + 5.30bc 124.05 + 8.72bc 0.104 43824 + 13.14a 137.67 + 2.15ab 0.314
e F2W3 1227.87 + 24.68bc 13136 + 1.01ab 0.107 44717 + 24.63a 14457 £ 1.78a 0323
F3W1 1238.19 + 32.83b 128.92 + 2.89ab 0.104 396.56 + 35.90abed | 112,08 + 5.67cd 0.283
F3w2 1268.23 + 13.29ab 133.30 + 9.07a 0.105 419.08 + 20.49ab 122.87 + 4.79bc 0.293
F3W3 1335.30 + 21.23a 134.03 £ 7.23a 0.100 436.03 + 17.02a 129.16 + 4.95abc 0.296

CK 1150.27 + 30.98¢ 116.70 + 9.69cd 0.101 376.00 + 11.84bcd 126.43 + 11.40abc 0.336
FIW1 823.23 + 25.50b 73.95 + 1.90e 0.09 261.13 + 9.16¢ 77.76 + 3.47¢ 0.298
FIW2 837.73 + 34.62b 79.10 + 6.66de 0.094 28137 + 81.70bc 84.15 + 7.10e 0.299
FIW3 853.63 + 38.80ab 82.75 + 1.74cde 0.097 29043 + 41.09abc | 87.54  1.90de 0.301
F2w1 844.43 + 37.38ab 83.83 + 2.77cde 0.099 307.67 + 22.02abc 91.33 + 1.30cd 0.297
F2w2 858.13 + 58.33ab 89.99 + 5.84bc 0.105 325.30 + 6.20ab 103.73 + 1.09b 0.319
0 F2w3 876.2 + 21.68ab 91.71 + 0.67bc 0.105 346.90 + 22.31a 113.71 £ 4.27a 0.328
F3W1 863.73 + 43.02ab 89.38 + 1.90bed 0.103 306,40 + 2.80abc 87.65 + 5.94de 0.286
F3W2 885.80 + 19.60ab 95.53 + 0.81ab 0.108 32171 +17.76abc | 94.17 + 1.68bed 0.293
F3W3 940.57 + 28.30ab 10259 + 3.19a 0.109 332.03 + 3.61ab 102.05 + 1.22bc 0.307

CK 835.27 + 24.71b 82.07 + 6.43cde 0.098 308.00 + 10.31abc 99.58 + 6.87bc 0.323
FIW1 882.12 £ 42.11e 87.17 + 4.37f 0.099 305.37 + 3.22d 90.04 + 6.36e 0.295
F1w2 996.61 + 4.44d 94.87 + 1.04ef 0.095 321.01 + 32.61cd 97.41 + 10.94de 0.303
FIW3 1006.61 + 30.99d 103.71 + 2.11cd 0.103 33502 +2247cd | 10377 +3.58cd 0310
F2W1 998.59 + 21.55d 10121 + 3.79de 0.101 35896 + 8.63abc | 107.82 + 0.41cd 0.300
F2W2 1024.40 + 27.31cd 107.02 + 6.46bed 0.104 381.77 + 3.55ab 120.70 + 0.53ab 0316

Average

F2W3 1052.03 + 2.20bc 11153 £ 0.30abe 0.106 397.03 + 14.72a 129.14 £ 2.03a 0325
F3w1 1050.96 + 37.86bc 109.15 + 2.05bc 0.104 351.48 + 18.80bc 99.87 + 5.71de 0.284
F3w2 1077.02 + 3.50b 114.42 + 4.23ab 0.106 370.39 + 9.74ab 108.52 + 3.04bcd 0.293
F3W3 1137.93 + 19.29a 118.31 + 4.79a 0.104 384.03 + 9.31ab 115.61 + 2.73bc 0.301

CK 992.77 + 21.68d 99.39 + 8.05de 0.100 342,00 + 9.80¢ 113.01 + 2.46bc 0.330

Lowercase letters in the table indicate differences between treatments (p<0.05).
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Treatment

seedling stage Vine stage Flowering stage Maturity stage
F1W1 0.117 + 0.01ab 0.714 + 0.01d 1.144 + 0.04e 0.848 + 0.01e
F1w2 0.121 + 0.01ab 0.741 + 0.03d 1.198 + 0.01d 0.899 + 0.01e
F1W3 0.134 + 0.03a 0.836 + 0.01bc 1.261 £ 0.01c 0.986 + 0.01d
F2W1 0.118 = 0.01ab 0.798 + 0.01bc 1312 £ 0.01b 1.035 + 0.03cd
F2W2 0.125 + 0.01ab 0.837 + 0.01bc 1.379 + 0.01a 1.123 + 0.01ab
o F2W3 0.126 + 0.01ab 0.892 + 0.02a 1.391 + 0.02a 1.146 + 0.01a
F3W1 0.127 + 0.01ab 0791 +0.01c 1.266 + 0.01¢ 1.003 + 0.01d
F3w2 0.129 £ 0.01a 0.805 + 0.03bc 1.327 £ 0.01b 1.084 + Obc
F3W3 0.123 + 0.02ab 0.825 + 0.01bc 1.368 + 0.01a 1.136 + Oab
CK 0.109 + 0.02b 0.849 + 0ab 1.277 £ 0.01c 0.988 + 0.04d
FIW1 0095 + 0.01d 0.772  0.04d 0937 + 0.01d 0.845 + 0.02f
FIW2 0.103 + 0.01cd 0.843 + 0.02bc 1011 + 0c 0901 + 0.01de
FIW3 0.115 + 0.01bc 0.891 £ 0.01ab 1.064 + Obe 0.983 = 0.02¢
F2wW1 0.106 + 0.01cd 0.806 + 0.02cd 1.069 + 0.08bc 0917 + 0.03de
F2w2 0.117 + 0.02bc 0.893 + 0.03ab 1.155 £ 0.01a 1.026 + 0.01b
o F2w3 0.127 + 0.01ab 0.929 + 0.02a 1.181 £ 0.03a 1.078 £ 0.01a
F3W1 0.114 £ 001c 0.767 + 0.01d 1.004 £ 0.03¢ 0835 + 0.01f
F3W2 0.128 + 0.01ab 0831 £ 0.01c 1.056 + 0.01bc 0.885 = 0.02¢
F3W3 0133 + 0.02a 0851 + 0.02bc 1.124 £ 0.01ab 0930 + 0.02d
CK 0.117 £ 0.01bc 0.907 + 0.03a 1.054 + 0.02bc 0.937 + 0.01d
F1W1 0.106 + 0.01c 0.740 + 0.02e 1.041 £ 0.01e 0.846 + 0.01e
F1w2 0.110 £ 0.01c 0.791 + 0.01d 1.105 + 0.01d 0.901 + 0.01d
FIW3 0.124 + 0.01ab 0.861 +0.01b 1.162 £ 0.01¢ 0.985 + 0.01c
F2W1 0.112 £ 0.01c 0.801 + 0.01cd 1191  0.05b 0976 = 0.03¢
F2W2 0.121 £ 001b 0.870 + 0.01b 1.267 + 0a 1.074 + 0.01ab
Average -+
F2wW3 0.127 + 0.01ab 0911 + 0.02a 1.286 + 0.03a 1.112 + 0.01a
F3wW1 0.120 + 0.01b 0.780 + 0.01de 1.135 + 0.02cd 0917 + 0.01d
F3w2 0.129 + 0.01a 0.821 + 0.02cd 1.192 + 0.01b 0.984 + 0.01c
F3W3 0128 + 0.01a 0.841 + 0.01bc 1.246 + 0.01ab 1.033 +0.01b
CK 0.113 £ 0.03¢ 0.8 + 0.02ab 1.166 + 0.02bc 0.963 + 0.02¢

Lowercase letters in the table indicate differences between different treatments in one growth stage (p<0.05).
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Stem thickness(mm)

Treatment
seedling stage Vine stage Flowering stage Maturity stage

F1W1 10.15 £ 0.77¢ 11.08 + 0.23¢ 1144 £ 0.21e 12.34 +0.04d
F1w2 11.10 + 0.83bc 11.78 + 0.75b 11.67 + 0.60e 12.78 £ 0.24c
FIW3 11.47 + 0.84b 12.11 + 0.26b 12.36 + 0.33d 13.02 £ 0.01c
F2W1 10.53 + 0.30b 1170 + 0.24b 12,65 + 0.18cd 13.10 + 0.10¢
F2W2 11.28 + 0.82ab 12.19 + 0.73b 13.00 + 0.89bc 1353 + 0.42b
o F2W3 11.52 + 041a 12,52 + 0.18ab 13.19 + 0.52abc 14.26 + 0.08a
F3W1 11.02 £ 0.60a 11.98 + 0.41b 1322 + 0.60ab 1381 £ 0.13b
F3w2 11.39 + 0.33a 12.44 + 0.36ab 1341 + 0.27ab 14.29 £ 0.25a
F3W3 11.72 £ 0.23a 12.91 + 0.26a 13.69 £ 0.29a 14.65 + 0.24a
CK 11.43 +0.20b 12.02 + 0.27b 12.23 +0.32d 12.82 + 043¢
FIW1 561 + 0.23f 9.25 + 0.39d 1055 + 0.17d 11.36 + 0.21e
FIW2 625 + 0.08de 10.87 + 0.26¢ 1126 + 0.12¢ 12.16 + 0.36d

FIW3 651 +0.03cd 10.98 + 0.78bc 11.63 + 0.78bc 12.54 £ 0.11cd
F2w1 6.10 £ 0.29¢ 10.63 + 0.25¢ 10.95 + 0.35d 12.12 + 0.10d
w2 6.47 + 0.43cd 11.20 + 0.22ab 1148 + 0.41c 12.88 + 0.20c
0w F2w3 6.88 + 0.42ab 11.48 + 0.12ab 12.08 + 0.76abc 13.51 + 0.33b
F3W1 655 + 0.14bed 1122 £ 027ab 11.80 + 0.69bc 12.83 + 0.13¢
F3W2 6.82 + 0.57abc 11.55 £ 0.30a 12.70 + 0.04ab 13.68 + 0.08b
F3W3 7.03 +0.07a 11.65 £ 0.59 1240 +0.23a 1434 £ 0.34a

CK 6.40 + 0.20de 10.86 + 0.58¢ 11.59 + 0.29bc 12.60 + 0.20cd
FIW1 7.88 £ 0.44e 10.17 + 0.2%¢ 10.99 + 0.03f 11.85 + 0.11f
F1w2 8.67 + 0.44d 11.33 + 0.43cd 11.47 + 0.29¢ 12.47 £ 0.10e
FIW3 899 + 0.41abc 1155 + 046cd 1199 + 0.47cd 12.78 + 0.06d

F2W1 832 + 0.12de 1116 + 0.18d 11.80 + 0.15de 12,61 + 0.10de
F2W2 8.88 + 0.60bc 11.69 + 0.44bc 12.24 £ 0.44bc 13.20 + 0.16¢

Average

F2W3 920 + 0.40ab 12.00 £ 0.04ab 12,63 + 0.45ab 13.88 + 0.20b
F3w1 8.78 + 0.31bc 11.60 + 0.23¢ 12.51 + 0.45b 13.32 £ 0.13¢
F3w2 9.11 + 0.43abc 12.00 + 0.23ab 13.06 + 0.13a 13.98 + 0.09b
F3W3 937 +0.14a 1228 + 0.37a 13.04 + 0.06a 1449 +0.07a

CK 8.92 + 0.12abc 11.44 + 0.38cd 11.91 + 0.28cd 12.71 £ 0.16de

Lowercase letters in the table indicate differences between different treatments in one growth stage (p<0.05).
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Vine length (cm)

Treatment
seedling stage Vine stage Flowering stage Maturity stage
FIW1 71.80 + 3.27d 149.52 + 10.55d 214.80 + 7.60f 339.00 + 4.32¢
FIW2 78.00 + 5.15¢d 160.32 + 3.24¢ 236.10 + 8.26¢ 381.00 + 5.35f
FIW3 87.80 + 4.60cd 173.52 + 3.353b 262.80 + 6.99d 420.87 + 3.37¢
F2W1 101.20 + 1.92bc 166.80 + 7.15bc 27030 + 2.46d 37467 + 5.73f
F2W2 108.40 + 3.21ab 17640 + 3.52b 306.90 + 5.96¢ | 41200 £ 668c
o F2W3 99.80 + 5.85a 180.72 + 541a 32820 + 6.99ab | 44583 £ 219
F3W1 99.60 + 3.36ab 17040 + 4.07abc 30540 + 6.84c | 3367 +988d
F3W2 113.40 + 5.08ab 17328 + 3.76ab 317.40 + 11.98bc 471.33 + 4.92b
F3W3 113.60 + 5.90ab ) 177.12 + 4.84ab 339.90 + 8.32a | 50875+ 6.18a
CK 110.00 + 3.54a 161.04 + 2.15¢ 214.80 + 10.31f 38550 + 7.59f
FIW1 60.43 = 0.36f 129.67 + 0.82¢ 209.00 + 4.30f 337.33 + 20.50f
FIW2 70.22 £ 0.51e 13333 + 4.6de 22367 + 10.50 e ‘ 357.33 + 30.44def
FIW3 68.17 £ 0.54¢ 142,53 + 2.01c 243.67 + 1.08bed 37633 + 10.21cde
F2W1 73.17 + 0.20d 135.00 + 0.71d 224.33 +2.27¢ 348.67 + 20.43ef
F2W2 84.87 + 0.73b 147.13 + 1.24c 242,60 + 3.29bcd 365.17 + 12.69cdef
e F2W3 90.00 £ 2.12a 156.13 + 3.22b 255.00 + 3.67b 384.67 + 12.66bcd
F3W1 76.20 £ 1.36¢ 143.13 + 5.28¢ 233.67 + 2.86de 391.33 + 16.58bc
F3W2 86.00 + 2.45b 155.67 + 5.96b 246.67 + 4.14 be 413.33 + 17.25b
F3W3 91.67 = 0.82a 167.67 + 1.08a 27000 + 4.85a ‘ 466.33 + 20.14a
CK 7223 +327d 135.33 + 4.10d 24073 + 12.33cd 362.00 + 18.09cdef
FIW1 66.12 = 1.60g 139.59 + 4.99F 2119 £ 4.52g 338.17 + 12.2f
FIW2 74.10 £ 2.57f 146.83 + 3.55¢ 229.88 + 5.22f 369.17 + 15.12¢
FIW3 77.98 £ 2.05f 158.03 + 2.09d 25323 + 3.86e 398.60 + 6.12d
F2W1 87.18 £ 0.91e 150.90 + 3.70e 24732 + 2.26¢ 361.67 + 12.20e
F2W2 96.63 = 1.39bc 161.77 + 1.64cd 274.75 + 4.6¢d ‘ 388.58 + 8.43d
Average T
F2W3 94.90 + 3.11cd 168.43 + 3.37ab 29160 + 4.75b 41525 + 5.72¢
F3W1 87.90 £ 1.76¢ 156.77 + 3.56d 269.53 + 4.09d 41250 + 13.08¢
F3W2 99.70 + 3.27ab 164.47 + 3.85bc 282.03 + 6.37bc ‘ 44233 + 11.09b
‘ F3W3 102.63 + 3.11a 17239 + 2.58 304.95 + 4.30a 487.54 + 1048a
CK 91.12 + 1.25de 148.19 + 2.58¢ 227.77 + 8.73f 37375 + 93le

Lowercase letters in the table indicate differences between different treatments in one growth stage (p<0.05).
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PCAL PCA2 PCA3 Aggregate score Rank

e B 2023  Average 2022 2023  Average 2022 2023 Average 2022 2023 Average 2022 023  Average
FIWL 1695 -1.793 -1.763 0675 0.134 0435 0344 0215 0315 -1252 0941 -0.948 10 10 10
FIW2 0987 -0.827 0929 0049 0324 019 0054 0242 0622 0522 9 8 9
FIW3 0.26 0 012 0837 0419 0682 0274 0588 0062 0043, 0021 0254 6 5 7
F2W1 0336 0,633 0453 1174 1124 1185 0253 0099 0212 0499 0016 0.098 s 7 4
W2 0599 0528 0603 0756 1009 0865 0741 0531 0703 0240 0.671 0690 4 2 2
F2W3 1568 156 1597 0619 122 0856 133 0950 1152 0933 1351 1328 1 1 1
F3W1 0042 0338 -0.157 0823 0567 0767 0715 1221 -0.906 -0.288 0225 0002 7 9 6
F3W2 0682 0498 0578 0099 0309 016 0899 -1.064 0981 0334 0018 0159 3 6 3
F3W3 1.091 1251 1138 1267 1432 1319 1456 1291 1445 0839 0.004 0096 2 4 5

K

0246 0494 1793 157 1751 169 1767 1761 0272 0284 0542 5 3 8
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Irrigation volumes

Times of S 7 it
) imes of Irrigation Base fertilizer Follow up fertilizer
Irrigation in
Treatment Polaawth quota
Before the growth gr (mm) Quota
Sarl : period Type 71 Frequency
owing period (kg ha™)

FIW1 45 37.5 5 1575 3900 300
FIW2 45 450 3 180.0 3900 300
FIW3 45 525 3 2025 3900 300
F2W1 45 375 3 157.5 4800 450

Solid Liquid
F2W2 45 450 3 180.0 organic 4800 Organic Fertilizer; 450

fertilizer 2 times
F2W3 45 525 3 2025 4800 450
F3W1 45 37.5 3 1575 5700 600
F3W2 45 450 3 180.0 5700 600
F3W3 45 52.5 3 2025 5700 600

Diammonium phosphate 300 Utss,
CK 45 52.5 3 2025 St 300

Urea 450 s
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Treatments escription

t1 Untreated Plant- Negative Control 1

t2 Plant+ CNF- Negative Control 2

t3 Plant +Ammonium chloride (24 mg)- Positive control
t4 Plant + CNF*N- 4.8 mg nitrogen

t5 Plant + CNF*N- 12 mg nitrogen

t6 Plant + CNF*N- 24 mg nitrogen
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Treat

First Harvesting

Tl 0.013 £ 0.002 0.39 £ 0.04
T2 0.012 + 0.005 0.27 £ 0.06
T3 0.014 + 0.009 0.36 + 0.07
T4 0.018 + 0.007 0.33 £ 0.06
T5 0.017 + 0.006 0.28 £ 0.02
T6 0.029 = 0.005 0.3 +£0.04
Second Harvesting
Tl 0.07 £ 0.001 0.9 +0.02
T2 0.07 £ 0.002 0.82 £ 0.02
T3 0.07 + 0.001 0.87 £ 0.04
T4 0.08 + 0.002 0.73 £ 0.02
T5 0.1 +0.001 09 +0.02
T6 0.2 +0.001 1.09 +0.02
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Treatment

pH

Organic
carbon (%)

Electrical
conductivity
(uS/cm)

First Harvesting Stage (45 days)

T1 8.3 0.0023 + 0.02 1459 £ 02
£0.01

T2 8.8 0.0021 + 0.01 1494 £02
£0.05

T3 8.3 0.0023 + 0.01 2089 + 0.1
+0.01

T4 8.6 0.002 + 0.01 164.6 £ 0.1
+0.01

T5 87 0.002 + 0.02 1702 0.1
+0.01

T6 8.7 0.002 + 0.01 1753 £02
+0.01

Second Harvesting Stage (90 days)

T1 84 0.002 + 0.001 148 £ 0.1
+0.08

T2 83 0.002 + 0.1 152 £0.2
+0.05

T3 84 0.002 + 0.02 125.0 +0.02
£0.01

T4 84 0.002 + 0.02 169.9 + 0.08
£0.01

T5 85 0.003 + 0.001 170 + 0.08
£0.01

T6 84 0.003 + 0.001 180 + 0.02

+0.01
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Parameters Values

pH 7.2+ 0.005
Electrical Conductivity (uS/cm) 140.0 + 0.05
Organic carbon (%) 0.0011 + 0.0005

Available N (%) 0

Total N (%) 0
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Year Variety Treatments Grain yield Panicles Spikelets Total spike-  Filled

(g/pot) per pot per panicle lets grains (%)
(x10% pot™)

2019 Hyou ON-60% 8l.6e 49.1 ¢ 840d 412 f 81.8a 242a
= ON-100% 91.2d 512¢ 88.6 ¢ 454 ¢ 824a 244a
MN-60% 172.8 ¢ 857b 1121 b 9.61d 759 b 237b
MN-100% 190.4 ab | 872b 1179 a 103 ¢ 778b 238b
HN-60% 183.7b 954 a 1184 a 113 b 70.7 ¢ 230c¢
HN-100% 197.8 a 978 a 122.1a 119a 7llc 233c¢
Hanyou ON-60% 954 ¢ 409 ¢ 105.1 ¢ 430 ¢ 844 a 263a
7 ON-100% 98.9 ¢ 411 ¢ 107.7 ¢ 443 ¢ 84.6a 26.4a
MN-60% 195.1b 648 b 1444 b 936 b 80.8 b 258b
MN-100% 201.9 ab I 653 b 147.4 b 9.63b 81.3 ab 258b
HN-60% 198.4 ab 69.8 a 1573 a 110a 717 ¢ 252¢
HN-100% 206.4 a 70.6 a 160.9 a 114 a 718 ¢ 253 ¢
2020 Hyou ON-60% 784 e 505d 81.8d 413 f 784 a 242a
o8 ON-100% 90.4d 51.6d 89.8 ¢ 463 e 803 a 243a
MN-60% 165.5 ¢ 824 ¢ 1165 b 959d 73.1 be 236b

MN-100% 194.9 a 888 b 119.8 ab 106 ¢ 76.8 b 23.9ab
HN-60% 182.9b 956 a 120.2 ab 115b 689 d 23.1c¢

HN-100% 202.5a 989 a 124.1a 123a 70.5 cd 23.4 be

Hanyou ON-60% 927 ¢ 40.1 ¢ 104.6 d 420 ¢ 853 a 25.9 ab
7 ON-100% 95.0 ¢ 40.7 ¢ 1035d 421 ¢ 86.1 a 262a
MN-60% 187.9b 635b 1454 ¢ 923b 79.6 b 256b

MN-100% 197.5 ab 648 b 148.1 be 959b 798 b 25.8 ab
HN-60% 198.5 ab 705 a 154.7 ab 109 a 724 c¢ 251c¢
HN-100% 205.7 a 712a 158.1a 113a 728 ¢ 25.1c¢

Analysis of variance

Year (Y) NS NS NS NS NS NS
Variety (V) 9.94% 379.5" 740.7** 7.95%* 44.0 206.6**
Treatment (T) 167.4** 186.8** 247.5%* 280.6* 60.7** 3.26"
YxV NS NS ‘ NS NS NS NS
YxT NS NS NS NS 3.86" NS
VxT NS 2.87* 11.7%* NS 4.34 NS
YxVxT 430 448" NS 4.82* NS NS

NS indicates statistical significance at p > 0.05 within same variety in the same year. * and ** represent statistical significance at p< 0.05 and p< 0.01, respectively. ON, MN, and HN represent no
nitrogen applied, medium nitrogen applied (15.6 g/pot), and high nitrogen applied (31.2 g/pot), respectively. 100% and 60% represent continuous flooding cultivation and 60% of continuous
flooding cultivation, respectively.
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Reference

Vitis species

41 B [Chasselas (Vitis
vinifera L.) x (Vitis
berlandieri Planch.)]

Anti-
mitotic
agent
used

Mode of
treatment

Findings

A total of 1200 plants for each genotype and each anti-mitotic agent were used for

Kara and and Fercal [(Vitis Oryzalin and e polyploid induction. For the 41 B genotype, one mixoploid plant and one tetraploid
in vivo
Dogan (2023) vinifera L. x Vitis N,0 plant were obtained. For the Fercal genotype, four mixoploid plants and one tetraploid
berlandieri) x 333 EM plant were obtained.
(Cabernet-Sauvignon
xVitis berlandieri)]
41 B Chasselas (Vitis
vinifera L. x Vitis
Kara and berlandieri Planch) and  Oryzalin and i The application of oryzalin and N2O to cuttings of 41B and Fercal rootstocks did not
Dogan (2022)  Fercal [(Vitis vinifera x N,0 result in the production of any polyploid individuals through in vivo methods.
Vitis berlandieri) x 333
EM]
Colchicine
(were The viability of shoot tips varied among the cultivars and decreased with increasing
applied to colchicine doses, except for the application of 1 g L-1 on ‘Eksi Kara’ and 5 g L-1 on
meristematic “Trakya ilkeren’. In ‘Eksi Kara’, the lowest shoot tip viability rates compared to the
Kara and Vitis vinifera L. (Eksi part of in vivo control (100%) were observed at doses of 4 g L-1 (31.77%), 6 g L-1 (47.26%), and 3 g L-
Yazar, 2022 Kara & Trakya ilkeren) seedling 1 (51.84%). Colchicine was administered to seedlings from two grape cultivars, resulting
twice a day in polyploidy induction, depending on the application methods and genotypes. 5 mg/L
(in 8.30 and was found to be effective for Eksi Kara and 6 mg/L was effective for Trakya ilkeren
18:00) for 3 seedlings.
days)
Kara and Vits vinifra L. i P Examination through chloroplast counts and FC analyses of stoma guard cells revealed
Yazar, 2021 that these changes did not result in any differences at the genomic level.
Vitis vinij L
Catalano et al., thiswinyfera o Grapevine plants regenerated via somatic embryogenesis in this study observed a nine
2021 (Catarratto, Frappato, none in vitro ercent tetraploid induction rate.
and Nero d’Avola) P P .
Eight different colchicine concentrations (0, 1, 2, 3, 4, 5, and 7.5 g L-1) were
Kara and Eksi Kara (Vitis - o administer?d twice daily (at 8,:30 AM and 6:00 PM) to the meristematic part of seedlings
Yazar, 2020 vinifera L) Colchicine in vivo for a duration of 3 days, starting when the first true leaves appeared. Although, flow
’ i cytometric analysis confirmed that no polyploids were obtained indicating the employed
approach was ineffective.
41 B Chasselas (Vitis
vinifera L. x Vitis
. berlandieri Planch) and . . L A "
!\arza();) al, “Trakya [lkeren’, * Gok N0 in vivo i:v:cctyi:)(:r;:trlfaan;’zs;s :z?rr::c‘ll S!:l(:;! the application of N,O failed in polyploidy
Uziim’ and ‘Eksi Kara’ 8rep! Eenanp! .
grape cultivars (Vitis
vinifera L.)
41 B Chasselas (Vitis
vinifera L.) x The use of colchicine treatment in grape genotypes used by authors revealed that all
Karasetal (Vitis berlandieri untreated seedlings had diploid ploidy levels (2n=2x=38), and no tetraploid plants were
e N Planch.), Gok Uziim Colchicine in vivo identified. Only the grape cv Trakya ilkeren responded to the colchicine treatment,
(Vitis vinifera inducing aneuploidy at a concentration of 5 gL-1, resulting in a ploidy level of
L.), Trakya Ilkeren 2n=2x=40.
(Vitis vinifera L.)
This research accomplished the successful generation of a significant proportion of
Xie et al, 2015 Vitis X Muscadinia Colchicin.e _ tetraploid plants from hybrids 0{ 101-}4 Mgt).( M. rotundx:ft).liu‘ ov. Tltayshed. Colchicine
and oryzalin treatment was found most effective, with the highest polyploid induction rate of 37.78%
when pre-embryogenic calli were used for treatment.
K L Vitis vinifera L. cv. B o In this study, the most effective conce'ntravxion of colcl.licine for producing t.elr.iplf)id
ety ey Colchicine in vitro plantlets was found to be 0.2%, resulting in a tetraploid rate of 25%. No mixoploid or
chimeric plantlets were observed during the experiment.
Chang et al., Victoria grape (Vitis coléhicias e The most effective method to enhance chromosome duplication efficiency was observed
2014 vinifera L.) by treating the third and fourth buds with 0.05% colchicine for 48 hours or 0.1%
colchicine for 24 hours. The primary generation cells displayed doubling rates of 33%
and 31% respectively.
Siila Yiris vinifera L. Colchicine o In this.s(udy, colchicine and oryzalinAwex.'e both eﬂ".ect?ve in i.nducing. polyploidAsA
2014 (Crimson seedless and and oryzalin in vitro Oryzalin was found to be more effective in polyploid induction efficiency ranging
BRS Clara) i between 1.66-10.5%, than colchicine with 3.2-5%.
A total of 29 plantlets generated from embryos treated with colchicine were examined.
Yang et al., Vitis vinifera L. cv. i o Out of the 29 plantlets, five (which constituted 17.2%) were found to be tetraploid (2n =
olchicine in vitro
2006 Sinsaut 2x = 76), while all the remaining plantlets were diploid (2n = 2x = 38). The application
of colchicine to somatic embryos did not result in the production of any chimeras.
Axillary buds of growing shoots were used to perform in vitro chromosome doubling on
S 29 diploid, 3 triploid, and 1 tetraploid grape accession of Vitis spp. The success rates
Notsuka et al, Vitis vinifera L. and Colchicine in vitro varied among the accessions, with the range being from 6% (for ‘Hakata White’) to 47%

2000

American hybrids

(for ‘Pusa Seedless’) in V. vinifera, and from 4% (for ‘Fuefuki’) to 35% (for ‘Prima
Seedless’) in the American species.
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